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Abstract

:

The ongoing climate change and policies around it are changing how we design and build homes to meet national carbon emission targets. Some countries such as Scotland are adopting higher-energy-efficient buildings as minimum requirements in the building regulations. While net zero homes might be more energy-efficient and emit fewer operational carbon emissions, we have yet to fully understand the influence on the indoor environment, particularly on indoor air quality (IAQ) and thermal comfort. This study compares the IAQ of three homes in Scotland with equal internal layouts and designs but different building fabrics. The homes represent the minimum Scottish building regulations (2015), the Passivhaus standard and the Scottish ‘Gold Standard’. Temperature, relative humidity, PM2.5 and total volatile organic compounds (tVOC) were measured at five-minute intervals for seven months and compared to occupants’ subjective responses to the IAQ. All three homes had temperatures above the recommended thresholds for overheating. Measured hygrothermal conditions were within the ideal range 66.4% of the time in the Passivhaus, 56.4% in the Gold Standard home and 62.7% in the control home. Measured IAQ was better in homes with higher energy efficiency, particularly tVOC. For instance, indoor PM2.5 in the Passivhaus were 78.0% of the time below the threshold, while in the standard home the figure was 51.5%, with a weak correlation with outdoor PM2.5 (Passivhaus: B rs = 0.167, K rs = 0.306 and L rs = 0.163 (p < 0.001); Gold: B rs = −0.157, K rs = 0.322 and L rs = 0.340 (p < 0.001); Control: B rs = −0.111, K rs = 0.235 and L rs = 0.235 (p < 0.001)). TVOCs in the Passivhaus were 81.3%, while in the control home they were 55.0%. While the results cannot be generalised, due to the small sample, this study has significant policy implications, particularly in Scotland, exhibiting the importance of IAQ in current building legislation and sustainable assessment methods.
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1. Introduction


The recent concerns about climate change have driven significant changes in how we design and build homes. Several countries have realised the building industry’s impact on carbon emissions and declared a climate emergency, aiming to achieve net zero between 2030 and 2050 [1]. For instance, the European Union framework and policies (i.e., the 2030 Climate and Energy Policy) target the reduction of carbon emissions. They aim to decrease carbon emissions by 95% compared to 1990 levels by 2050 [2]. The UK has similar ambitions with its net zero strategy, Build Back Greener, to decarbonise all sectors by 2050. The UK government recognises that the building industry is responsible for up to 17% of the national carbon emissions, of which 78% comes from heating [3]. Scotland, meanwhile, has implemented more challenging targets for net zero. One of the major changes made to meet these net zero targets in Scotland is the approval of the Domestic Building Environmental Standards (Scotland) Bill (approved in 2023 and set to start in 2025), which sets all new buildings to comply with a Scottish Passivhaus equivalent as a minimum in the building regulations. Hence, is it more critical to collect evidence of the performance of Passivhaus buildings in Scotland ahead of its implementation, particularly those related to factors of the indoor environment and health.



Since 2010, carbon emissions have been the main driver for net zero homes and have intensified the popularity of sustainable certifications such as LEED and Passivhaus [4]. Nowadays, net zero dwellings can produce more energy on-site from renewable sources than those needed for their operation. For instance, Passivhaus Premium dwellings consume less than 30 kWh/(m2a)—90% below traditional homes—and produce at least 30 kWh/(m2a) [5]. While many of the Passivhaus requirements and principles are still applicable in the Domestic Building Environmental Standards (Scotland) Bill (2025), the airtightness level is the major difference of the Passivhaus standard. In Scotland, it will be set at 3.0 m3/(h·m3) at 50 Pa compared to 0.6 m3/(h·m3) at 50 Pa in Passivhaus buildings. While the Scottish bill will significantly impact carbon emissions and achieve the net zero targets, other factors, such as indoor air quality (IAQ) and thermal comfort, which impact our health, should be addressed and still need to be researched [6]. New energy-efficient homes should not compromise indoor environmental quality.



While residential IAQ and ventilation were highlighted through the 2020–2022 COVID-19 lockdown [7,8], previous studies recognised the need to understand better the relationship between energy efficiency and IAQ in homes [9]. Regardless of whether residential IAQ studies were conducted before [10,11,12] or during the lockdown [13,14], the results have reinforced the need to better understand the relationship between energy efficiency and IAQ in homes. For instance, a study found that dwellings that rely on mechanical ventilation with heat recovery (MVHR) systems showed a lower concentration of indoor PM10, PM2.5, CO2, and VOCs compared to conventional homes, and suggests that occupants in energy-efficient homes have improved health and satisfaction [15]. These findings are akin to the lessons highlighted in residential IAQ in Passivhaus [11]. However, IAQ in homes with mechanical ventilation systems depend on greatly on the commissioning and handover process. The lack of system training can impact the overall satisfaction levels for IAQ and thermal comfort [16].



A recent European climate study found a strong correlation between dry-bulb temperature and operative temperature in relation to less-energy-efficient building fabrics [17]. They also point out that airflow in homes with higher fabric efficiency has a strong correlation between wind speed, and a higher temperature difference between indoors and outdoors. The materials used in the building fabric also have an impact on the IAQ and thermal comfort in the buildings. For instance, composite phase-change materials can reduce the indoor air temperature and improve thermal comfort. However, they might negatively impact IAQ, particularly with VOC offgassing [18].



IAQ in the Scottish Passivhaus is not fully understood, as a limited number of peer-reviewed studies exist, and those that exist only measure CO2. A 2-year study concluded that residential Scottish Passivhaus buildings have been characterised as suffering from poor IAQ and overheating, due to an imbalance in the MVHR system [10]. However, a 3-month study suggests that CO2 levels in Scottish Passivhaus dwellings are lower and more consistent compared to homes without MVHR systems [19]. They also observed that one of the biggest challenges for poor energy performance in Scottish Passivhaus homes was the lack of occupants’ understanding of the MVHR system and the poor layout and ductwork. These findings are comparable to other parts of the UK, where the authors found that the lack of occupant knowledge in controlling the MVHR system was the main cause of IAQ problems [20]. They indicated that the CO2 exceeded 1000 ppm in summer and winter in all homes, according to the 24 h monitored periods in summer and winter.



