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Background: In social housing buildings, poor indoor air quality (IAQ) has been
shown to be more prevalent, and residents living in social housing areas are
often more vulnerable and susceptible to adverse health effects from IAQ.
Aim: To examine the state and the association of measured and perceived IAQ,
how housing characteristics and residents’ behavior are associated with IAQ, and
the association with residents’ health.

Method: The HOME-Health study is a cross-sectional study among residents
living in social housing in Denmark (n = 432). Seasonal measurements examined
the IAQ by a 14-day period measuring carbon dioxide (CO,), temperature (TP),
relative humidity (RH), and air change rate. Residents' self-reported behavior,
comfort, and health were obtained from a structured interview.

Results: Thermal discomfort and draught were the most common challenges.
During summer, the mean TP was higher, the mean RH was lower, and
residents more frequently reported dry air in homes where it was not possible
to create cross ventilation. There were a higher mean CO, and RH when
crowdedness increased, particularly during winter. In addition, the proportion
of residents reporting dry air was higher when CO,-level was below
1,000 ppm. When the mean RH-level was above 50%, a higher proportion of
residents reported experiencing damp air, and when the mean RH-level was
below 40% residents more frequently reported dry air. Perception of bad air
quality was higher when the mean CO,-level exceeded 1,000 ppm.
Additionally, residents reported being most thermally comfortable when the
TP was within the range of 20-20.99°C and least comfortable within a range
of 22-22.99°C. The residents’ perceived experience of impaired |IAQ was
associated with negative general health symptoms.

Conclusion: It is key that homes have the capability to create cross ventilation in
order to allow for proper ventilation and to avoid overheating. When evaluating
IAQ it is important to not only consider the measured parameters but to also
include the residents’ behavior and perception of IAQ as these both are
related to the actual IAQ and associated health effects.
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Indoor air quality (IAQ) is a pressing concern of modern life.
TAQ impacts the well-being and health of people within their own
homes. We spend an increasing portion of our time indoors (1),
and furthermore the higher rate of working from home post
COVID-19 has increased the numbers of hours some people
spend in their homes (2). The IAQ is influenced by a myriad of
factors, ranging from the housing typology and construction
materials used to the behavior of its occupants (3).

Research has associated poor IAQ to many different symptoms
and diseases, such as respiratory ailments (4-7), rhinitis (8), and
other issues such as fatigue and lethargy (9). Poor IAQ can also
be a driver of discomfort, contributing to a diminished quality of
life. Research has shown that the perception of indoor climate
),

which is why it is critical to also include the impact of reported

also can be associated with negative health outcomes (10-
discomfort in the investigation of the effects of IAQ. Creating a
better understanding of the perception of IAQ can benefit both
construction and building industry strategies and the residents
themselves in establishing healthy homes.

The IAQ issues can potentially be more severe when
considering social housing, where occupants often are more
vulnerable and therefore more susceptible to bad IAQ (13, 14).

The physical condition of most social housing units is poor due
to maintenance neglect and inadequate insulation and ventilation
that the TAQ
Consequently, these poor living conditions impact the health and
comfort of the occupants (15). Becher et al.,, found that 31% of
private homes built between the 60’s and 80’s in Norway had

issues compound challenges encountered,

moisture or mold issues (16). Daily routines such as candle
burning can also affect the IAQ dramatically. Researchers have
showed that only a few hours of burning candles elevated
residents’ daily exposure to harmful airborne particles (17, 18).
In Denmark, many social housing units were built during the
1950’s, 60’s, and 70’s. A large proportion of the existing social
housing areas currently need to be renovated due to advanced
deterioration (19, 20). This presents a timely opportunity to
measure the current state of IAQ within these deteriorated
buildings and assess the residents’ state of health and comfort and
evaluate the effect of the building renovations on improved IAQ.
A review found several studies on the state of IAQ within social
housing (13), that focus on measurements of carbon dioxide (CO,),
relative humidity (RH), temperature (TP), or air change rate,
comfort, behavior, and health. Most of the studies occurred

outside Europe ( ), a small number were conducted in

Europe ( ) and an even smaller number were conducted in

the Nordic countries ( ). Many of the studies are limited by
season, since most studies only collect data during one season
and therefore did not report on seasonal differences (26, 28, 30-
). Some were carried out during winter (23, 29, 33, 34, 36, 37,
, 42) and others during summer (11, 21, 31, 35, 38, 39).
Furthermore, we lack data on how the size of the dwelling,
crowding, and residents’ behavior collectively affect IAQ.
In this study, we aim to elucidate the state of measured and

perceived IAQ, housing characteristics, and residents’ behavior
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and health living in Danish social housing. The aim is to
understand whether measured IAQ is different across housing
characteristics and residents’ behavior. Moreover, to explore the
proportion of measured IAQ, residents’ behavior and housing
characteristics across perceived IAQ. Additionally, the aim is to
explore how these dynamics are associated and the association
with residents” health ( ).

