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Abstract


In southern Europe, the present stock of social housing is ventilated naturally, with practice varying in the different seasons of the year. In winter, windows are kept closed most of the day with the exception of short periods for ventilation, whereas the rest of the year the windows are almost permanently open. In cold weather, air changes depend primarily on the air infiltrating across the envelope and when the temperature is warm, on the air flowing in through open windows. CO2, PM2.5, and TVOC concentration patterns were gathered over a year’s time in three social housing developments in southern Europe with different airtightness conditions and analyzed to determine possible relationships between environmental parameters and occupants’ use profiles. Correlations were found between TVOC and CO2 concentrations, for human activity was identified as the primary source of indoor contaminants: peak TVOC concentrations were related to specific household activities such as cooking or leisure. Indoor and outdoor PM2.5 concentrations were likewise observed to be correlated, although not linearly due to the presence of indoor sources. Ventilation as presently practiced in winter appears to be insufficient to dilute indoor contaminants in all three buildings, nor does summertime behavior guarantee air quality.
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1. Introduction


Different national regulations have established a legally binding target of 80% reduction in carbon emissions for 2050 in response to the European regulations. This will require a major effort from countries in southern Europe and the Mediterranean arc to improve a social and ageing housing-stock, mostly obsolescent, whose performance is far from these objectives [1], as may be the case in Spain. Effective and optimized energy intervention and retrofitting techniques must be developed in order to achieve adequate performance of the indoor environments assuring energy conservation. Within the strategies to achieve the objectives emitted from the Energy Performance of Buildings Directive (EPBD), envelope airtightness and fabric insulation can be considered the key factors with the greatest impact on thermal performance, energy consumption, and indoor air quality in homes [2,3].



These considerations are applicable to a significant portion of Europe: all of the Mediterranean area, from southern Portugal to Turkey. Overall, at the European level, most dwellings are detached, but in southern countries, collective dwelling types [4] predominate, especially when it comes to social housing and the general housing stock [5,6]. Although regional variations are common, the architecture and construction of multi-family buildings present strong similarities throughout the area [7], differing widely from the usual solutions in central and northern European countries. Many of these architectural solutions are a legacy of the 1960s and 1970s residential construction boom [8,9]. The residents of the area not only share a similar climate, but also similar architectural approaches and social and cultural habits in terms of the use and occupation of housing [10], an aspect of capital importance when analyzing the actual performance of the stock. Although both definitions and programs for social housing vary between different countries, broadly this can be understood as housing developments which have received some type of public financial support. Social housing shares a series of characteristics, such as being occupied by lower income population and usually being built to minimum construction quality standards [11].



As a rule, the area building stock has been conceived as naturally ventilated on the understanding that the climate is benign, and generally lacks built-in heating or air conditioning systems. These buildings generally lacked mechanically controlled ventilation systems until the implementation of the EPBD transpositions [12]. Ventilation was based on extraction through bathrooms and kitchens—by means of the stack effect across static vents. This approach is often ineffective due to prevailing weather conditions. Indoor air quality relies on the uncontrolled inflow of air through the building envelope (infiltration) or voluntary ventilation (manual operation of windows) with unequal results.



The widespread use of reinforced concrete structures, a feature of social housing in Mediterranean cities, together with internal division systems, results in very tight internal compartmentalization in housing, with infiltration concentrated on facades and air leakage [13,14,15]. These facades are usually cavity walls built with brick or block fabric (medium to heavy weight) and a plastered interior.



The environmental quality of social housing is strongly affected by the need to maintain the heat and energy of the indoor environment, primarily during the winter months. In general, these homes suffer from poor thermal comfort, especially during cold periods [16,17,18]. However, this situation is not only confined to southern Europe, but is also identified in other colder climates where one would expect a greater climate adaptation of the housing conditions [19]. This situation can be attributed to a widespread lack of heating systems and energy poverty issues affecting these social groups [1], and results in the dwellings being kept closed for most hours during winter.



The pollutants of the building environment are the result of the interaction between several sources of pollution: inadequate construction materials or technical defects; furniture; occupants and the activities they carry out; moisture, dust or dirt presence; the use of chemical products (disinfectants, cleaning products); tobacco smoke, etc. [20,21,22]. It is also necessary to consider the pollution coming in from outdoors (pollen, dust, spores, industrial pollutants, biodiesel) [23,24]. This has an important influence on indoor air quality, as well as on the design of the ventilation and thermal-conditioning system. An extensive review of the evidence found in the literature has been collected in [25].



Study [26] in naturally ventilated homes shows that building structures are linked to a range of health hazards, including indoor air pollution, noise, airborne infectious diseases, and mould contamination. Of the different pollutants, Particulate Matter (PM) and Volatile Organic Compounds (VOCs) are the most commonly found in homes. PM can be generated endogenously or exogenously in housing. PM2.5 has been associated with increased respiratory and cardiovascular morbidity [27].



Total indoor volatile organic compounds are generated by household products in residences, followed by combustion processes and environmental tobacco smoke, deodorizers, and off-gassing of building materials [28]. These chemicals can cause irritation to eyes or nose, dizziness, nausea, headaches, and allergic reactions, and some of them are carcinogenic [29]. Deng et al. [30] showed that exposure to new furniture and home redecoration during pregnancy significantly increased childhood asthma.