High temperatures impact the offgassing of building materials and how we perceive IAQ. A study in the UK looking at summer temperatures found that homes with higher insulation reported overheating more frequently than uninsulated homes [21]. Similarly, concerning levels of overheating have been measured previously in Scotland, and are not always limited to the non-heating season [22]. However, Passivhaus homes in Scotland [23] and other countries [24,25,26] have been found to be within acceptable temperature ranges, particularly when incorporating passive techniques to regulate indoor temperatures [27,28].



The building design is critical when conducting post-occupancy evaluation studies, particularly for IAQ studies. Studies should compare buildings as much as possible, but exclude the differences in energy efficiency [29]. However, this is not often the case; having the same building with different building fabrics is rare in real life. Thus, many studies comparing the same building are often based on virtual models. Having the opportunity to conduct this study in real life would progress the understanding of the impact of ventilation [30,31], airtightness, mechanical ventilation [32] and outdoor air pollution [33].



Although similar studies may have been conducted in Scotland, these are based on homes with different layouts and locations, comparing the Passivhaus to standard homes in terms of thermal comfort or IAQ in limited temporal frames. This study differentiates itself from these studies by looking at IAQ and overheating in three homes with equal internal layouts and designs but with different building fabric in the same location. Additionally, as far as the authors are aware, this study is the first attempt to assess the long-term IAQ—other than CO2-performance—in Scottish homes that share the same building characteristics except for energy-related factors. Finally, this paper discusses the results in the UK and Scottish context and discusses the impact that the new building regulation in Scotland could have on IAQ. This work focuses on the IAQ, as the dwellings’ energy performances are discussed elsewhere [34].




2. Method


This study involved IAQ monitoring and occupant perception surveys of three homes in Dunfermline, Scotland. The monitoring was conducted between the 15 January and the 15 August 2017, and the occupants’ IAQ perception surveys were conducted pre- and post-monitoring. Geographical regions with oceanic and subtropical highland (Cfb) weather, such as Dunfermline, are distinguished by a temperate climate with no dry season and warm summers [35].



Foobot IAQ monitors were used to measure relative humidity (0–100%RH; ±4%RH), temperature (−40–125 °C; ±0.4 °C), total volatile organic compounds (tVOC, 125–1000 μg/m3; ±1 μg/m3 or ±10%), and particulate matter—2.5 μm (PM2.5, 0–1300 μg/m3; ±4 μg/m3 or ±20%). The long-term IAQ monitoring using Foobot was tested and verified for accuracy [36] and the calibration process [37]. They found that the Foobot had a significant agreement with the reference instruments, for temperature (rs = 0.832–0.871), relative humidity (rs = 0.935–0.948), tVOC (rs = 0.827–0.869), and PM2.5 (rs = 0.787–0.866) data. The calibration equations for tVOC (Equation (1), R2 = 0.697) and PM2.5 (Equation (2), R2 = 0.887) reduced variability between the monitors and improved their accuracy when compared to the reference instruments.


  t V O C = − 1.56 + 4.5   F o o b o t   t V O C   − 0.02     F o o b o t   t V O C   2     + 3.57   e   − 5       F o o b o t   t V O C   3      



(1)






    P M   2.5   = 0.49 + 0.79   F o o b o t     P M   2.5     + 3.76   e   − 3       F o o b o t     P M   2.5     2      



(2)







To address the limited monitoring protocols for measuring indoor air quality (IAQ) in residential buildings, this study adapted general IAQ monitoring protocols such as BS EN ISO 16000-1:2006, ASTM D6245-12, and the CIBSE KS1. The monitoring protocol adhered to the BS EN ISO 16000-1:2006 guidance and was modified for a novel monitoring approach that enabled remote monitoring. As described in [36], participants were directed to install the equipment in specific locations in their homes (layouts with indications were provided, see Figure 1) and to fill out online questionnaires. Data were collected in each room (kitchen, living room, and bedroom) at five-minute intervals using three devices. However, these devices were not suitable for outdoor deployment, so data for outdoor air quality was obtained from local monitoring networks. Outdoor PM2.5 was acquired from Air Quality in Scotland (http://www.scottishairquality.co.uk/ accessed 25 May 2018), and outdoor temperature and relative humidity were collected from the Met Office (https://www.metoffice.gov.uk/ accessed 3 June 2018). The monitoring network point is located within 2.8 km of the homes. A site visit was scheduled between November and December 2016 to conduct blower door (air tightness) tests before collecting IAQ data.



To gather the occupants’ perceptions of IAQ, certified surveys were used [38]. These surveys were administered to a total of nine participants (three in each home), and they included unipolar and bipolar seven-point rating scales to collect information about the occupants’ perceptions during both winter and summer. The survey results were evaluated according to the guidelines outlined in the survey framework [38]. Instead of keeping a detailed diary, the occupants provided a general weekly pattern of their activities, and information about window and door opening and the density of their homes during the study.



2.1. Hygrothermal Conditions


Assessing IAQ in mechanically ventilated buildings requires considering factors beyond air pollutants. For instance, high temperatures and relative humidity levels impact indoor material emission rates from indoor sources and the dissipation of airborne and chemical pollutants [39], as well as IAQ perception [40]. This work uses a static (i.e., CIBSE Guide A and Passivhaus) and a dynamic (i.e., Adaptive Approach) methods to evaluate thermal comfort. The use of the CIBSE TM59 was considered but ruled out, as it is based on simulations rather than measured temperatures as in the CIBSE TM52.



The Passivhaus threshold for indoor temperatures was used to evaluate the temperatures, as it aligns with Lang’s [40] and Haghighat’s [39] studies. The Passivhaus standard defines thermal comfort across five categories, based on the percentage of hours during which the temperature exceeds the 25 °C threshold (as shown in Table 1) [41]. For this study, the Passivhaus criteria benchmark is defined as having temperatures above 25 °C for more than 10% of the time and above 28 °C for 1% or more of the time.



