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Abstract: People spend most of their time indoors and majority of this time is spent inside their homes. 
The vulnerable population, including those with low-income, consider housing as central to their lives. 
More so for the elderly and sick as they stay inside their residences for even longer times. In Australia, 
almost 14% of the population live below poverty line. Therefore, social housing for low-income population 
is key to the national housing sector. In Melbourne, many social housing are single-sided units in high-rise 
buildings. The indoor environmental quality (IEQ) in these units is generally poor due to building design 
and characteristics, lack of maintenance and absence of appropriate heating, ventilating and air 
conditioning systems, causing health-related problems to a vulnerable group. This paper will present a 
critical review of the IEQ in social housing units in high-rise buildings and its impact on occupant health 
and comfort. This paper will also explore the interrelationships between the IEQ factors to get a holistic 
view of their performance focusing on how the design of the building envelope and the provision of 
windows affect the overall indoor environment of the residential units. 
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1. Introduction
In Australia, people living under poverty line has increased from 11.5% in 2003 to 13.6%–more than 3.2 
million–in 2020 (Davidson et al., 2020). However, the social housing stock has shown a decline, affecting 
the quality, type and security of housing for low-income families (Flanagan et al., 2019). Close to the city 
centre of Melbourne, a considerable proportion of social houses are high-rise buildings (McNelis and 
Reynolds, 2001). Furthermore, apartment units in high-rise buildings are usually single-sided due to the 
compact layout of the building blocks and their configuration (Aflaki et al., 2016). 

A link has been found between the building characteristics of Australian social housing, particularly 
with indoor environmental conditions and resident’s health (Baker et al., 2014; Baker et al., 2016). 
Exposure to poor levels of IEQ can lead to diseases such as asthma, migraine, depression, anxiety and 
heart diseases, among others, contributing to morbidity and mortality (Haddad et al., 2019). A study 
encompassing 35% of the nationwide social housing stock has shown that the majority of them have been 
constructed 20 years ago or more, and 58% of them before the first Building Code of Australia was 
launched in 1988, meaning that no IEQ regulation was required (Barnett et al., 2013). As a consequence 
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of building characteristics of social housing, low-income families are more likely to be exposed to poor 
levels of IEQ, reporting higher number of health-related issues and lower indoor satisfaction (Barnett et 
al., 2013; Baker et al., 2016). Further, due to their economic vulnerability, social housing mostly relies on 
passive systems (Curado et al., 2015), stressing the effect of envelope design, particularly windows on 
their IEQ. Currently, the Victorian Government requires public housing to consider the Better Apartments 
Design Standards (DELWP, 2016), to promote natural light, ventilation and energy efficiency (Department 
of Health and Human Services, 2020). This standard encompasses IEQ related aspects for the spaces such 
as minimum dimensions, maximum depth, windows on external walls, minimum noise levels, appropriate 
orientation, and cross ventilation for at least 40% of the units (DELWP, 2016). 

The current COVID-19 pandemic lockdowns, which have transformed homes into a multi-activity space 
for teaching, working, and exercising, have significantly impacted the social housing residents who are 
already suffering from poor IEQ conditions. Further, Raynor et al. (2020) have suggested that, due to the 
pandemic, a good strategy would be to invest the public money into the development of social housing to 
cope with their housing market decline; reactivate the economy through construction and employment; 
and reduce homelessness. If this strategy could take place, it would be fundamental to set appropriate 
IEQ guidelines for multifunctional spaces. 

The objective of this paper is to critically analyse the different parameters that affect the IEQ factors 
in high-rise social housing units. It will focus on the aspects of the current social-housing design standards 
with respect to IEQ factors, namely thermal, acoustic, lighting and air quality. Finally, the paper will focus 
on windows which is a central element connecting all these factors. 

2. Indoor environmental quality factors

2.1. Thermal comfort 

Thermal comfort is affected by environmental parameters such as air temperature, mean radiant 
temperature, relative humidity and air velocity, and personal parameters such as metabolic rate and level 
of clothing, nonetheless, other variables such as gender, age, race and climate are also affecting the 
thermal perception (ASHRAE, 2017). With these subjective variables, different people can have different 
perceptions of the thermal conditions and comfort in the same environment (Marino et al., 2015). Further, 
a study in small apartments in Hong Kong has established that residents were more sensitive to 
temperature changes than residents of bigger units, as they are used to a steadier and unchangeable 
environment, developing a lower tolerance and adaptation (Mui et al., 2018). In addition, people with 
control over the windows have a more forgiving attitude towards the building, than those with low level 
of control (Brager et al., 2004). 