In Europe, it is worth noting studies from the UK, Denmark, Macedonia, and Slovakia which research the indoor air quality in family homes. In the UK, McGill [19,31,32] investigated the differences in indoor air quality between mechanical and naturally ventilated homes, including Passivhaus dwellings.



In Macedonia, the recommended value for human exposure to TVOCs was exceeded in 32% of houses; and mean concentrations of PM2.5 from 16.80 µg/m3 to 30.70 µg/m3 were established [33].



In Slovakia, thirty-five households were selected to investigate indoor environmental quality. Concentrations of TVOCs were significantly higher in the apartments than in the family houses. The average TVOC levels in the apartments and family houses were 519.7 µg/m3 and 330.2 µg/m3, respectively. Higher TVOC levels were also observed in homes where it is not a common practice to open windows during cleaning activities [34].



More studies related CO2 with indoor air quality [35,36,37]. For example, in Spain, thermal comfort and CO2 (as indoor air quality index) in residential buildings with different degrees of airtightness was studied in two climates [38]. Similar studies in school buildings show there was a higher level of symptomatology, or level of discomfort perceived by the occupants, when the windows were open [39].



However, the emphasis on energy saving and the improvement of indoor thermal conditions has led many of these homes to undergo envelope repairs and energy retrofits, either individually or at whole-building level. The elimination of air draughts and the pursuit of energy conservation have led to many of these interventions focusing on improving air sealing of enclosures, thus reducing the exchanges of air with the exterior. In addition, increasing numbers of products composed of synthetic materials, plastics, compressed wood products, glues, and varnishes, etc., are now being introduced into buildings. Indoor renewal actions with new flooring, paint, and other materials are modifying the constructive materiality of the original design of these dwellings [26,27]. This situation raises concerns regarding the possibility of a negative impact on the healthiness of the interior spaces traditionally associated with housing in colder parts of Europe [28,29,30], although it may also be affecting the mild areas after renovations [18,31].



The mild climate of the area, usually temperate but with hot summers, contributes to the development of a specific mixed natural ventilation mode, with a window-opening pattern that is very different from the rest of central and northern Europe. In winter, the dwellings remain closed most of the day. However, during mild seasons, the windows—or some windows at least—are almost continuously open, and this is also frequent during the summer—except during high temperatures—as different studies have previously established [17,32]. This scenario plays a vital role in the pollution-situation of the indoor atmosphere, with a more direct relationship between both environments, stronger than that found in colder areas.



Although the possibility of finding higher levels of pollutants [40,41] in more airtight dwellings is generally recognized, there are insufficient data—both qualitative and quantitative—about this behavior in the homes of southern Europe. These homes present different modes of ventilation (warm / cold period) and are generally perceived as very open dwellings [42,43,44,45]. A notable aspect is the potential relationship between different environmental parameters and species in contributing more detailed information for predictive tools.



While the introduction of mechanical ventilation in homes has been developed following current national regulatory standards (CTE 2006) [46], the building stock analyzed was built prior to the implementation of the EPBD directives and represents more than half of existing homes. These dwellings are usually ventilated through infiltration and window operation. The possibility of incorporating mechanical ventilation into this housing stock is very limited due to physical and morphological restrictions, especially given the predominance of social housing in these regions.



This paper aims to analyze the indoor air quality (CO2, TVOC, and PM2.5) in three representative case studies in Andalusia, in order to establish whether there is a correlation between indoor air quality and different parameters or occupant behavior.




2. Materials and Methods


2.1. Context and Location


Seville is a city in the south of Spain with the largest housing stock, of which more than one third can be classified as social type and over half was built before 1979 [9]. The population of the city is about 700,000, although considering the floating population, and the metropolitan area this figure exceeds 1,500,000 inhabitants [47], hence its special representativeness and impact. Located at latitude 37˚25´ N and at a height of 26 meters, this city [48] has a temperate climate with an annual average temperature of 18.6°C. Although, in general, the winters are mild with minimum average temperatures of 5 °C, the cold period may generate discomfort and inadequate indoor conditions —even temperature related health-issues— in low-standard housing [49]. Summers are hot and dry with peak temperatures reached from May to September, usually with broad daily thermal oscillation [50]. The midseason is long, with many hours of mild temperatures throughout the year. This climatic context promotes the use of natural ventilation and the half-open dwelling state for a considerable number of hours per year. This situation makes the area significant as a model for behavior analysis in the building stock, sharing many characteristics with other urban areas in the south of Europe. The traffic levels in the city can be considered high although they do not reach the levels of traffic of large European cities.




2.2. Sampling


The buildings studied were selected after a lengthy process designed to suitably represent the building stock. The first phase identified and characterized 250 social housing developments built within the city limits in the period studied (1940–1979). This totalled 99,437 of an expected total of 100,510 units: in other words 98.93% of the entire population, which for all practical purposes can be regarded as the whole. The procedure for identifying and classifying these units is described in [6].