The adaptive approach is described in the CIBSE TM52. It outlines the fact that the adaptive method utilizes a dynamic benchmark by taking into account indoor and outdoor temperatures over a period of multiple days. The upper and lower temperature limits are established based on the mean outdoor air temperature, as well as the maximum and minimum acceptable temperatures for Category II buildings, according to the CIBSE TM52 (which applies to new buildings or renovations):


  U p p e r   l i m i t :   T   m a x   = 0.33   T   t m   + 18.8 + 3  



(3)






  L o w e r   l i m i t :   T   m i n   = 0.33   T   t m   + 18.8 − 3  



(4)







The acceptable temperature range is represented by Tmin and Tmax, while Trm refers to the mean running temperature of the outdoor environment, which is calculated as follows:


    T   r m   =       T   o d − 1   +   T   o d − 2   +   T   o d − 3   +   T   o d − 4   +   T   o d − 5   +   T   o d − 6   +   T   o d − 7      /  3.8    



(5)






    T   r m   =   1 − a     T   o d − 1   +   α T   r m − 1    



(6)







The calculation of Trm involves taking the outdoor temperature daily mean for the previous day (Tod−1), the day before that (Tod−2), and so on. Trm−1 refers to the exponentially weighted running mean for the previous day, with α being 0.8. If a building or room satisfies any two of the following conditions, the adaptive approach recognises it as overheated [42]:




	
Hours of exceedance is a metric that assesses the duration for which the temperature exceeds a comfort threshold. In order to ensure comfort, the temperature difference (ΔT) between the measured temperature (T) and the maximum allowable temperature (Tmax) should not equal or exceed 1.0 °C for more than 3% of the occupied hours during the non-heating season (May to September).



	
Daily weighted exceedance is a metric that evaluates the severity of overheating on a particular day. If the daily limit for weighted exceedance (We) during occupied hours equals or exceeds 6, it is regarded as a failure. The computation of We involves the following equations:










    W   e   =  ∑      h   e   + W F      



(7)






  ∴   W   e   =     h   e   × 0   +     h   e   × 1   +     h   e   × 2   +     h   e   × 3    



(8)







	
Upper-temperature limit metric assesses the highest acceptable indoor temperature and, as such, the temperature difference (ΔT) should never exceed 4 °C.






Relative humidity is also a significant factor in identifying the risk of dampness, mould growth, and the spread of house dust mites and other invertebrates. Research has revealed that keeping relative humidity under 60%RH can aid in preventing the proliferation of house dust mites [43]. Similar to Lang’s [40] and Haghighat’s [39] studies, for residential spaces, the CIBSE suggests levels of relative humidity between 40 and 70%RH, with 65%RH being the ideal level for adequate thermal comfort [44]. This study’s benchmark is 40–60%RH, which is widely considered the most suitable range.




2.2. Indoor Air Quality Criteria (PM2.5 and tVOC)


The increasing concern for the health effects of PM2.5, especially in residential buildings [45], has led to the establishment of various exposure thresholds. Some studies suggest that there is no safe exposure to PM2.5 in the long or short term [46]. Recommended daily mean exposure levels range from 8 µg/m3 [47] to 25 µg/m3 [48], it is generally agreed that levels of particulate matter above 25 µg/m3 can be detrimental to human health [49]. This work establishes the exposure benchmark for PM2.5 at 25 µg/m3 over 24 h, to align with the World Health Organisation’s guidelines.



Volatile organic compounds (VOCs) are a varied collection of compounds that evaporate at room temperature, and their total mix is typically referred to as total volatile organic compounds (tVOCs). There are varying recommendations for tVOC concentrations in non-industrial settings, with some guidelines starting from 25 µg/m3 [50] and going up to 500 µg/m3 [51]. However, it is generally accepted that a maximum level of 300 µg/m3 over 8 h should be adopted [52], which aligns with the UK guidelines [53] and is used as the benchmark for this study.




2.3. Household Characteristics


The homes are part of the Housing Innovation Showcase (HIS) built in 2012. The HIS is situated in the vicinity of a highway and a bustling street, implying a potential for high pollution concentrations. Motivated by environmental concerns, the HIS aimed to identify an approach to decrease CO2 emissions from new buildings in Scotland through high-performance homes. To this end, they constructed twenty-seven residential units in ten blocks, using various construction techniques. Although each block was built with a distinct building construction process, their flooring and roof systems were alike and included a combination of apartments and houses.



This case study examines three homes: a Passivhaus, a control house constructed to the minimum UK building regulations, and a gold standard home conforming to the Scottish building regulations (2007) [54]. The three homes are located next to each other. The internal layout of the homes is shown in Figure 1. Table 2, Table 3 and Table 4 show the characteristics of the households and the building fabric, respectively.



For this study, one of the key differences between the homes is the ventilation systems. The Passivhaus and gold standard homes relied on the MVHR system to provide continuous ventilation, while the standard home only had natural ventilation. The standard home relied on window opening, trickle vent ventilation and extraction fans in the kitchen and bathroom. The occupants stated that they kept the trickle vents closed at all times. The Passivhaus used the Paul Novus 300 MVHR, which provided an airflow rate between 145 m3/h to 200 m3/h depending on the setting running. The gold home used the Nuaire MXMRXBOX95-WH1 MVHR, which provides airflows between 120 m3/H and 180 m3/h.




2.4. Study Limitations


This study has some clear limitations. Firstly, it is based on a limited number of homes, 1 of each type. Hence the results cannot be generalised. However, the results discuss the first IAQ and thermal comfort comparison of dwellings with the same internal layout but different building fabrics in Scotland. Secondly, low-cost monitors were used in this research. While they were tested before the study, this could still suppose a drift in data. Three monitors were installed in each room to minimise this impact, providing data corroboration. Thirdly, this study did not focus on collecting ventilation flow rates of the homes; it was assumed that the air flows were those provided by a previous report [34], which also reviewed the MVHR efficiency. Hence, this study lacks an assessment according to the ASHRAE 62.2-2022 standard, as it is based mostly on air flow rates in residential buildings. Finally, the difference in sensing technologies between indoors and outdoors and the spatial differences between the locations of the homes and local networks can impact the data.