Low temperature settings can lead to respiratory infections and increase in blood pressure (Collins, 
1986), while high temperatures can cause a severity range of thermoregulatory system failure (Koppe et 
al., 2004). Both studies argue that extreme temperatures can be more severe for vulnerable and elderly 
people. In addition, Frontczak and Wargocki (2011) have observed that thermal comfort is the most 
relevant factor affecting IEQ satisfaction. The indoor thermal environment is important for social housing 
because these are usually overcrowded and lack proper ventilation, heating and insulation (Domański et 
al., 2006). A study in natural ventilated social housing apartments in Sydney has shown that the indoor 
temperature was most of the time outside the comfort band and the relative humidity was mostly above 
the 60% threshold when the associated problems appear, having 16% and 62% of the social housing 
residents dissatisfied with the thermal quality in winter and summer respectively (Haddad 
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et al., 2019). Likewise, a study involving 180 social houses in seven buildings in Toronto have shown that 
discomfort is a cross-seasonal issue, as their results pointed out that in summer, more than a quarter of 
the units in each building were overheated, which was more than a half of the whole sample, and in 
winter, a quarter of the units in three buildings were underheated and almost 25% of the whole units 
were overheated (Vakalis et al., 2019). Diaz Lozano Patiño et al. (2018) have confirmed what has been 
exposed by other researchers related to overheating in social housing during the warmer summer days. 
Further, a study in Germany by Galassi and Madlener (2017) has shown that 67% of the  respondents feel 
less comfortable with a warm environment, leading them to open windows, even when the HVAC system 
is running. On the contrary, a data analysis from a study of low-income houses in Europe have reported 
that temperatures are lower than the recommended minimum temperature of 18°C, with a minimum 
average between 5.2°C and 18.8°C, locating 5% of the surveyed houses at freezing levels (Kolokotsa and 
Santamouris, 2015). Additionally, an investigation in Wales by Burholt and Windle (2006) found a 
relationship between insulation and the number of extra clothes on, as 90% of the residents from 
insulated houses–double glazed windows and roof insulation–did not need extra clothing, while 39% of 
the houses with no roof insulation needed them. 

Studies have reported that variations on the window sizes do not bring significant changes to the 
heating demand in winter, but, variations on windows sizes will change the cooling demand in summer, 
due to direct sunlight and heat gains, (Persson et al., 2006; Catalina and Iordache, 2012). In contrast, a 
research on social houses in Canada postulate that window sizes may have an impact on the thermal 
conditions either for summer and winter (Vakalis et al., 2019). Further, an improvement of 10% on the 
energy consumption when single-glazed windows were changed to double-glazed, with minimal wall 
insulation, was observed (Domínguez et al., 2012). Energy improvement can get up to 50%, as shown in 
another study, if very high efficient windows are used and solar gains maximized, performing even better 
than having only highly insulated walls (Persson et al., 2006). Barnett et al. (2013) explored a set of 
interventions for social housing using building simulations and noted that after roof insulation, shading 
control and window insulation are some of the best adaptations for improving thermal comfort. 

2.2. Indoor air quality (IAQ) and ventilation 

IAQ and ventilation are critical in social housing as it has been recorded that their levels are poor mainly 
due to low air change rates (Zota et al., 2005). An investigation in USA has presented higher levels of 
pollutants in inner-city houses than suburban ones (Simons et al., 2007), where the majority of high-rise 
social housing buildings in Melbourne are located (McNelis and Reynolds, 2001). Further, reported CO2 
concentrations in several social housing buildings are above the recommended levels, directly related to 
indoor occupancy density, domestic activities, and daily pattern of occupancy (Haddad et al., 2019). 

A study on the effect of wind on the thermal conditions into single-sided ventilation units has defined 
that the wind conditions, such as speed and direction, strongly affect the indoor airflow (Pokhrel et al., 
2020). Even though Andersen et al. (2009) has presented some inconsistencies about the relevance of 
wind speed over the operability of windows, there seem to be an agreement on the fact that their 
operability is strongly related to outdoor temperature. Further, Prakash and Ravikumar (2015) stated that 
among all variables affecting ventilation, window opening is the easiest strategy to be considerate in the 
building for ideal ventilation performance. Nonetheless, an important aspect related to preferences, as 
shown in a Melbourne residential study, is that families prefer air conditioning over natural ventilation, 
reducing resilience to heat stress, which can be preoccupying in case of power 
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failures (Willand et al., 2016). Interestingly, a study has revealed that in warm conditions, around 30°C, 
even people feeling slightly cool mentioned their desire for more air movements (Toftum, 2004). 