Study design

A detailed description of the HOME-Health study is published
elsewhere (45) but it is briefly described here. This part of the
HOME-Health study includes the cross-sectional data gathered
before the renovation of social housing buildings in two major
cities in Denmark. Data was collected both during winter and
summer. Winter data was collected during February-April, and
summer data was collected during August-September. The winter
season was prioritized over the summer season, as participants
were expected to stay at home during the winter season and
therefore, be more exposed. Data collection was initiated at site
1 in 2016, at site 2 and site 3 in 2017, and at site 4 in 2018. IAQ
was measured immediately after the interview and for at least
14 consecutive days logging every five minutes ( ).

Study population

The baseline study population included 432 participants, with
402 of these living in apartments and 30 participants in attached
houses. Of the 402 residents living in apartments, seven were
new residents. A new resident was a person, who lived in an
apartment, where the former resident, included in the study, had
lived and vacated the apartment afterwards. The new resident
was included in order to obtain follow-up measurements. Data
was not collected from all 432 participants during both seasons
( ). Only one participant above the age of 18 was
included for each household. Each participant was interviewed by
a trained interviewer for the structured interview.

Building characteristics

The buildings were situated at four different sites. Site 1 was
apartments built in 1980s, site 2 was apartments built in between
1968 and 1972, site 3 was apartments and single-floored terraced
attached houses built in the 1950s, and site 4 was apartments
built in 1950’s. The windows of the apartments were primarily
mounted facing West and East except for the single-floored
terraced attached houses facing North and South. The buildings
with apartments were either three, four, or seven stories high,
and had a private balcony varying in size. At all sites, the
residents carried the expense burdens of heating, water and
electricity consumption.
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explored for all variables within the grey circle and resident’ health.

Illustration of the aims. Arrows indicate that the association, distribution or proportion are investigated between variables. The associations are

Before energy renovation
Heating and non-heating season

(2016/2018)
Subjective measures Objective measures
TP (°C)
Humidity (%)
CO;, (ppm)
Questionnaire Meaured IAQ

FIGURE 2
Overview of the HOME-Health study design. TP, temperature; °C,
degrees Celsius; CO,, carbon dioxide; ppm, parts per million.

Measurements

The questionnaire and IAQ measurements were inspired by
previous studies carried out in the built environment (46, 47).
Furthermore, a pilot study was conducted among 12 participants
at site 1 to evaluate the comprehensiveness and understandability
of the questionnaire. Few questions were altered before the
final questionnaire.

IAQ

IAQ parameters were defined as CO, in parts per million
(ppm), TP in degrees Celsius (°C), and RH in percentages (%).
(ACH) was modelled from CO,
measurements using the mass balance equation for the decay of
CO,. A full description of assumptions and modelling can be
found elsewhere (45). All measurements were assessed by

Air change per hour
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Tinytag equipment (48, 49) and were carried out in the living
room of each home.

Perception

Perception of IAQ included air quality, air humidity, air
circulation, and thermal comfort. The participants were asked to
state their general perception of air humidity, air circulation, and
air quality in their home. Participants were asked to state their
perception of the thermal comfort in the different rooms of their
home. However, for the purpose of this paper only the
perception of the thermal comfort in the living room was used,
as this was the location of the IAQ measurements.

Household characteristics

The household characteristics used for this study were
crowdedness, persons per household, possibility to create cross
ventilation, and presence of a range hood in the kitchen.
Crowdedness is a measure of the number of residents living in the
home reported by the surveyed resident and compared to the
number of rooms in the home which was provided by the building
association. A low crowdedness was defined as fewer residents than
the number of rooms, neutral crowdedness was defined as an equal
number of rooms and residents, and a high crowdedness was
defined as more residents than the number of rooms. A room was
equivalent to either a living room or a bedroom. Persons per
household were the number of residents living in the apartment
permanently. Cross ventilation was only possible in homes with
windows mounted on two of the building facades.