3. Results


3.1. Hygrothermal Conditions


The profiles for temperature and relative humidity are presented in Figure 2 and Figure 3. Supplementary Table S1 shows a statistical summary of the temperature and relative humidity results. Despite a relatively mild summer, all dwellings recorded temperatures exceeding 28 °C. Among all the rooms, the control home’s living room was the most susceptible to overheating, with a higher risk observed across all seasons. This implies that building occupants may prefer warmer temperatures or misuse the heating system, resulting in overheating. The Passivhaus dwelling also encountered overheating in the kitchen. The gold standard home exhibited a higher occurrence of low air temperatures, whereas temperatures ranging from 20 °C to 25 °C were more common in the Passivhaus home. The thermal comfort analysis results are shown in Table 5.



The three homes recorded relative humidity levels above the 60%RH threshold for 10% of the time or less, with the exception of the living room in the gold standard home, where it was measured at 11.2% of the time. One of the home occupants complained that the dwelling was very dry, and stated having to place bowls full of water on top of the living room radiator. The control (6.28% of the time) and Passivhaus (7.92% of the time) kitchens had higher occurrences of relative humidity exceeding 60%RH. The Passivhaus home had more frequent levels below the recommended 40%RH. The assessment of the ideal ranges (20 °C to 25 °C and 40%RH to 60%RH) indicated that the bedrooms were the most comfortable across all three homes (refer to Figure 4 and Table 6).




3.2. Particulate Matter 2.5 µm


The measured PM2.5 concentrations in all dwellings and those outdoors, alongside the frequency of concentrations above 25 µg/m3 and 10 µg/m3, are described in Table 7. A measured PM2.5 exceeding 100 µg/m3 was frequently found in the control and gold homes.



Based on the PM2.5 analysis, the variations in indoor concentrations among the dwellings are likely related to the pollution events and internal door opening. The PM2.5 concentration examination in the living rooms implies that the doors to the kitchen and bedroom may have been left open most of the time, resulting in identifiable pollution peaks traced to the bedroom. Nevertheless, pollution sources in the bedroom did not substantially affect the other rooms. The dissipation of PM2.5 can be influenced by a variety of factors, including the levels of PM2.5, heat [55], air flows, cooking methods, type and source of heating [56], and the presence of partitions and wall openings. A weak association was found between the indoor and outdoor concentrations through correlational analysis, and in certain instances, negative correlations were observed (Passivhaus: B rs = 0.167, K rs = 0.306 and L rs = 0.163 (p < 0.001); Gold: B rs = −0.157, K rs = 0.322 and L rs = 0.340 (p < 0.001): Control: B rs = −0.111, K rs = 0.235 and L rs = 0.235 (p < 0.001)). This indicates that the primary origins of indoor contamination are associated with either human behaviours or building materials.



There was a significant difference in PM2.5 levels between the ground floor and the first floor in the three homes. Additionally, in homes equipped with MVHR systems, PM2.5 levels were typically higher on the first floor than those recorded on the ground floor. The examination of the indoor–outdoor PM2.5 excess indicated that all three homes had higher indoor levels compared to those outdoors. Notably, the Passivhaus had relatively high mean levels of PM2.5 in the bedrooms, characterised by low background levels and a higher occurrence of PM2.5 pollution peaks.



There was a significant difference in PM2.5 concentrations in the three homes between the ground and first floors. Generally, concentrations on the first floor were higher than those on the ground floor for dwellings equipped with MVHR systems. All three homes had indoor PM2.5 concentrations that exceeded outdoor levels. Notably, even though the Passivhaus had some of the highest average PM2.5 concentrations in the bedroom, this was characterised by a higher occurrence of pollution peaks with low background concentrations, compared to the other dwellings.




3.3. Total Volatile Organic Compounds


Table 7 provides a summary of the tVOC concentrations, indicating significant variations among the houses. The control home had the highest tVOC concentrations, followed by the gold and Passivhaus homes. All rooms in the three residences exhibited concentrations exceeding 300 µg/m3. The control home’s living room had the highest frequency of concentrations above the threshold, accounting for 56.26% of the time. In the gold and Passivhaus homes, the kitchens had the highest frequency of concentrations above 300 µg/m3, with 25.25% and 28.44%, respectively. Table 8 shows the lower frequency of occurrences in the control kitchen (36.98%) and the Passivhaus (11%) and gold (20.67%) living rooms. Many of these differences, however, could be associated with human behaviours rather than a direct impact of the buildings. Seasonal differences over the entire time period were noticed in the three dwellings, with mean concentrations lower in winter, while spring showed higher concentrations in the three homes.




3.4. Indoor Air Quality and Hygrothermal Conditions


The relation between temperature and relative humidity to indoor pollution—PM2.5 and tVOC—was explored, both in relation to seasonal and through the duration of the monitoring. The analysis of the relationship between temperature and PM2.5 (see Figure 5) and between the relative humidity and tVOC (see Figure 6) showed a weak association (below rs = 0.182; p < 0.001) between these variables. This suggests that higher levels of pollution indoors are associated with human behaviour and that indoor temperature and relative humidity have a minimal relation with each other, and might be related to other factors.



There were distinctive differences between the relation of indoor hydrothermal conditions to PM2.5 and tVOC during summer and winter. As seen in Figure 5 and Figure 6, the linear trends indicate higher air pollutant concentrations as temperature and relative humidity increase. This trend is more evident in the heating season, where constant warm temperatures are expected.




3.5. Indoor Air Quality Perception


Online surveys were conducted to evaluate the occupants’ perceptions of indoor air quality, utilising both bipolar and unipolar scales. The desired scores for the bipolar scale were within the range of 3 to 5, while for the unipolar scale, they were less than 3. The statistical analysis of the survey results is presented in Supplementary Tables S2 and S3. Occupants’ perceptions were collected from three participants in each house (See Table 2 for demographic characteristics).



The mean summer results for the odour scale (M = 4.00), still–draughty scale (M = 5.00) and fresh–stuffy scale (M = 4.67) of the control home require further investigation, although the home residents reported being satisfied with the overall IAQ (M = 2.67). This implies that while the home residents may have been uncomfortable with stuffy air and draughts, they did not view them as critical factors in global satisfaction. In the case of the gold dwelling, the building residents had comparable satisfaction (M = 2.5) results. However, issues with air movement (still, M = 2.00) and humidity (dry, M = 2.00) were acknowledged as requiring further investigation.