A study on the parameters affecting natural ventilation performance, led to an assertion that the 
ventilation mode—cross ventilation or single-sided ventilation—is the most relevant compared to 
window-to-wall ratio (WWR), space area, window type, or the orientation (Fung and Lee, 2014). The 
authors have also documented that even though the proximate context can have a considerable impact 
on ventilation performance, it does not affect the relative effect between parameters. Interestingly, Fung 
and Lee (2014) has identified that single-side ventilation provides higher ventilation rates than cross 
ventilation mode. By contrast, others argue that higher ventilation rates can be obtained by cross 
ventilation (Evola and Popov, 2006). Elshafei et al. (2017) found an increase in the air velocity by six-fold 
when the size of the window where maximized, reducing also the indoor temperature by 2.5%. 

Different recommendations have been presented on the window arrangement for single-sided 
ventilation mode. Simulations have shown that the biggest impact on this mode is driven by the vertical 
position of the opening, followed by its width and wall thickness (Favarolo and Manz, 2005). Another study 
showed that the best performance was achieved with two separate cornered openings rather  than two 
close ones at the centre (Hassan et al., 2007). In addition, other researches have demonstrated that 
locating the opening on the leeward face, rather than the windward face, provides a higher ventilation 
rate (Evola and Popov, 2006; Gao and Lee, 2011). For the type of windows, bottom hung and side hung 
windows were tested and it was observed that bottom hung windows performed better when the 
indoor/outdoor temperature difference is big, mainly because the cold air-flow can be directed above the 
occupied area (Heiselberg et al., 2001). Another study concluded that, for pollutants removal 
performance, a centre-pivoting window is highly efficient due to its level of control (Chou et al., 2008). 

2.3. Lighting 

Daylight has many attributes that affect IEQ such as its impact on the visual perception and thermal 
comfort, contributing to a reduction on the use of artificial light and heating/cooling systems, and the 
regulation of the circadian rhythms, sleeping patterns, and minimize seasonal affective disorders 
(Mercatelli et al., 2015). Nevertheless, the technological advancement of artificial light has made people 
more dependent on it, contrary to the recommendations following health and environmental concerns, 
which states that the daylight should be maximized and artificial light used only as a supplement (Meek 
and Wymelenberg, 2014). Furthermore, cultural differences have shown variations in visual satisfaction 
and comfort, demonstrating the complexity of assessing individual visual perceptions (Halonen et al., 
2012). Moreover, residential spaces are complex due to the variety of lighting requirements for different 
performed activities like reading, writing, or cooking, just to name a few (Darula and Kittler, 2018). Despite 
the fact that in many countries low-income households are suggested being affected by visual discomfort 
(Kolokotsa and Santamouris, 2015), in Australia, the consideration of windows in the building code is 
mostly dictated for ventilation rather than illumination (Nedhal et al., 2016). 

Boubekri and Lee (2017) note that natural light is considered difficult to be assessed due to its dynamic 
changes, especially when direct sunlight is involved, being the main reason for the large variety of metrics 
used. They highlighted that the commonly used are daylight factor (DF), daylight autonomy (DA), mean 
hourly illuminance (MHI) and useful daylight illuminance (UDI). They also have concluded that DA is the 
most appropriate to be used as it is a dynamic metric and it is not only useful for the amount of indoor 
illumination, but also for assessing direct sunlight, energy savings, and the use of artificial light, although 
it should be also used with DF and UDI if the goal is to estimate user comfort. 
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Boubekri et al. (1991) have highlighted that the positive aspects of direct sunlight are the free heating 
source and an increase in the visual, emotional, and psychological well-being, however, one of the 
problems is the unwanted penetration of direct sunlight such as glare and thermal discomfort due to 
unwanted heat gains. They have suggested that measuring the sunlight by the total time of penetration, 
rather than the amount of penetration, is inadequate, and concluded that the preferred amount of 
penetration is between 15% and 25% of the floor area. 

A study by Acosta et al. (2016) on residential units in Madrid, which has a similar degree of latitude as 
Melbourne but on the northern hemisphere, has recommended a WWR, for a DA 250 lux of 50% on north 
windows, of 10% to comply up to 2m deep from the façade and 20% to comply up to 6m away from the 
facade. Also, they have shown that higher windows can provide an improvement on the DA of 9% for 2-
4m deep or 32% for 4 to 6m deep. 