Health

The participants were asked to recall their general health
symptoms during the past 12 months. Symptoms included
watery eyes, sneezing, nose irritation, eye irritation, coughing,
wheezing, hoarseness, throat irritation, shortness of breath, sense

frontiersin.org
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Eligible apartments and houses, n=1526
Excluded, n=1101 (72%)
Not interested, n=330 (30%)
Do not have the time, n=64 (6%)
Cancelled interview appointment, n=74 (7%)
No residents, n=26 (2%)
Apartment removed during renovation, n=37 (4%)
Did not want to open the door, n=13 (1%)
Not Eligible, n=60 (5%)
Moving from the area, n=47 (4%)
Second resident interviewed, n=11 (1%)
Apartment does not exist, n=44 (4%)
Property of the building union, n=4 (0.5%)
Other, n=20 (2%)
Reason not applied, n=28 (3%)
Contact not reached, n= 343 (31%)
Unique participants, n=432 (28%)
Apartments, n=395 (93%)
Houses, n=30 (7%)
y
Interviews (winter), n= 350 (81%) | I Interviews (summer), n= 207 (48%)
Other: Resident said ”What does he gain from it", was dismissive, the resident felt well, did not want to participate
because they had an airconditioner installed, no access to the apartment, was angry, closed the door, believed to
have already had an interview, angry with the building union, only wanted to participate at the University, and have
had a surgery.
Not eligible: Felt alone and too old, was alcoholic, deaf, felt too old and weak, impaired hearing, difficulties
communicating, and son evaluated his mother should not participate.
FIGURE 3
Flowchart of the HOME-Health study population.

of chest pressure, dizziness, trouble sleeping, abnormal tiredness,
nausea, stomach pain, headache, impaired sense of smell, and
skin irritation. The general health symptoms were categorized
into five categories: respiratory (hoarseness, throat irritation,
coughing, shortness of breath, and sense of chest pressure),
ocular (eye irritation and watery eyes), dermal (skin irritation),
abdominal (nausea and stomach pain), fatigue (headache,
dizziness, trouble sleeping, and abnormal tiredness), and nasal
(sneezing, nose irritation, and impaired sense of smell).
Participants could rank the frequency of symptoms as; less than
twice a month, at least twice a month; at least twice a week;
daily; or daily during the pollen season.

Participants were also asked to report their disease status during
the past ten years using the criteria of having had the disease at any
time point during the 10-year period, whether it was physician
diagnosed, and whether the participant was currently ill with the
disease at the time of the survey. In this paper, disease is
categorized as either yes or no, where “yes” corresponds to “have
had the disease the past 10 years,” and/or the disease was

diagnosed by a physician and/or the participant being currently ill.

04

Statistical approach

CO,, TP and RH measurements were tested and treated as
parametric. Any variable regarding comfort, behavior, and
household characteristics were non-parametric except for the
distribution of rooms, which was parametric. Prevalence of all
included variables is presented in percentages or means with the
corresponding standard deviation (+SD). The difference of
prevalence between apartments and houses as well as between
seasons is tested by a chi-square test and means are tested by an
unpaired f-test. The distribution of the mean measured TAQ
across housing characteristics and residents’ behavior is shown as
box plots and the difference between categories are tested with a
t-test. The associations are further analyzed by linear regression
models presenting the coefficient (B) with a corresponding 95%
confidence interval (CI). The proportion of measured IAQ,
housing characteristics, and residents’ behavior across residents’
perceived IAQ is tested by a chi-squared overall test for un-
parametric unpaired data. Additionally, the associations are tested
by logistic regression. Outcome was perceived IAQ and treated as
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binary. All variables regarding perceived IAQ have three
categories why these variables are modified. A new variable
named damp included only those answering damp air or being
comfortable was included, the new variable named dry
included those expressing dry and comfortable air. The
variable draught included only those expressing draught or
comfortable air. Still air entailed those experiencing still or
comfortable air, and bad air retained those experiencing bad
air and those reporting neutral or comfortable air. The
variable cold is those being cold or comfortable during winter,
where the variable warm is those being warm or comfortable
during summer. Prevalence differences between household
typologies is presented as percentage points (pp.). Logistic
regression analysis is applied testing the association between
included variables and residents’ health because outcome is
treated as binary. Potential covariates are selected a priori.
Output is presented as odds ratios (OR) with a corresponding
95% CI. Only results with p<0.01 are shown. Model 1 is a
crude analysis, model 2 is adjusted for smoking status, sex,
and age, and model 3 is adjusted for model 2 and relevant
diseases according to the outcome of interest. Having no
symptoms or symptoms monthly were defined as negative
outcomes, whereas weekly, daily or daily during pollen season
were defined as positive outcomes. Statistical significance was
defined as a p-value below 0.01. All statistical analyses and
visualization of data were performed in STATA version 17
(50) or Excel version 17 (51).

Ethical considerations

Informed consent was obtained from all participants at the
start of the interview. At the same time, approval from the
Danish Data Protection Agency (2016-051-000001, 1475) was
obtained. To comply with the General Data Protection
Regulation (GDPR), all interviews were carried out and stored on

encrypted platforms (property of Aarhus University).