During summer, the residents of the gold home reported feeling that the air was excessively dry, leading them to place bowls filled with water on top of the radiators as a solution. Based on the psychrometric chart analysis, it was found that the living room had lower humidity and colder temperatures compared to the rest of the house. However, the levels were still within the range of extended comfort. There is a possibility that air movement might have contributed to this observation. Nonetheless, it is worth noting that the increased indoor humidity may affect the occupants’ perception of the indoor air quality, which they rated as satisfactory. Conversely, the occupants of the Passivhaus reported high satisfaction with the indoor air quality (M = 1.0) and perceived the air as humid (M = 5.5). Nonetheless, the analysis of relative humidity showed a lower occurrence than 7% of the time of levels exceeding 60%RH. It appears that they did not take humidity into account when evaluating IAQ satisfaction, likely because they focused on outdoor factors.



The residents living in the gold home reported that they had not observed any condensation on their windows or doors, despite having a humidity level of over 60%RH in the living room. However, they felt that the air was dry. On the other hand, one of the occupants in the control house experienced condensation on their windows and doors, which could be due to the humidity in the air. Although high levels of relative humidity were not measured, the high temperature in the control house may have concealed actual humidity issues, as evidenced in the psychrometric charts. The control house occupants also detected unpleasant odours from outside, since there was no air filtration in the ventilation system. Moreover, the indoor air was deemed stale, indicating that the airflows were not efficient enough to remove odours and indoor pollution.



During winter, occupants of the control home felt the air to be smelly (M = 4), stuffy (M = 5), and still (M = 5.33), which could be concerning. Although the overall satisfaction with winter IAQ was regarded as satisfactory (M = 3), some personal ratings raised concerns, suggesting that occupants may not always be satisfied with IAQ during winter. In the gold home, occupants perceived the air as still (M = 2) and dry (M = 2); nevertheless, they regarded the overall IAQ (M = 2.5) as satisfactory. Similarly-, in the summer, occupants of the Passivhaus perceived the air as too humid (M = 5.33) during winter; nonetheless, the residents regarded the overall IAQ (M = 1) as acceptable.



The Passivhaus occupants reported experiencing condensation on windows and doors, but the analysis showed a lower incidence of relative humidity exceeding 60%RH, while levels under 40%RH were more frequent. The examination of vapour levels indicated that they fall within the ideal comfort range (with a few exclusions monitored within the extended range), contradicting the residents’ opinion of the air being humid. The Passivhaus occupants also reported not experiencing any odours, which could be attributed to the proper maintenance of ventilation systems and filters, as indicated in a previous report [34].





4. Discussion


The three dwellings were found to have indoor temperatures associated with overheating. As the homes’ energy efficiency increased, the overheating occurrence was higher. This is similar to findings from a previous larger study [21]. The only exception to this was the control home’s living room, which showed higher levels of overheating, potentially related to the manual operation of windows to regulate temperature. The results were mixed for the hydrothermal (temperature and relative humidity) conditions. The gold home achieved conditions within the ideal range for 91.5% of the time in the bedroom, the control home 82.6% in the kitchen, and the Passivhaus 79.3% in the living room. These percentages were the best within all three dwellings. Another important metric that was evaluated for thermal comfort was when temperatures were below 20 °C. Research conducted in Scotland has found that temperatures under 18 °C may lead to high blood pressure [57]. In the gold home, temperatures lower than 18 °C were recorded in both the living room and kitchen. Furthermore, temperatures below the recommended ideal temperature of 21 °C in the UK [58] were measured in all of the homes.



Outdoor temperatures in Scotland are relatively low. According to the UK Met Office, average maximum summer temperatures are between 15 and 17 °C, while winter could be between 0 and 5 °C. Despite these temperatures, overheating has been identified in several homes around Scotland, particularly during summer [10]. This issue tends to be more common in high-energy-efficient dwellings, due to occupants’ behaviour and poor engagement with the building system. Dwelling design should consider how the design and specification can impact the risk of overheating in dwellings, particularly in a climate where heat waves and warmer summers are starting to become more common.



In a prior study, a PM2.5 24 h mean of 12.6 µg/m3 indoors was reported in a hundred dwellings located in Scotland and Ireland [59]. The study reported a considerably higher PM2.5 value of 99.3 µg/m3 in homes where smoking occurred, while inferior 24 h means were observed in homes where wood (5.7 µg/m3), coal (7.4 µg/m3), and gas (7.1 µg/m3) were burned. In the context of this work, the three dwellings exceeded 12.6 µg/m3 for 13.18% of the time in the Passivhaus; 28.95% in the gold home; and 32.53% in the control home. The 24 h average of PM2.5 concentrations suggested by the WHO (25 µg/m3) was surpassed in 13 days in the control home, 8 days in the gold home and 12 days in the Passivhaus.



The concentration of PM2.5 showed significant variation between the ground and first floor of all three dwellings. The PM2.5 levels on the first floor were consistently higher, compared to those measured on the ground floor. This suggests that the distribution of indoor PM2.5 was dependent on various factors, including location, source, ventilation system, and door openings. The Passivhaus and gold homes showed greater efficiency in reducing and diluting indoor pollutant concentrations, compared to the control home. This may be attributed to the Passivhaus and gold homes utilising MVHR systems to provide fresh air, leading to constant pollutant dilution and dissipation. In contrast, the control home relied on manually operated windows for ventilation. However, pollution peaks took longer to dissipate in the Passivhaus and gold homes, possibly due to their higher airtightness and lower ventilation rates.



Upon comparing the levels across the rooms, it was evident that the tVOC levels were consistently higher in the bedrooms than in the kitchens and living rooms. The high tVOC concentrations could be a potential health risk to building residents, as measurements indicated higher and continuous concentrations in the bedrooms. Occupied-bedroom tVOC concentrations exceeding 300 µg/m3 were observed in 71.45% of the control, 34.48% in the gold, and 21.67% in the Passivhaus homes. The tVOC levels observed in the three homes were similar to those found in another paper that measured indoor concentrations in buildings in the UK [60]. Indoor tVOC levels between 194 and 288 µg/m3 were measured in the dwellings, while outdoor levels in residential neighbourhoods were measured at 77.2 µg/m3.