Subsequent analysis led to grouping the developments into particularly representative types characterized by the features found in each sub-period. A second grouping (covering 83 developments and 46,476 units, or 47% of the population) established the essential morpho-constructional features of these developments, identifying subject types by sub-period and building a matrix of typical characteristics also by sub-period, all of which are described in [9]. Inductive analysis was used to define the population parameters by intervals.



Temperature, humidity, and Carbon dioxide (CO2) level measurements were analyzed for 16 social housing units [18]. In addition, air tightness tests were conducted on the units [13,15] and relationships between this parameter and CO2 concentration were analyzed in this study. A review of the state of the art of this topic suggested that additional parameters such as PM2.5 and VOC should be studied to determine whether indoor CO2 concentration could be used as an indicator of indoor air quality, as shown in other studies. Due to the limited availability of measuring equipment, of the 16 units monitored for CO2, three dwellings representative of different degrees of airtightness and different user behavior were chosen for the study. It represents 3 very common dwelling types in the area —representing extreme and average values airtightness and representative of the social housing stock. They were monitored under normal operative conditions (Table 1).




2.3. Data Collection


Data were collected from July 2017 to June 2018. Daily data were recorded at 10-minute intervals. Instrumentation and methods were monitored following the ISO7726:2002 specifications [51]. This monitoring was conducted in occupied flats. Data were recorded using three sensor sets per unit: one located in the living-room (day zone) and two in the bedroom (night zone) (Figure 1). The CO2 loggers were calibrated by the research group, and the TVOC and PM logger were factory calibrated and provided sufficient accuracy [52]. A Wöhler CDL 210 datalogger recorded the air temperature and relative humidity with an accuracy of 0.5 °C and 3%, respectively, and measured CO2 over a range of 0–9000 ppm, with an accuracy of 50 ppm ±5%. A Foobot datalogger recorded the PM2.5 and TVOC with an accuracy of 4 µg/m3 and 5 %, respectively. Data were downloaded every month in situ.



As indoor CO2 concentration, temperature, and Relative Humidity (RH) are never the same throughout a room [53], the sensor was positioned to detect a mean value, i.e., in the area where occupants would be breathing. That is, between 1 and 1.5 meters high on the living room, and on the bedside table on bedrooms.



Outdoor conditions (outdoor dry air temperature, relative humidity, dew point, wind, and others) were provided by the Spanish National Meteorological Office (AEMET), while the conditions of outdoor PM2.5 distribution and TVOC were obtained from the Consejería de Medio Ambiente y Ordenación del Territorio of the Regional Andalusian Government. Periodic contrast measures were taken using portable reference sensors to ensure consistent and accurate measurements.




2.4. Threshold Level


The limit values, tolerance margins, and warning thresholds for concentrations in ambient air are intended to provide guidance on how to reduce the effects of air pollution on health.



2.4.1. CO2 Concentration


Although the main source of emission for carbon dioxide (CO2) is usually the building occupants, it should be noted that open combustion elements such as gas stoves and Domestic hot water (DHW) heaters — and their combustion gases — are often found within these dwellings. Many indoor air quality (IAQ) studies adopt CO2 concentration as an indicator of actual ventilation rates and as IAQ-index. It is generally accepted that CO2 keeps ‘bad company’ and that levels above 1000 ppm are indicative of poor ventilation rates [54]—which corresponds to a ventilation rate of 8 l/s per person. This standard continues to be relevant, with a threshold referenced in many national and international guidelines [55], which will be the reference value adopted in this work. Even though carbon dioxide is not normally considered an indoor air pollutant, some adverse health effects have been associated with room levels above 5000 ppm due to the displacement of oxygen in the air [56].




2.4.2. PM2.5 Concentration


Airborne particulates are solid or liquid substances suspended in the air flow, and can include dust, fumes, smoke, microorganisms, mist, and fog [57]. These particles can range widely in diameter, the most harmful in domestic environment are respirable suspended particulates (RSPs), especially the fine inhalable particle fraction, 2.5 μm or smaller—PM2.5 [58,59,60,61]. The figures used as the control limit for the analysis proposed will be based on those established by the World Health Organization (WHO) [62], which proposes an annual limit of the concentration of PM2.5 of 10 µg/m3 and a daily limit of 25 µg/m3. Reference values inside dwellings were documented by Gotschi [63], with the lowest concentration (9.5 μg/m3) measured in Finland, and the highest (50 μg/m3) in Italy.




2.4.3. TVOCs Concentration


Together, with the aforementioned, the most common fraction of pollutants within homes is the volatile carbon compound family (VOCs). While there may be thousands of chemicals within this group, almost 900 of them have been identified in the indoor environment, mainly linked to indoor furnishings, finishes, and other building elements such as paint, solvents, adhesives, carpets, fabrics, and textiles. Exposure to elevated airborne concentrations of VOCs can lead to a range of toxicological effects, including fatigue, headaches, drowsiness, and eye irritation among many others [64], both in the short and long term [65]. However, the wide variety of potential sources and compositions renders it impractical to measure the concentrations of each chemical individually. Accordingly, the concept of total volatile organic compound (TVOC) attempts to address this practical limitation by providing a simple measurement for the aggregate of all volatile organic compounds without making distinctions between individual chemicals.