Results
Demography

The demography of the population is presented separately
for apartment residents and house residents. In general, more
women than men were included in the study. Distribution of
gender, age, and occupation within apartments were different
from houses. In apartments, most of the included residents
were female (55%), below the age of 48 (62%), and either
employed (32%), receiving social welfare support (27%) or
were students (20%). In houses, most of the included residents
were female (73%), above the age of 48 (90%), and retired
(83%). Educational attainment was similar between housing
typologies (Table 1).

Frontiers in Environmental Health
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Household characteristics

Overall, household characteristics

significant for differences between housing typologies, except

were statistically

for hours spent indoors during the weekend. Crowding was
and all the
participants spent a large proportion of their time indoors,

mainly low for both housing typologies,
especially during the weekend. In apartments, households
mainly consisted of either one (43%) or two persons (30%),
(55%),

crowdedness was mainly low (66%). Houses consisted of at

and were mainly three-room apartments and
least four rooms with a maximum of two residents, equivalent
to low crowdedness in all houses. On average, the apartment
residents had lived in the homes for eight (+10) years, and
57% expected to stay after the building renovation. Residents
living in houses had resided far longer in their homes (24
years, +19), and significantly more of them expected to stay
after the building renovation (90%). Half of the population
stayed indoors less than 16 h a day during the week (48%),
and the rest stayed indoors more than 16 h (50%). Usually,
residents living in houses stayed indoors more than 16 h or
day (83%). A range hood was installed in 52% of the
apartments but in almost all houses (97%) (Table 2). In
apartments, wall-to-wall carpets were less common compared
to houses (14% vs. 50%), and wooden floors were more
common (75% vs. 33%). Both apartments and houses had
either (95% vs. 100%,

painted wallpaper or wallpaper

respectively) (Supplementary Table S1).

TABLE 1 Demography stratified by building typology. Percentages might
not add up to 100% due to rounding. Values are shown as prevalence (%).

Houses

Apartments

Sex

Female 220 (55) 22 (73)
Male 176 (44) 8 (27)
Age*

<48 years 249 (62) <5
>48 years 140 (35) 27 (90)
Mean (SD)* 44 (17) 73 (12)
Occupation*

Employment 127 (32) <5
Work beside employment <5 - ()
Student 79 (20) -(-)
Spare time job <5 <5
Social welfare support 110 (27) <5
Retired 75 (19) 25 (83)
Education

5 years higher education or more 35 (9) <5
3-4 years higher education 110 (27) 10 (33)
1-2 years higher education 77 (19) 8 (27)
High school 77 (19) <5
10th grade or lower 80 (20) 9 (30)
Other 16 (4) <5

*Qverall statistical difference between buildings using chi-square test for
categorical variables and t-test for continuous variables, p < 0.01.
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Measured IAQ

The TAQ was measured both during winter and summer.
In general, TAQ was different between housing typologies.
During summer, the mean TP-level was higher in apartments
(22.4°C, £ 1.4) compared to houses (21.1°C,+ 1.3). Mean RH-
level was lower in apartments compared to houses both during
winter (40%, £7 vs. 46%, £6, respectively) and summer (56%, +5
vs. 64%, x5, respectively). In apartments, the mean CO,-level
was lower compared to houses both during winter (1,100 ppm,
+412 vs. 1,334 ppm, +443, respectively) and summer (908 ppm,
+322 vs. 1,281 ppm, %343, respectively), where the mean CO,-
level remained above 1,200 ppm (1,281 ppm, +343) in houses
(Table 3). Seasonal difference was most pronounced within

TABLE 2 Housing characteristics stratified by building typology.
Percentages might not add up to 100% due to rounding. Values are
shown as prevalence (%).

10.3389/fenvh.2024.1358546

apartments, finding a higher mean CO,-level during winter
(1,100 ppm, +412) compared to summer (908 ppm, +322), and a
higher TP and RH-level during summer (22.4°C, +1.4% and
56%, +5, respectively) compared to winter (21.0°C, +1.7 and
40%, +7, respectively). In houses, only a RH-level above 50% was
different (19% vs. 100%,
respectively). It was not possible to calculate an ACH within
houses based on CO, measurements, but ACH remained at
02h™'in apartments (Table 3).

between winter and summer

Perceived IAQ

In general, residents living in apartments experienced a lower
level of comfort compared to residents living in houses but
perception of IAQ improved during the summer season. The
most common complaint among all participants was draught
followed by thermal discomfort. Residents living in apartments