The levels of TVOC pollution were observed to begin increasing in the early evening and remain consistent until the early morning, particularly in the control home (see Figure 7). The observed tVOC pollution concentrations in the living room at night were associated with those observed in the bedroom, but morning concentrations may be associated with human activities, such as cooking. For instance, cooking during dinner and breakfast may have been the primary pollution source in the kitchen, which could be linked to those in the living room.



The control home had the highest tVOC levels, exceeding 300 µg/m3, among the three homes. Concentrations exceeding 500 µg/m3 were observed for over 10% of the time. In contrast, the gold and Passivhaus homes had lower frequencies of tVOC concentrations above the recommended threshold. However, human behaviour may have contributed to these differences. Notably, tVOC levels exceeding the threshold were more frequently observed during reported occupancy.



The indoor environmental conditions in net zero homes are of particular interest in the UK. The UK published the Net Zero Strategy: Build Back Greener [3] national strategy, wherein the government recognises the importance of the building industry to meet this target. Thus, the national strategy is pushing the building regulations to higher levels of energy efficiency, to meet the carbon emissions target. As mentioned above, in May 2022, Scotland presented the Domestic Building Environmental Standards (Scotland) Bill, which was approved in 2023 and set to start in 2025. The bill pushes all new buildings to meet a Scottish equivalent (see Table 9). Hence, the evidence of the performance of the Passivhaus in Scotland is of utmost importance. Furthermore, other countries such as the US, Australia, New Zealand, France and Germany are also pushing to reduce their carbon emissions in the building industry.




5. Conclusions


This paper set out to evaluate and compare the indoor environment of three homes in Scotland with equal internal layouts but different building fabric construction specifications for energy efficiency control, representing the minimum standards, the Passivhaus with the highest standard, and the gold home, a benchmark between the previous cases. Although the results cannot be generalised due to the small number of homes, they present evidence for dwellings with high energy performance in Scotland. This is important, as policymakers in Scotland will be looking for such evidence of the performance of the Domestic Building Environmental Standards (Scotland) Bill (2025) and to support other countries following a similar path.



The indoor-environment monitoring campaign results suggest that higher levels of energy efficiency, the Passivhaus in this case, were related to better indoor environmental conditions, particularly IAQ. While no significant concerns for overheating were observed in any of the homes, the Passivhaus home design and construction need to be approached carefully, to reduce the risk of overheating. Further studies should be carried out with a higher number of homes to provide more evidence of the relationship between the building fabric and the indoor air quality and thermal comfort in Scotland.



While the occupant health implications for overheating and air pollution levels observed in the homes are fairly obvious, they are significant evidence of how the policy and practice of new net zero, energy-efficient dwellings in Scotland (and internationally) should respond. For instance, policy should consider minimum levels of overheating and look at resilient design in the context of future climate changes. Overheating and indoor air quality are only sometimes considered during the design phase, but they should be considered from the beginning, to provide healthier living environments. Inaccurate assessment, or if these aspects are not even considered, could lead to the use of new systems to overcome these factors’ impact, causing more reliance on active systems for air conditioning and purification, which could be avoided.
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Figure 1. Home floor plans. The red (extract) and blue (supply) lines indicate the ducts for the MVHR system for the dwellings that have one. The green dots represent the location of each of the Foobot devices in each room. Source: Authors, adapted from [34]. 
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Figure 2. Temperature profile of the control, gold and Passivhaus homes between the 15 January and the 15 August 2017. Source: Authors. 
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Figure 3. Relative humidity profile of the control, gold and Passivhaus homes between the 15 January and the 15 August 2017. Source: Authors. 
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Figure 4. Psychrometric chart of the bedroom conditions in the three homes and outdoors. The green box identifies the ideal comfort criteria and the red box the extended comfort. Source: Authors. 
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Figure 5. PM2.5 and temperature scatter plot showing the linear relation in the living room by season in each of the homes. Blue—summer, green—spring and orange—winter, top to bottom—control, gold and Passivhaus homes. Source: Authors. 
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Figure 6. tVOC and relative humidity scatter plot showing the linear relation in the bedroom by season in each of the homes. Blue—summer, green—spring and orange—winter; top to bottom—control, gold and Passivhaus homes. Source: Authors. 
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Figure 7. Hourly mean tVOC levels in the three homes. Source: Authors. 






Figure 7. Hourly mean tVOC levels in the three homes. Source: Authors.



[image: Buildings 13 01518 g007]







[image: Table] 





Table 1. Frequency of overheating criteria in Passivhaus dwellings. Adapted from [41].
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	% of the Time of Temperature above 25 °C
	Assessment





	≥15%
	Catastrophic



	10–15%
	Poor



	5–10%
	Acceptable



	2–5%
	Good



	<2%
	Excellent
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Table 2. Household characteristics. Source: Authors.
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Household Characteristic

	
Passivhaus

	
Gold

	
Control






	
Household occupancy

	
4 adults

	
2 adults

	
2 adults, 2 children




	
Age range

	
2 × 25–35;

2 × 45–75

	
35–45

	
35–45, <16




	
Gender

	
3 M, 1 F

	
1 M, 1 F

	
2 M, 2 F




	
Smoking

	
No

	
No

	
No




	
Cooking fuel

	
Electricity

	
Electricity

	
Gas




	
Heating fuel

	
Gas

	
Electricity

	
Gas




	
Occupancy pattern




	
Bedroom

	
22:30–06:30;

	
22:30–06:30;

	
22:30–06:30;




	
Kitchen

	
07:30–09:00; 12:35–14:00; 20:30–21:30

	
07:30–09:00; 12:35–14:00; 20:30–21:30

	
07:30–09:00; 12:35–14:00; 20:30–21:30




	
Living room

	
09:00–12:30; 14:00–20:30; 21:30–22:30

	
09:00–12:30; 14:00–20:30; 21:30–22:30

	
09:00–12:30; 14:00–20:30; 21:30–22:30




	
Frequency of window opening




	
Morning *

	
Regularly

	
Never

	
Never




	
Afternoon *

	
Regularly

	
Never

	
Regularly




	
Evening *

	
Regularly

	
Constantly

	
Rarely




	
Night *

	
Constantly

	
Never

	
Rarely








* Constantly: >5 h/d, Regularly: 5–2.5 h/d, Rarely: 2.5–0 h/d, Never: 0 h/d.