2.4. Acoustics 

The World Health Organization (2011) has identified noise pollution as one of the biggest environmental 
problems affecting health and quality of life, contributing to cardiovascular diseases, cognitive impairment 
in children, sleep disturbance and annoyance. They stated that many of these problems can be present 
from a range of 40dB(A) to be very dangerous over 55dB(A), except for sleep disturbance where some 
minor issues can be seen on a range of 30-40 dB(A). In their study on apartment buildings, Wong et al. 
(2009) mentioned that noise was pointed as the IEQ factor with worst performance, a regular complaint 
between homes that according to Smith et al. (2006) increased by 5 times in 15 years since 1991. Residents 
inside their homes are very sensitive to low levels of noise, causing distress and affecting relaxation, task 
performance, focus and sleep patterns (Nurzynski, 2018). Further, increasing urbanisation has led to 
residential developments near the traffic networks, which are the main source of noise such as roads, 
train tracks, or airports (Tong and Tang, 2017). In addition, low-income neighbourhoods are usually 
located close to those sources (Kolokotsa and Santamouris, 2015), and, consequently, they have reported 
being exposed to environmental acoustic risk (Pujol et al., 2012). 

There are two main strategies to control traffic noise, one is along the transmission path, which has 
been proven as more efficient, and the other one is on the receiver, which many times is the only 
alternative (Buratti, 2006). For example, acoustic barriers for traffic diffract the noise to higher levels, 
being only a solution for the lower levels, making upper levels to take other actions to mitigate noise (Lam 
et al., 2018). Windows have been defined as the weakest building element for outdoor noise, (Naticchia 
and Carbonari, 2007), but at the same time, windows were described as the most cost- effective façade's 
component to treat outdoor noise (Habibi, 2019). Results on a residential case study have shown that 
improvements on the windows from single-glazed to double-glazed can have positive acoustics results 
(Habibi, 2019), nevertheless, double-glazed windows are not as good for low frequencies like traffic noise, 
where they can reduce around 20dB, as they are for high frequencies, where they can reduce around 40dB 
(Hu et al., 2013). 

After reviewing many studies, it was concluded that the reduction of noise difference from the outdoor 
and the indoor can be around 10-13dB(A) for open windows, 14-19dB(A) for tilted windows, and 26-
31dB(A) for closed windows (Locher et al., 2018). However, one of the big problems of many European 
regulations is that noise levels are measured with closed windows (Buratti, 2002), as the most common 
negative relation between noise and other IEQ factors is caused by closing the windows to avoid noise 
intrusion, resulting in a diminution of natural ventilation, affecting IAQ and thermal 
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conditions (Lam et al., 2018). In contrast, a study on noise found that the most annoying aspect of it is 
not being able to open the windows (Öhrström, 2004). 

3. IEQ weighting and index
While earlier studies focused on the analysis of a single IEQ factor, new studies are trying to analyse their 
relationship to get a quantitative indicator when assessing general IEQ and comfort (Frontczak and 
Wargocki, 2011). Many of the rating systems consider a variety of IEQ factors on their assessment, 
however, others have more consideration on thermal comfort, leaving behind acoustic, IAQ, and visual 
comfort; even if some of them consider other factors, the interrelationship between them are not 
addressed well (Andargie et al., 2019). When some tools have tried to combine all IEQ factors in an IEQ 
index, the most challenging part is the weighting between the factors, especially because of the subjective 
component and user preferences, as they can rate the level of importance differently (Humphreys, 2005). 
Rohde et al. (2019) argued that the four main factors of IEQ are considered as of equal importance by 
many studies and, on top of that, some of the surveyed users believed that each factor contributes to a 
similar way on the overall IEQ perception. Further, an interesting proposal on their research was to include 
expert surveys and expert panels to estimate the appropriate weighting. 

As presented by Heinzerling et al. (2013), an ideal index should have a validation between subjective 
and objective data, or objective with a set of criteria, and combine them as a single number. First, it is 
important to establish the stage of the project to estimate the extent of it. For example, if the project is 
on the design stage, no on-site measurements or surveys will be considered as part of the parameters, 
and it will only include physical building characteristics as geometry, context, systems components, and 
material, however, if the building is in the operational stage, all of them should be considered for the 
index (Rohde et al., 2019). Further, Candido et al. (2015) have raised concerns on considering the 
subjective information to get user satisfaction within a tool, even though is very valuable information,  as 
it can be too subjective and contain bias. 