Apa € OUSE TABLE 3 IAQ stratified by housing typologies and seasons. Percentages
might not add up to 100% due to rounding. Values are shown as
40 0 prevalence (%).
Number of persons per household* ~ _
1 person 171 (43) 14 (47)
2 persons 119 (30) 16 (53) Apa € ouse Apa e ouse
3-4 persons 73 (18) - () / s
O O
5-8 persons 32 (8) - ()
TP
M? (number of rooms)* S
5 W 25 (6) 0 <20 °C 74 (23) <5 10 (5) <5
18.8-41 - (-
mz 20-20.99 °C 68 (21) 6 (23) 18 (10) 7 (32)
48-73.8 m~ (2) 66 (17) -(-) o
5 21-21.99 °C 76 (23) 7 (27) 38 (21) <5
55-103 m~ (3) 222 (55) -(-) o
. 22-22.99 °C 51 (16) 7 (27) 41 (22) <5
81.09-111 m” (4) 55 (14) 25 (83) o
" o3) 00 st >23 °C 33 (10) <5 74 (40) <5
94.78-148 >
m Mean (SD) indoor"™* 21.0 (1.7) 21.6 (1.3) 224 (14) 21.1 (1.3)
Crowdedness* Mean (SD) 29 (3.5) 47 (2.5) 146 (1.9) 13.1 (1.2)
Low 267 (66) 30 (100) outdoor*™*
Neutral 70 (17) -(9) RH*S
High 54 (13) -0 <40% 153 (47) <5 - () -0()
Mean (SD) 15 (0.7) 10 140-49% 120 (37) 16 (62) 13 (7) -0
Wants to stay after the building renovation* >50% 29 (9) 5 (19) 168 (91) 22 (100)
Yes 231 (57) 27 (90) Mean (SD) 40 (7) 46 (6) 56 (5) 64 (5)
No 85 (21) SO indoor*™**
Maybe 78 (19) <5 Mean (SD) 88 (7) 83 (4) 81 (5) 86 (8)
outdoor™
Years lived in the household
co x1+
Mean (SD)* 8 (10) 24 (19) 2
. <1,000 ppm 161 (50) 8 (31) 129 (70) 6 (27)
Number of hours at home during the weekdays* PP
1,001-1,199 ppm 46 (14) <5 21 (11) <5
<16 194 (48) 5 (17)
>1,200 ppm 90 (28) 16 (62) 27 (15) 13 (59)
>16 202 (50) 25 (83) T
Mean (SD)* 1,100 (412) 1,334 908 (322) 1,281
Mean (SD) 17 (4) 18 (6) (443) (343)
Number of hours at home during the weekend ACH
<16 144 (36) 8 27) Mean (SD) 020 | L0202 |
>16 252 (63) 22 (73)
Mean (SD) 18 (5) 18 (7) 1Overall stat}st}cal d}fference between bL{|l§|ngs durlmg winter, p<0.01.
Overall statistical difference between buildings during summer, p < 0.01.
Range hood* Overall statistical difference between seasons within apartments, p < 0.01.
No 186 (47) <5 SOverall statistical difference between seasons within houses, p < 0.01.
Yes 210 (52) 29 (97) S;:;Z(l]:sare test is applied for categorical variables and t-test for continuous

*Overall statistical difference between buildings using chi-square test for
categorical variables and t-test for continuous variables, p < 0.01.

M2 Square meter. Information was supplied by the building association. SD,
standard deviation.

Frontiers in Environmental Health

"There were 49 measurements of ACH during winter and 35 measurements during
summer and only in apartments.

TP, temperature; °C, degrees Celsius; RH, relative humidity; CO,, carbon dioxide;
ppm, parts per million; ACH, air change rate; SD, standard deviation.
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more frequently experienced draught during both winter (64%),
which was 18% higher than in houses (46%), and summer
(42%), which was 15% higher compared to residents living in
houses (27%). Equally, more residents living in apartments
experienced being cold or too cold during winter (56%) which
was 14% higher than in houses (42%), and 62% being warm or
too warm during summer which was 17% higher than in houses
(45%). The experience of draught was less common during
summer compared to winter, both among residents living in
apartments (42% vs. 64%) and houses (27% vs. 46%) (Table 4).

Behavior

The residents’ behavior did not seem to be affected by season,
and no statistically significant differences were found between
housing typologies or between seasons, with the exception that
more apartment residents smoked outside during summer (43%)
than during winter (26%) (Table 5).

Measured IAQ and the distribution of
household characteristics and behavior

In the following sections, the association between specific
housing characteristics, and measured and perceived IAQ are

TABLE 4 Perception of indoor air stratified by housing typologies and
seasons. Percentages might not add up to 100% due to rounding.
Values are shown as prevalence (%).

10.3389/fenvh.2024.1358546

presented. Results for number of rooms, crowdedness, and the
possibility to create cross ventilation are presented, as these
variables showed a statistically significant association on IAQ
(Figure 4). Results for persons per household and having a range
hood in the kitchen are shown in Supplementary Figure SI.
Results from the linear regression analyses are based on the
adjusted model, adjusting for age, smoking status, and gender.
Results are presented as odds ratio (OR), with a corresponding
95% confidence interval (CI), and p<0.01 unless otherwise
stated. All results from the linear regression analyses can be
found in Supplementary Table S2.