[image: Table] 





Table 3. Main building characteristics of the control, gold and Passivhaus homes. Source: Authors, with data taken from [34].
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	Building Characteristic
	Passivhaus
	Gold
	Control





	Airtightness as-designed @50 Pa
	0.60 m3/(h·m3)
	3.00 m3/(h·m3)
	5.00 m3/(h·m3)



	Airtightness as-built @ 50 Pa
	0.53 m3/(h·m3)
	3.90 m3/(h·m3)
	3.60 m3/(h·m3)



	Internal floor area
	94 m2
	96 m2
	96 m2



	Ug-value (window)
	0.8 W/(m2K)
	0.8 W/(m2K)
	0.8 W/(m2K)



	U-value (floor slab)
	0.15 W/(m2K)
	0.15 W/(m2K)
	0.15 W/(m2K)



	U-value (roof)
	0.10 W/(m2K)
	0.09 W/(m2K)
	0.10 W/(m2K)



	U-value (external wall)
	0.10 W/(m2K)
	0.15 W/(m2K)
	0.23 W/(m2K)



	Ventilation
	MVHR
	MVHR
	Natural with window trickle vents, extract fans



	Window type
	Triple glazing, low-e, uPVC
	Triple glazing, low-e, uPVC
	Triple glazing, low-e, uPVC



	Building Certification or Standard
	Certified Passivhaus
	Gold Standard 2016 SBS 1
	2010 SBS 1



	Contractor
	Campion Homes
	Springfield Properties
	Campion Homes







1 SBS: Scottish Building Standard.
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Table 4. Main construction elements of the homes. Source: Authors, with data taken from [34].
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	Building

Element
	Passivhaus
	Gold
	Control





	Flooring

(indoor to outdoors)
	22 mm V313 chipboard on 70 × 50 mm treated timber battens @ 400 mm with 45 mm rigid insulation between 150 mm of rigid insulation on VCL, on a concrete slab and 25 mm of sand blinding
	22 mm chipboard, 70 mm treated batten service zone, 100 mm perimeter insulation, 150 mm RC in situ ground-bearing slab, 100 mm rigid insulation, 25 mm

sand blinding
	22 mm V313 chipboard on 70 × 50 mm treated timber battens @ 400 mm with 20 mm service void, concrete slab, 100 mm rigid insulation, 25 mm sand blinding



	External walls

(indoor to outdoors)
	12.5 mm plasterboard, 25 mm internal service battens, 25 mm polyurethane board, an airtight/vapour control layer (VCL), 10 mm OSB, 235 mm injected polyurethane insulation, 235 × 38 mm treated timber panelling, 10 mm OSB, and a layer of reflectashield TF insulating barrier
	12.5 mm wallboard, 25 mm batten/service zone, VCL, 11 mm OSB, 45 × 45 mm stud filled with insulation, 65 mm insulation, 90 × 45 mm stud insulation, 9 mm OSB, thermo reflective breather

membrane, 50 mm cavity, 102.5 common brick, 19 mm render coat
	12.5 mm plasterboard, a VCL, 140 mm timber frame panels with insulation between studs, 10 mm OSB sheathing, a reflective breather membrane, 50 mm vertical treated timber battens @ 600 m

and 5 mm of proprietary render system



	Attic roof

(indoor to outdoors)
	12.5 mm plasterboard (ceiling supported by treated timber), 350 mm mineral wool insulation (between the over rafters), 50 mm gap of proprietary eaves vent tray, 10 mm OSB, concrete roof tiles (25 × 50 mm sw tiling battens, 18 × 25 mm counter battens, proctor roof shield roofing membrane, proprietary roof cassette)
	12.5 wallboard, VCL, 3 × 90 mm insulation, 22 mm P5 chipboard, attic frame, 15 mm OSB, roof membrane, 25 × 50 mm treated counter battens, 25 × 38 mm treated battens, fibre cement tiles
	12.5 mm plasterboard (ceiling supported by treated timber), 350 mm mineral wool insulation (between the over rafters), 50 mm gap of proprietary eaves vent tray, 10 mm OSB, concrete roof tiles (25 × 50 mm sw tiling battens, 18 × 25 mm counter battens, type 1f roof felt, 15 mm OSB sheathing)
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Table 5. Summary of temperature analysis from the control, gold and Passivhaus homes. Source: Authors.






Table 5. Summary of temperature analysis from the control, gold and Passivhaus homes. Source: Authors.





	
Room

	
Criterion

	
Control

	
Gold

	
Passivhaus




	
Winter

	
Spring

	
Summer

	
All

	
Winter

	
Spring

	
Summer

	
All

	
Winter

	
Spring

	
Summer

	
All






	
Bedroom

	
Passivhaus

	

	

	

	

	

	

	

	

	

	

	

	




	
CIBSE A (23 °C/25 °C)

	

	

	
•

	
•

	

	

	
•

	

	
•

	
•

	
•

	
•




	
CIBSE A (26 °C/28 °C)

	
•

	
•

	
•

	
•

	

	

	

	

	

	
•

	
•

	
•




	
Adaptive approach Criterion 1

	
--

	
--

	

	

	
--

	
--

	

	

	
--

	
--

	
•

	
•




	
Adaptive approach Criterion 2

	

	

	

	

	

	

	

	

	
•

	
•

	

	
•




	
Adaptive approach Criterion 3

	
•

	
•

	
•

	
•

	
•

	

	
•

	
•

	
•

	

	
•

	
•




	
Kitchen

	
Passivhaus

	

	

	
•

	

	

	

	

	

	

	
•

	
•

	
•




	
CIBSE A (23 °C/25 °C)

	

	

	
•

	
•

	

	

	

	

	
•

	
•

	
•

	
•




	
CIBSE A (26 °C/28 °C)

	

	

	
•

	
•

	

	

	

	

	

	