Typically, the concentrations of VOC detected indoors are higher than outdoors and have increased over the past decade, so that outdoor contribution may be considered negligible most of the time. Although there is no common regulation on the admissible TVOCs exposure inside homes, it is possible to establish some general thresholds from which inhabitants’ sensitivity may arise (physiological responses and pathological processes can be identified in occupants). In the range of 120 to 1200 ppb, symptoms of irritation and discomfort can begin to appear in some occupants. Up to 10,000 ppb, these symptoms are generalized, taking different forms depending on the degree of sensitivity of the inhabitants and the species present, developing toxicity levels of up to 10,000 ppb [66]. A maximum level of 120 ppb is usually recommended for the indoor environment to be considered healthy [67]. We have considered this figure a desirable target and figures up to 1200 ppb as a potential-risk indoor environment. These considerations require a general approach and are highly sensitive to the types of VOC compound present, some of which will be very harmful in very low concentrations.






3. Results


3.1. CO2


In all three cases, CO2 concentrations have shown wide fluctuations over time. Winter concentrations oscillate between minimums around 400 ppm (barely equivalent to outdoor concentration) and maximums above 2000 ppm. There are some peaks above 4500 ppm in the living rooms and concentrations above 3000 ppm, with peaks above 7500 ppm, in the bedrooms. Typical value (median) for daytime living rooms ranged between 853 ppm (CS1) and 882 ppm (CS2), while for bedrooms this varied between 1199 (CS2) and 2385 ppm (CS1), mostly at night (Figure 2).



CO2 concentration in winter usually exceeds WHO recommendations—a limit value of 1000 ppm for healthy environments [68]—indicating low ventilation rates and a potential risk of air-quality related issues. This aspect is of great significance in bedrooms with conditions below the threshold no more than 50% of the time, (which really corresponds to unoccupied daytime). Even living rooms usually have high figures for several hours (lower values for CS1 may be attributed to low use intensity due to work schedules).



There is a clear relationship between infiltration and CO2 concentration values, stronger in bedrooms at night. The least airtight dwelling (CS3) remains below 1000 ppm more often (for a similar emission source of two people during sleep time) than the two more airtight dwellings.



In mild season conditions, the frequent operation of windows in a semi-open situation for extended periods allows CO2 concentration to fall below 1000 ppm in living rooms most of the time, between 95% and 99% of the hours. Although the values in the bedrooms are much lower than in winter, they present a wider distribution. Users often close windows at night, increasing CO2 concentrations, with 10% to 20% of the hours over the 1000 ppm line (Figure 3).



There is a clear indoor state shift between the cold season and the intermediate one in terms of quality if carbon dioxide is assumed as IAQ indicator. This is clearly related to the evolution from closed environment to the semi-open model.



Hours of occupancy in bedrooms and living rooms and the number of occupants in each, along with reported ventilation times, are shown in Figure 4. CO2 concentration by time of day is also presented in the figure in order to determine whether users’ replies to the surveys were consistent with CO2 analysis.



Hours of occupancy and number of occupants reported varied widely. In winter, Seville dwellings were ventilated for 10 to 30 min in the morning. In contrast, in summer, windows remained open all night in CS2 and CS3.



In CS2, the number of occupants tended to be small, as the users were not usually present at the same time. This dwelling also had the lowest CO2 concentration.




3.2. Particle Concentration (PM2.5)


During measurement, PM2.5 indoor concentrations present a wide oscillation without a clear pattern. Annual average values are 16.09 μg/m3 (CS1), 7.1 μg/m3 (CS2), and 9.66 μg/m3 (CS3). CS1 exceeds the annual limit for the concentration of PM2.5 of 10 µg/m3. Although dwelling CS1 presents strong peaks, it is not representative of the average internal situation. The dwelling ambient reaches values as high as 1402 μg/m3 although normal values usually remain below 50 μg/m3 (95th percentile representation). Even so, these values are high in relation to the recommendations of the WHO [68] and the European Environmental Agency (EEA) [69]. During winter, the less airtight dwelling tends to have higher median PM2.5 concentrations (95th percentile = 25.14 μg/m3) (Table 2). Users exceed the PM2.5 threshold of 10 µg/m3 between 45% and 15% of the hours (Figure 5).



In all three cases, the PM2.5 daily average reference value is not exceeded, except for peak episodes of particles of indoor origin in dwelling CS1 during the winter. However, the usual values are relatively high (Table 3).



In the mild season typical week (Figure 6a), the outdoor mean values are much higher than those measured indoors, although there are some indoor peaks over 230 µg/m3. Apart from the semi-open situation of the dwellings, there is no clear response pattern to outdoor evolution. This effect may be due to users’ habit of maximizing ventilation during night time, when outdoor concentrations are usually lower, while the windows remain closed for most of the day. The lower peaks are found in dwelling CS2 with 78 µg/m3, followed by CS3 with 82 µg/m3. CS1 displays a slightly different behavior from the previous two cases. Although the outdoor–indoor differential is still high, there is a clearer relationship in the evolution of both atmospheres: late in the afternoon, the indoor PM2.5 values reflect the evolution of the outdoor conditions, with a significant decrease. In this time interval, the higher frequency in the opening of windows is noted and this is when peaks are identified.