4. Design standards and windows
Before the building code was launched, IEQ factors were not among the main priorities for design. The 
Better Apartments Design Standards (DELWP, 2016) specify minimum performance for IEQ in the design 
and construction of social houses in Victoria (Department of Health and Human Services, 2020). As 
windows have been identified as key elements controlling IEQ in the absence of active systems, a thorough 
analysis of the design standards related to window configuration is presented in this section. 

The design standard recommends orienting the windows facing north, however, that has not been 
demonstrated to be the best orientation for all situations. For instance, as it was mentioned by Galassi 
and Madlener (2017), even though the majority of the residents would prefer a warmer environment in 
winter, there are still others that may be uncomfortable in that expected temperature. This means that 
different windows types should be recommended for different orientations to perform properly, as 
suggested by Amaral et al. (2016), instead of promoting north orientation as a general rule. 

Cross-ventilation is encouraged by the design standards and it is required that at least 40% of the units 
in an apartment should have cross ventilation, but there is no mention about minimum window size 
(DELWP, 2016). The window’s size can be calculated by the requirement on the NCC where it says that 5% 
of the window-to-floor ratio (WFR) needs to be opening for ventilation purposes (Commonwealth of 
Australia and the States and Territories, 2020). However, 60% of the units are still 
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going to be single-sided ventilated with 5% WFR without an adequate level of ventilation. Also, as it is 
mentioned by Fung and Lee (2014) if single-sided ventilation can be demonstrated to have a better 
ventilation rate than cross-ventilation, it should be allowed to break the restriction of the minimum 40% 
of units with cross-ventilation after showing a proper ventilation assessment. 

Similarly, natural light is also promoted by the design standards but only the NCC provides a relation 
with windows’ sizes by suggesting a minimum of 10% of the WFR. The main problem is that, as it was 
shown in section 2.3, the DA is going to be very different according to the orientation of the window, 
indicating that a better approach would be a specific window size according to the orientation. Further, 
considering that social housing apartments will have the minimum ceiling height to maximize the yield, 
and following the relation of the height and depth provided by the design standards, the average 
maximum depth of the rooms is going to be between 6m to 9m. Thus, following the recommendations 
from Acosta et al. (2016), 20% WWR would be appropriate for daylight to reach 6m for a south-facing 
unit, but a much bigger relation would be needed for rooms that are between 6m to 9m deep. It is 
arguable if WWR and WFR are the best metrics, in terms of window sizing, as a unit with a very deep but 
narrow floor plate would have a very big window if WFR is followed, while it would be a very small window 
if WWR is used. Similarly, the opposite would occur with a very wide but shallow apartment. 

In terms of acoustics, the design standards suggested a maximum noise level in bedrooms of 35dB(A) 
at nighttime, measured with windows closed. However, as discussed in the acoustic section, there are still 
some minor issues causing sleep disturbance in that range. It was also highlighted that maintaining low 
noise levels and good ventilation rates is challenging, but considering that social housing relies on natural 
ventilation, it should be considered to assess acoustic conditions with open windows, as suggested by 
Buratti (2002). This demonstrates that the design standards and guides have inadequately addressed the 
acoustical requirement, especially for passive strategies. 

5. Conclusion and further research
The most relevant factors impacting the IEQ in social housing and the interrelationships between them 
were reviewed and presented. Uncomfortable cross-seasonal temperatures, poor ventilation rates, visual 
discomfort, and noise exposure, are indoor conditions commonly seen in social houses as a consequence 
of poor building characteristics and, particularly, by the type, size, and configuration of windows. These 
conditions are exacerbated in social housings, particularly in high-rise buildings, as they are usually located 
in areas with higher air pollution, closer to the source of traffic noise and the building configuration 
limiting the ventilation mode. Further, their residents are many times more vulnerable, as they can be in 
a big percentage formed by elderly and sick groups. Most of the reviewed literature on windows and IEQ, 
do not adopt an integrated approach for performance assessment, and many times the literature provides 
contradicting results. Furthermore, there are limited researches on IEQ of social housing in the Australian 
context and even less on a holistic approach in the local context of Victoria. The next stage of the study 
will specifically assess the interaction of IEQ factors in high-rise social housing through single-sided 
windows, to provide the ideal type of windows for ideal performance and healthy indoor environment. 
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