	
•

	
•




	
Adaptive approach Criterion 1

	
--

	
--

	
•

	
•

	
--

	
--

	

	

	
--

	
--

	
•

	
•




	
Adaptive approach Criterion 2

	

	

	

	

	

	

	

	

	
•

	

	

	
•




	
Adaptive approach Criterion 3

	
•

	

	
•

	
•

	

	

	
•

	
•

	
•

	

	
•

	
•




	
Living room

	
Passivhaus

	
•

	
•

	
•

	
•

	

	

	

	

	

	

	

	




	
CIBSE A (23 °C/25 °C)

	
•

	
•

	
•

	
•

	

	

	

	

	

	

	

	




	
CIBSE A (26 °C/28 °C)

	
•

	

	
•

	
•

	

	
•

	

	

	

	

	
•

	




	
Adaptive approach Criterion 1

	
--

	
--

	
•

	
•

	
--

	
--

	

	

	
--

	
--

	
•

	
•




	
Adaptive approach Criterion 2

	
•

	
•

	
•

	
•

	

	

	

	

	

	

	

	




	
Adaptive approach Criterion 3

	
•

	
•

	
•

	
•

	

	
•

	
•

	
•

	
•

	

	
•

	
•








-- = not applicable. • = failed criterion.
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Table 6. Percentage of time that each home meets the ideal criteria (20–25 °C; 40–60%RH). Source: Authors.






Table 6. Percentage of time that each home meets the ideal criteria (20–25 °C; 40–60%RH). Source: Authors.











	
	Passivhaus
	Gold
	Control





	Bedroom
	74.9%
	91.5%
	82.4%



	Kitchen
	44.9%
	61.2%
	82.6%



	Living room
	79.3%
	16.5%
	23%



	Total
	66.4%
	56.4%
	62.7%
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Table 7. Analysis summary of time periods with PM2.5 concentrations exceeding 25 µg/m3 in the three homes between the 15 January and the 15 August 2017. Source: Authors.






Table 7. Analysis summary of time periods with PM2.5 concentrations exceeding 25 µg/m3 in the three homes between the 15 January and the 15 August 2017. Source: Authors.





	

	

	
All Period Mean (µg/m3)

	
Standard Deviation

	
% of Time above 10 µg/m3

	
No. of Days with a Daily Mean above 25 µg/m3

	
% of Days above 25 µg/m3






	
Passivhaus

	
Bedroom

	
15.15

	
42.02

	
29.27%

	
12

	
6.15%




	
Kitchen

	
8.26

	
19.25

	
16.21%

	
3

	
1.67%




	
Living room

	
9.15

	
23.46

	
20.61%

	
4

	
2.05%




	
Gold

	
Bedroom

	
14.01

	
7.40

	
65.92%

	
4

	
2.05%




	
Kitchen

	
11.73

	
18.45

	
44.43%

	
8

	
4.10%




	
Living room

	
8.91

	
17.80

	
21.23%

	
4

	
2.05%




	
Control

	
Bedroom

	
10.89

	
14.16

	
35.04%

	
13

	
6.67%




	
Kitchen

	
15.70

	
26.46

	
67.98%

	
10

	
5.26%




	
Living room

	
11.69

	
16.45

	
42.61%

	
5

	
2.56%




	
Outdoors

	
5.55

	
5.47

	
13.17%

	
2

	
1.03%
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Table 8. Summary of the analysis of time periods when tVOC levels exceeded 300 µg/m3 in the three homes between the 15 January and the 15 August 2017. Source: Authors.






Table 8. Summary of the analysis of time periods when tVOC levels exceeded 300 µg/m3 in the three homes between the 15 January and the 15 August 2017. Source: Authors.





	

	

	
All Period Mean (µg/m3)

	
Standard Deviation

	
% of Time above 300 µg/m3

	
% of Time above 300 µg/m3 When Occupied

	
No. of Days with a Daily Mean above 300 µg/m3






	
Passivhaus

	
Bedroom

	
224.68

	
89.02

	
16.54%

	
21.67%

	
21




	
Kitchen

	
271.56

	
128.44

	
28.44%

	
37.78%

	
51




	
Living room

	
201.32

	
99.91

	
11.00%

	
9.89%

	
5




	
Gold

	
Bedroom

	
246.61

	
102.40

	
25.08%

	
34.48%

	
35




	
Kitchen

	
248.22

	
104.92

	
25.25%

	
23.99%

	
40




	
Living room

	
234.64

	
94.97

	
20.67%

	
57.53%

	
19




	
Control

	
Bedroom

	
323.60

	
211.07

	
41.85%

	
71.45%

	
103




	
Kitchen

	
282.90

	
144.21

	
36.98%

	
30.20%

	
71




	
Living room

	
345.95

	
145.45

	
56.26%

	
57.84%

	
130
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Table 9. Summary of the building characteristics of the Scottish Regulations (2015, 2020, 2025) and Passivhaus. Source: Authors, based on Scottish Regulations (2015, 2020, 2025) and the Passivhaus Planning Package (PHPP).






Table 9. Summary of the building characteristics of the Scottish Regulations (2015, 2020, 2025) and Passivhaus. Source: Authors, based on Scottish Regulations (2015, 2020, 2025) and the Passivhaus Planning Package (PHPP).





	Thermal Element
	Scottish Building Regulations Section 6 (2015) U-Values (W/m2K)
	Scottish Building Regulations Section 6 (2020) U-Value (W/m2K)
	Scottish Building Regulations Section 6 (2025) U-Value (W/m2K)
	Passivhaus U-Value (W/m2K)





	Wall
	0.17
	0.15
	0.13
	0.10–0.15



	Roof
	0.11
	0.09
	0.09
	0.10–0.15



	Floor
	0.15
	0.12
	0.10
	0.10–0.15



	Windows
	1.4
	1.2
	0.8–1.0
	0.8



	Doors
	1.4
	1.2
	0.8–1.0
	0.8



	Air Permeability
	7 m3/(h·m2) at 50 Pa
	5.0 m3/(h·m2) at 50 Pa
	3.0 m3/(h·m2) at 50 Pa
	0.6 m3/(h·m2) at 50 Pa
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