However, during the winter (Figure 6b), a decoupling of both indoor and outdoor PM2.5 concentration evolutions occurs, primarily through the open-window time reduction, with homes remaining closed most of the time. In CS1, peaks of indoor concentrations appear to be generated endogenously with no connection to the outside atmosphere, where 200 µg/m3 is not usually exceeded.



Figure 7 shows the time distribution of PM2.5 concentration in a typical week in winter and mild season. The dispersion of the measured values observed in CS1 is greater between 15 and 17 h, a time slot in which the inhabitants of this home usually cook—the dwelling does not have mechanical extraction in the kitchen. In CS2 and CS3, the higher ranges of value dispersion match the ventilation schedules of the dwellings.




3.3. TVOC Concentration


A concentration limit of <120 ppb was adopted as a healthy environment reference and a threshold over 1200 for risk environment. These considerations are a general rule but are very variable depending on the type of VOC compound present in the atmosphere. The presence of VOCs is due primarily to emissions of domestic origin. Inhabitants’ presence has a special repercussion, as has the type of activities performed. The movement of occupants increases the effect of internal ambient turbulence by increasing the effect of the mixture of pollutants. There is also a significant contribution from indoor construction materials, generating a near continuous base level of VOCs, but the greatest effect can be linked to the use of chemicals in daily housework and personal care. The external contribution of VOCs is unusual. Therefore, the outdoor environment external action—through ventilation or building envelope air permeability—is noted in the dilution effect on indoor VOCs.



Indoor average TVOC concentration is usually below the 1200 ppb threshold with uneven distribution: the 95th percentile values are 1698 ppb (CS1), 420 ppb (CS2), and 672 ppb (CS3), with no regular behavior patterns. The indoor concentrations are higher in winter than in summer: in summer, more frequent opening of windows contributes to greater dilution. There are high concentration peaks in CS1, all below the toxicity threshold of 10,000 ppb. These environments cannot be defined as healthy and VOC-free environments except in specific periods, when they remain outside the most dangerous exposure levels (Figure 8, Figure 9, and Table 4).



Globally, the more airtight dwellings have higher TVOC concentrations, although this parameter is distorted by the different emission rates in individual dwellings, which makes it difficult to identify this factor positively.



Figure 10 shows the time dispersion of TVOC concentration in a week in winter and mid-season. In CS1, values are well above those recorded in the other two case studies. The highest values are reached in winter, when the dwellings are not ventilated. The maximum peaks match periods when some personal care products, such as deodorants or hairsprays, are used by residents. In CS2, these figures are small and distributed over time, indicating that activities carried out by the occupants of these homes tend not to generate this kind of pollutant and housing is ventilated frequently through the vent opening windows. A uniform distribution in time is observed with maximum values reached about 4 pm, in CS3 slightly more than in CS2, coinciding with the time of cooking.



These results are consistent with the habits of the users. In CS1, the users, a couple, spend much of the day practicing hobbies such as miniature paintings or using sprays or makeup products. In CS2, also inhabited by a couple, the interests are movies, reading, or playing the guitar. As a result, less TVOC production is derived from CS2 than from CS1. Finally, CS3 with four inhabitants, two of them children, shows TVOC values between the previous two.





4. Discussion


The dwellings analyzed tend to show very different behaviors between cold and mild-warm periods. During cold weather periods, daily window operation is restricted to short periods, which results in two different indoor/outdoor environments (closed-house) where air interchange is mostly dependent on envelope airtightness. During mild seasons, building enclosure permeability increases due to the opening of the windows, often with a significant proportion of the windows staying open for most of the day, in this case a semi-open indoor environment is developed in the home.



Although parameter variability is high, given the stochastic nature of the parameters associated with external phenomena and use, it does not allow an expected hourly value to be established accurately, a tendency which is further supported by previous analysis. The evolution of concentrations is more stable in winter, since dwelling windows remain closed most of the time, slowing down the air-exchanges (Figure 11).



VOCs and PM2.5 show opposite evolution patterns and a relationship, albeit a rather limited one, can be established in the middle of the day, when most of the ventilation occurs. This can be identified by the presence of the highest daily particle penetration, with the house remaining closed the rest of the time [70,71,72,73,74]. However, the particle presence is constant, significant enough, but with lower values. Despite internal production of VOCs, this can be attributed to envelope penetration, which is in turn responsible for the dilution of VOCs observed (for example, at dawn with inflections visible from minute 300).



Particularly in the mild season, the daily variation is more pronounced, with a clear difference between night and day as the windows are kept open longer in the middle part of the day. Indoor species are much diluted in the daytime but rise at night. Particle penetration daily-shift is less noticeable, increasing slightly in the central part of the day but remaining stable for the rest of the day. It should be noted that the particle penetration peaks at morning (around 8:00 am, minute 480) and this can be associated with initial ventilation. There is a secondary trend change at around 9:30 p.m. when this ventilation is usually increased and the windows are fully opened to dissipate the indoor daily accumulated thermal-loads of homes, moderating the VOCs at the same time. ANOVA tests were carried out to identify whether cold and midseason PM concentration datasets are related to the same probabilistic distribution (representing the same actual behavior) or whether the difference between seasons is of enough statistical significance to allow an actual pattern difference between seasons to be assumed. The F-ratio was found to be equal to 1286.31 in VOC concentration and 2072.88 in PM2.5. Since the P-value of the F-test is below 0.05 in both cases, there is a statistically significant difference between the means of the 2 variables with a 95.0% level of confidence (Figure 12).