Number of rooms

TP was associated with number of rooms, and TP was lower
when the number of rooms increased; however, the highest mean
TP-level was found in one-room homes in both seasons
(Figure 4A). During winter, analyses revealed a coefficient of
1.5°C (0.6, 2.4) in homes with one room compared to homes
with two rooms, but the association was lower during summer
(Supplementary Table 52). The mean RH-level was higher when
number of rooms increased during both seasons (Figure 4B). The
mean CO, was higher when number of rooms increased,
showing the lowest mean CO,-level within one-room homes in
both seasons (Figure 4C). Regression analyses of winter data

TABLE 5 Behavior stratified by housing typologies and seasons.
Percentages might not add up to 100% due to rounding. Values are
shown as prevalence (%).

Apa e ouses | Apa S ouse
e e 4 6 S
Apartme ouses  Apartme ouse Where does smoking occur®
Outdoors 85 (26) 8 (31) 79 (43) 5(23)
i O O Indoors 106 (33) <5 52 (28) 6 (27)
a -
Air quality* Burning candles
Neutral 132 (41) 7 (27) 56 (30) 9 (41) Never 65 (20) 6 (23) 41 (22) <5
Good or very good 105 (32) 14 (54) 89 (48) 12 (55) Seldom 122 (38) 11 (42) 65 (35) 12 (55)
Bad or very bad 84 (26) <5 37 (20) <5 Several times a week 71 (22) -(-) 37 (20) <5
Air humidity Everyday 63 (19) 6 (23) 29 (16) 5 (23)
Dry or too dry 47 (15) -0 16 9) -0 Cleaning (sweeping, washing or vacuuming) the floor
Comfortable 197 (61) 17 (65) 127 (69) 17 (77) >once a week 261 (81) 16 (62) 139 (75) 16 (73)
Damp or too damp 75 (23) 623 39 (1) < <once a week 58 (18) 7(27) 43 (23) 6 (27)
Air circulation*" Drying of clothes
A little/a lot of draught 206 (64) 12 (46) 77 (42) 6 (27) Outside 13 (&) <5 5 (3) <5
Comfortable 74 (23) 11 (42) 72 (39) 15 (68) Tumble dryer exhaust 25 (8) P 24 (13) <
A little/a lot of still air 40 (12) - (-) 33 (18) <5 to the outdoors
Thermal comfort* Tumble dryer exhaust 26 (8) <5 11 (6) <5
Cold 192 (56%) 11 (42) 5(3) =) to the indoors
Comfortable 119 (37) 15 (58) 60 (32) 12 (55) Air drying inside the 107 (33) 11 (42) 63 (34) 8 (36)
home
Warm 7 (2) -(-) 114 (62) 10 (45)
In another building 123 (38) 6 (23) 76 (41) 9 (41)
*Qverall statistical difference between buildings during winter, p < 0.01. Wintergarden 21 (6) <5 SO <5

'Overall statistical difference between seasons within apartments p < 0.01.

*Overall statistical difference between seasons within houses, p < 0.01.

Chi-square test is applied for categorical variables.
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showed an association between homes with four rooms and mean
CO,-level (OR 127 ppm (69-385 ppm)) compared to one-room
homes (Supplementary Table S2).

Crowdedness

Crowdedness was only associated with mean TP-level during
summer (Figure 4D). Living in a household with neutral
a of 08C (0.3-14)
S2) compared to homes with
crowdedness. During winter, high crowdedness showed the highest
mean RH-level and during summer low and high crowdedness

crowdedness  showed coefficient

(Supplementary Table low

showed higher mean RH-level than neutral crowdedness
(Figure 4E). Mean CO,-level was higher when crowdedness

increased, which was most pronounced during summer (Figure 4F).

Cross ventilation

The TP level was generally higher during summer than
winter, but mean TP-level was higher in homes unable to
ventilation, particularly  during

create summer

(Figure 4G). The RH level was also generally higher during

Cross

summer than during winter, but the inability to create cross
ventilation showed lower mean RH-level both during summer
and winter (Figure 4H). This was supported by findings from
the analyses. During winter, analyses showed a coefficient of
—4% (=7, —1%) within homes without the ability to create

10.3389/fenvh.2024.1358546

cross ventilation compared to homes that had this option. This
association was greater during summer, revealing a coefficient
equivalent to —7% (—12, —3%) (Supplementary Table S2).
Homes without the option to create cross ventilation had a
lower mean CO;-level (Figure 4I), revealing a coefficient of
—341 ppm (=507, —175 ppm) when compared to homes with
this option (Supplementary Table S2).