The period when dwellings are mostly closed shows the greatest indications of pollutant evolution (Figure 13). Assuming that most of the homes lack adequate thermal systems so that effective thermal control is not possible, the homes show a close relationship between external temperature drop and ventilation rate decrease, resulting in a lower ventilation driven dilution. This situation is clearly highlighted by the correlations between indoor related parameters (CO2, VOC, and RH) and the outdoor evolution of temperature. The most obvious case is the positive correlation (0.50) between CO2 indoor-concentration and the outdoor–indoor temperature difference (ΔT), similar to outdoor air-temperature (–0.46), which is negative in this case. These relationships would be highlighted if unoccupied periods were excluded (Figure 13).



Indoor parameters show a significant cross-relationship between humidity and VOCs, which may be associated to indoor home activity. The weaker CO2 dependency shows a closer link to specific task emissions, especially those related to activities in the kitchen and bathroom, than to normal inhabitant presence.



Cold season, even in mild climate areas, shows indoor environments isolated from the exterior much of the time, with no linear link to the outdoor air quality daily evolution beyond external temperature inverse ventilation rate dependency leading to worse indoor air-quality parameters. The stronger probabilistic parameter is external temperature, with a clear inverse dependency with natural ventilation. Natural ventilation rate shows a clear inverse-dependency to outdoor temperature and thus indoor air quality indicators (Table 5).



In the mild season, the relationship between indoor/outdoor environments is strengthened and becomes clearly dependent (outdoor > indoor) (Table 6). This can be seen in the downward shift of the concentration pattern of indoor-origin pollutants due to a greater ventilation-driven dilution, and also to the indoor mirroring of outdoor thermal oscillations. Humidity and air temperature evolution couple with outside conditions with little to no thermal decrease and time lag due to the high air interchange rate. However, indoor species show specific dynamics with slight correlations between the parameters relating to the pollutants. This does not apply to RH and indoor-air temperature, which are mostly collinear. However, interior species characterized by very specific dynamics differ greatly and are much more unique than those in winter. Only weak correlations are found between indoor physical parameters and pollutant concentration.



It should be noted that despite the expected colinearity between PM2.5iIND-PM2.5OUT, this is somewhat weak (0.37) and slightly distorted, indicating the presence of different mechanisms of particle distribution and indoor-capture, including those relating to indoor emissions (internal sources of particle emission) and those linked to infiltration through the envelope and surface absorption of particulate matter in the indoor environment.



While some of the peak episodes can be understood as unique, they represent potential stages within households where high figures are often present due to internal activity. These cases can be understood as beacons of current trends, identifying a transition to an indoor-source scenario. This trend has also been identified in the literature, linked to the increasing use of furniture made of synthetic materials, as well as to the growing tendency to use chemicals at home for both cleaning and personal care [55,56,57,58,59].




5. Conclusions


The parameters that define IAQ in the indoor environment in the dwellings under survey show figures far from those generally accepted as healthy for most of the year. This situation results in the overall excessive exposure of home inhabitants. However, these figures vary greatly, due mainly to the variable occupancy pattern in the dwelling and the relationship with window opening response.



Indoor CO2 concentrations clearly correlate with airtightness but typically exceed the 1000 ppm limit recommended by the WHO for healthy environments in all cases.



Indoor particle (PM2.5) levels are highly variable. This parameter is strongly related to outdoor conditions, so no regular pattern can be established. Indoor levels are relatively high when dwellings are in a half-open situation in the mild season and periods in which the windows usually remain open due to weather and urban environment conditions. During cold periods, the less airtight flats usually present the highest PM2.5 particle concentration figures. Otherwise, the most airtight properties usually show higher TVOC concentrations, although this parameter is highly distorted by the irregular patterns of indoor-source emission rates linked to indoor activities. In winter, most of the time, these usually remain below the recommended threshold of 1200 ppb, when the effects of TVOCs are usually noticed. However, peak episodes above these limits are not unusual in the homes analyzed, but they remain under the toxicity threshold of 10,000 ppb.



Although these homes cannot be considered actual healthy environments in long-term exposure, they do not reach potentially hazardous short-term exposure situations, except for short time-frames.



The building interface system (envelope and windows) of these dwellings is no longer able to guarantee adequate indoor environments for a significant number of hours per year, even in locations traditionally identified as lightly-polluted environments, such as those of southern Spain.



The current approach for housing energy retrofitting relies heavily on the addition of insulation layers to the fabric, new airtight windows, and air-seal enhancement of joints. The current ability of dwelling stock to incorporate mechanical ventilation and thermal appliances into these dwellings, as promoted by some strategies such as Passivhaus, is very limited and is restricted by factors such as interval height or lack of technical spaces. Consequently, the disruption of the air-interchange dynamics resulting from increasing air-tightness and supported by the progressive change in lifestyle can become a growing risk-factor for inhabitants’ health, even in regions where traditionally the opening of windows has been fully established.



A final question arises: Do current energy conservation approaches lead to scenarios where the health of the indoor environment is put at risk? As has been emphasized, current air-exchange rates must be increased for a better indoor dilution and removal of pollutants, something which is difficult to achieve in the absence of mechanical ventilation systems. This also contradicts the usual techniques of improving the energy conservation approach, mainly based on increasing thermal resistance and airtightness, as these measures become less effective as a significant portion of the total energy transfer is linked to the interchange of air masses. Therefore, there is a need for further research and discussion to identify the appropriate rates of air-exchange for contemporary stock-dwellings and how these could be made compatible with energy saving needs.



Whole-house mechanical ventilation, such as that required by ASHRAE Standard 62.2, has proven to be an effective strategy for some contaminants. In keeping with this assumption, higher levels of ventilation air have been shown to reduce concentrations of many VOCs. However, this measure is difficult to follow in the housing stock in need of retrofitting.



Despite the difficulty, it would be advisable for further research to focus on identifying good practice in ventilation and the optimization of envelope airtightness. This would serve as a basic step for the development of specific guides, with the potential for specialization by building type and features [75,76,77]. These could provide tailored ventilation protocols and calendars which would allow users to modify their current customs, which are often counterproductive to maintaining good conditions. In addition, it would also make it possible to work on airtightness to ensure optimum conditions are obtained, especially when working on retrofits. This would prevent instances of insufficient ventilation in spaces, as long as no mechanical ventilation systems were installed. However, the implementation of this measure as a widespread solution is unlikely at present. Finally, this would also allow the development of information systems, via APPs or personal devices, to adapt ventilation needs and their integration with new control domotics systems and If This Then That (IFTTT )protocols for instance.
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Figure 1. Location of the sensor sets in each dwelling. TVOC and PM2.5 (red) and CO2, air temperature and humidity (blue). Height: 0.8 m. 
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Figure 2. Daily CO2 concentration average for an annual period. 
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Figure 3. Percentage of hours that CO2 concentration is below the threshold in winter. 
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Figure 4. Hourly CO2 concentration and number of occupants in bedrooms and living room in summer and winter for all case studies. 
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Figure 5. Percentage of hours that PM2.5 concentration is below the threshold during a year. 
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Figure 6. Time evolution of the concentration of PM2.5 in a typical week in October-mild season (a) and January-winter (b). 
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Figure 7. PM2.5 indoor concentration for typical winter/mild season: daily evolution. 
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Figure 8. Time evolution of the concentration of TVOC in a typical week in October and January. 
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Figure 9. Percentage of hours that TVOC concentration is below the threshold during the year. 






Figure 9. Percentage of hours that TVOC concentration is below the threshold during the year.



[image: Sustainability 11 06225 g009]







[image: Sustainability 11 06225 g010] 





Figure 10. Evolution of the TVOC concentration grouped by time for one type week. 
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Figure 11. Daily evolution of TVOC and PM2.5 concentration. 
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Figure 12. TVOC and PM2.5 probability distribution in the time frame. (blue: winter day; red: winter night; green: mild season day; brown: mild season night; day from 8:00 to 20:00). 
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Figure 13. TVOC and CO2 concentration evolution in a week in January in CS1 (a) and CS2 (b). 
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Table 1. Features of the homes in the study sample.
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	Case Study
	CS1
	CS2
	CS3





	Year of construction
	1965
	1978
	1993



	N° inhabitants
	2
	2
	4



	Floor area (m2)
	49
	75
	73



	Indoor volume (m3)
	113
	178
	191



	Height
	2.3
	2.37
	2.62



	Windows gross area (m2)
	13
	19
	15



	Heating system
	Electric heater (portable)
	Electric heater (portable)
	Ducted XD Heat pump (whole house unit)



	Cooling system
	Split XD unit in bedroom
	Split XD unit in living-room
	Ducted XD Heat pump (whole house unit)



	Ventilation system
	Natural ventilation operable windows
	Natural ventilation operable windows
	Natural ventilation operable windows



	n50 (h−1)
	9.5
	14
	15.5



	Smokers
	No
	No
	No



	Gas stove
	Yes
	No
	No



	Carpets
	No
	No
	No



	DHW boiler (indoor)
	No
	No
	Yes



	Urban location
	Urban square, middle town
	Secondary streets
	Boulevard, outskirt area



	Floor
	3
	4
	4



	Facades exposed to the wind
	2
	2
	2



	Occupied schedule
	00–10 h(miao) and (miao)17–24 h
	00–07 h (miao)and (miao)19–24 h
	00 –24 h










 





Table 2. PM2.5 concentration in the three case studies.
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	CS1
	CS2
	CS3