Behavior

In general, the residents’ behavior did not appear to be
associated with mean TP or RH-level in either season. However,
during winter, those who reported smoking indoors, drying
clothes indoors, and more frequently using the range hood while
cooking had a lower mean CO,-level. Furthermore, those who
reported cleaning the floor less than once a week had a higher
mean CO,-level (Supplementary Figure 52).

Perceived IAQ and the proportion of
measured IAQ, housing characteristics, and
behavior

To evaluate how measured IAQ, housing characteristics, and
behavior change residents’ perception of IAQ, stacked bar charts
were created to spot trends and differences (Figure 5). The

Number of rooms Crowdedness Cross ventilation
A Winter Summer D Winter Summer G Wint Summer
30 —ew— 3 0
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T sl 2 L | - -
15 15 e 15
T r— o P s R s P v o Newat o o Newat ) 0 "
B Winter Summer E Winter Summer H Winter Summer
80 —_— M pem 1 80 80
[r=Ta— [ | = — [} '
o R O SOV . e P S S o Bemd
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4 x 3
= w0 S z o pa o
2 ) 0
Troam 2rooms 3rooms 4rooms >Srooms  Troom 2raoms 3 roams 4 rooms 25 rooms Cow Newa an Cow Newal )
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FIGURE 4
Boxplots showing the interquartile range, whiskers, and outliers of temperature (TP) in degrees Celsius (°C), relative humidity (RH) in percentages (%),
and carbon dioxide (CO,) in parts per million (ppm) by number of rooms (A-C), crowdedness (D—F), and cross ventilation (G-1) stratified by season.
Statistical significance was assessed by t-test for continuous variables
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following section presents variables which showed clear trends and
differences related to residents’ perception of IAQ. Only variabels
showing statistical significance defined by p<0.01 are shown
unless otherwise stated. The complete stacked bar charts can be
found in the Supplementary Material (Supplementary Figures
53-56). Results from the regression analyses are based on the
model adjusting for age, smoking status, and gender. Results are
presented as OR, with a corresponding 95% CI, and p<0.01.
Results are found in Supplementary Material (Supplementary
Tables S3, S4).

Air humidity

During winter, a mean CO, level above 1,000 ppm resulted in
more residents reporting damp air (Figure 5A), which was
supported in the analyses. If the mean CO,-level was above
1,200 ppm the odds of experiencing damp air was 3.73 (1.97-
7.06) compared to having a mean CO,-level below 1,000 ppm
(Supplementary Table S3). Having a mean COj-level below
1,000 ppm residents more frequently reported dry air. A higher
mean RH-level above 50% was associated with a higher
proportion of residents experiencing damp air (Figure 5A),
finding the odds of 4.13 (1.76-9.64) compared to having a mean
RH-level below 40% (Supplementary Table S3). Having a mean
RH-level below 40% resulted in the highest proportion of
residents reporting dry air (Figure 5A).

Increased crowdedness showed a higher proportion of
residents experiencing dampness or dryness in both seasons

though borderline significant during winter (p<0.02).
Additionally, in homes with the possibility to create cross
ventilation, the residents experienced more damp air.

Conversely, in homes without the possibility to create cross
ventilation, a high proportion of residents reported dry air
(Figure 5A) with the odds of 4.12 (1.80-9.43) when compared
to homes with the possibility to create cross ventilation
(Supplementary Table S3).

10.3389/fenvh.2024.1358546

Air circulation

Despite air circulation, in terms of draught being the most
common complaint in the interviews, we did not find any of
housing characteristics or behaviors to be statistically significantly
associated with the perception of air circulation. One exception
was that during winter, residents burning candles weekly or daily
experienced more draught compared to residents who seldom or
never burned candles (data not shown). This was persistent in
the analyses showing the odds of 2.13 (1.29, 3.49) where
residents using candles seldom or never was the reference
(Supplementary Table S3).

Air quality

When the number of persons per household was high, more
residents reported bad or very bad air quality in both seasons.
This was likewise found when crowdedness was high though
borderline significant during summer (p < 0.05). During summer,
more residents reported neutral or bad air quality when mean
CO,-level was above 1,000 ppm (p <0.04) (Figure 5B). Analyses
showed an association between not having the ability to create
cross ventilation and reporting bad air quality finding the odds
of 3.08 (1.38, 6.90) (Supplementary Table S3).