	Annual
	Average (µg/m3)
	16.09
	7.10
	9.66



	
	Median (µg/m3)
	8.76
	4.40
	8.60



	
	Standard deviation
	53.85
	13.20
	6.84



	
	Range (µg/m3)
	0÷1402
	0÷367
	0÷283



	Mild season
	Average (µg/m3)
	14.83
	7.30
	11.17



	
	Median (µg/m3)
	8.40
	4.50
	9.80



	
	Standard deviation
	46.99
	12.40
	7.41



	
	Range (µg/m3)
	0÷1396
	0÷367
	0÷283



	Winter
	Average (µg/m3)
	13.5
	6.4
	9.4



	
	Median (µg/m3)
	7.6
	4.3
	9.1



	
	Standard deviation
	52.7
	11.2
	7.3



	
	Range (µg/m3)
	0÷1402
	0÷324
	0÷103



	Summer
	Average (µg/m3)
	25.47
	5.34
	7.62



	
	Median (µg/m3)
	22.10
	3.26
	6.76



	
	Standard deviation
	22.19
	9.72
	5.04



	
	Range (µg/m3)
	10÷1200
	0÷298
	0÷99










 





Table 3. PM2.5 daily concentration average.
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Mild Season

	

	
Winter




	
Day

	
Exterior (µg/m3)

	
CS1 (µg/m3)

	
CS2 (µg/m3)

	
CS3 (µg/m3)

	
Exterior (µg/m3)

	
CS1 (µg/m3)

	
CS2 (µg/m3)

	
CS3 (µg/m3)






	
Monday

	
35.4

	
17.6

	
9.6

	
12.6

	
27.2

	
21.1

	
5.6

	
11.5




	
Tuesday

	
53.2

	
17.9

	
3.6

	
14.2

	
40.8

	
6.7

	
4.3

	
10.6




	
Wednesday

	
38.7

	
16.1

	
0.2

	
20.7

	
15.1

	
5.3

	
1.2

	
10.4




	
Thursday

	
45.0

	
11.9

	
0.6

	
15.6

	
25.5

	
6.3

	
1.6

	
10.7




	
Friday

	
29.0

	
17.8

	
4.0

	
8.5

	
26.9

	
9.3

	
3.7

	
13.8




	
Saturday

	
10.9

	
6.0

	
2.1

	
11.8

	
27.2

	
88.3

	
3.1

	
13.5




	
Sunday

	
15.0

	
13.0

	
3.4

	
12.3

	
18.8

	
49.8

	
2.4

	
11.3




	
Weekly

	
32.5

	
14.3

	
3.4

	
13.7

	
25.9

	
26.7

	
3.1

	
11.7











 





Table 4. TVOC concentration in the three case studies.
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	CS1
	CS2
	CS3





	Annual
	Average (ppb)
	528.1
	277.9
	394.6



	
	Median (ppb)
	296.0
	266.0
	372.0



	
	Standard deviation
	626.8
	100.8
	182.1



	
	Range (ppb)
	125–13966
	125–1326
	125–1448



	Mild season
	Average (ppb)
	403.3
	277.9
	364.3



	
	Median (ppb)
	234.0
	225.0
	351.0



	
	Standard deviation
	455.1
	100.8
	152.3



	
	Range (ppb)
	125–6651
	125–1035
	125–1230



	Winter
	Average (ppb)
	564.7
	326.0
	420.6



	
	Median (ppb)
	340.0
	305.9
	406.0



	
	Standard deviation
	594.4
	167.1
	182.7



	
	Range (ppb)
	125–13966
	125–1326
	125–1448



	Summer
	Average (ppb)
	572.0
	274.0
	371.0



	
	Median (ppb)
	358.0
	268.0
	353.0



	
	Standard deviation
	570.0
	94.0
	163.0



	
	Range (ppb)
	125÷5725
	125÷1021
	125÷1256










 





Table 5. Correlation matrix in dwellings in the low ventilation period (cold season).
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	CO2IND
	PM2.5IND
	VOCIND
	HRIND
	TIND
	TOUT
	∆T





	CO2IND
	
	0.04
	0.48
	0.2
	0.18
	−0.46
	0.5



	PM2.5IND
	0.04
	
	0.2
	0.18
	0.13
	−0.05
	0.07



	VOCIND
	0.48
	0.2
	
	0.68
	−0.02
	−0.33
	0.33



	HRIND
	0.2
	0.18
	0.68
	
	−0.09
	−0.59
	0.59



	TIND
	0.18
	0.13
	−0.02
	-0.09
	
	0.23
	−0.06



	TOUT
	−0.46
	−0.05
	−0.33
	−0.59
	0.23
	
	−0.99



	∆T
	0.5
	0.07
	0.33
	0.59
	−0.06
	−0.99
	










 





Table 6. Correlation matrix in dwellings in ventilation period (mild season).
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	PM2.5IND
	VOCIND
	TIND
	HRIND
	PM2.5OUT





	PM2.5IND
	
	0.11
	−0.06
	0.41
	0.37



	VOCIND
	0.11
	
	0.2
	−0.08
	0.18



	TIND
	−0.06
	0.2
	
	−0.38
	0.11



	HRIND
	0.41
	−0.08
	−0.38
	
	0.26



	PM2.5OUT
	0.37
	0.18
	0.11
	0.26
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