Thermal comfort

Residents’” perception of thermal comfort was not statistically
significantly different across housing characteristics or residents’
behavior. However, during winter, more residents experienced
being cold when mean CO,-level was above 1,000 ppm (p < 0.03)
(Figure 5C). Analyses revealed that the odds of feeling cold
during winter was 2.13 (1.23, 3.68) when mean CO,-level was
above 1,200 ppm compared to the reference group with a mean
CO,-level below 1,000 ppm (Supplementary Table S3). During
summer, more residents reported being warm when mean TP-
level increased (p<0.04). Residents were the most comfortable
with a mean TP-level between 20 and 20.99°C and least
comfortable when the mean TP-level was between 22 and

Air humidity
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22.99°C (Figure 5C). It is worth mentioning that during
summer, residents living in homes without the possibility to
create cross ventilation reported that they were warm or too
warm but, this was not statistically significant (Supplementary
Figure S6) or found in the analyses.

Measured and perceived IAQ, and behavior
association with residents’ general health
symptoms

The prevalence of the residents’ health status are stratified by
housing typology and season to grasph the differences.

Residents’ health status

Allergy was the most common disease (29%), followed by
hay fever (23%), and mental illness (22%) among residents
living in apartments. Among residents living in houses,
cardiovascular disease was the most prevalent disease (37%),
followed by metabolic disease (17%) and diabetes (17%)
(Supplementary Table S5).

More never-smokers lived in apartments than houses (42% vs.
23%), and fewer former smokers lived in apartments than houses
(25% vs. 62%). Overall, general health symptoms were not
different between housing typologies, and seasonal differences
were not found. Only the prevalence of respiratory symptoms
was different, revealing that fewer residents living in apartments
experienced respiratory symptoms (winter 26% and summer
24%) compared to residents living in houses (winter 50% and
summer 45%) (Table 6).

Associations with residents’ general health
symptoms

The following regression analyses were stratified for season
rather than housing typology. Results from the logistic regression
analyses are based on the adjusted model adjusting for age,
smoking status, gender, and relevant disease. Relevant disease for
respiratory symptoms were asthma, chronic bronchitis, other
lung disease, allergy, and hay fever. For nasal symptoms, it was
allergy and hay fever, and for dermal symptoms it was allergy,
hay fever and dermal disease. For ocular symptoms it was allergy
and hay fever. Results are presented as OR, with a corresponding
95% CI, and p<0.01 unless otherwise stated. A forest plot of
statistically significant non-stratified analyses can be found in
Supplementary Figure S7.

Measured IAQ in terms of CO,, RH, and TP-level and
residents’ behavior were not associated with residents’ general
health symptoms (Data not shown). However, Perception of
dampness, draught, bad air quality, and dry air were seen to be
associated with general health symptoms, primarily during winter
(Figure 6). Perception of increased dampness was associated with
nasal symptoms during winter (2.30, 1.26, 4.17) and respiratory
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TABLE 6 Smoking status and general health symptoms for the past 12
months stratified by building typology and seasons. Those who were/
were not diagnosed by a doctor or who are currently sick or not are
presented as well as those with general health symptoms. Percentages
might not add up to 100% due to rounding. Values are shown as
prevalence (%).

Winter ‘

Summer

‘ Apartments ‘ Houses ‘ Apartments | Houses

Smoking status’ "

Never smoker 135 (42) 6 (23) 75 (40) <5
Former smoker 81 (25) 16 (62) 41 (23) 14 (64)
Smoker 105 (32) <5 66 (37) <5
General health symptoms the past 12 months

Respiratory* 83 (26) 13 (50) 45 (24) 10 (45)
Ocular 79 (24) 5(19) 57 (31) 6 (27)
Dermal 42 (13) <5 15 (8) <5
Abdominal 31 (10) <5 20 (11) <5
Fatigue 154 (48) 11 (42) 76 (41) 10 (45)
Nasal 109 (34) 10 (38) 66 (36) 9 (41)

Chi-square test is applied for categorical variables.
*Qverall statistical difference between buildings during winter, p < 0.01.
Overall statistical difference between buildings during summer, p < 0.05.

symptoms during summer (3.62, 1.55, 8.45). Perception of
increased draught during winter was associated with respiratory
symptoms (2.18, 1.13, 4.19) and ocular symptoms during
summer (2.65, 1.24-5.66). During winter, perception of bad air
quality was associated with nasal symptoms (2.22, 1.16, 4.27),
where perception of dry air was associated with dermal
symptoms (2.88, 1.19, 7.00).

Discussion

This study confirms previous findings of higher CO, and lower
RH-level within residential buildings during winter compared to
summer (52, 53). Seasonally, mean CO,-level was higher when
number of rooms increased where the TP and RH-level were
lower. Likewise, a high crowdedness showed the highest mean
CO,-level. Not having cross ventilation during summer showed a
higher mean TP-level confirming previous research (54, 55), and
a lower mean RH-level compared to having cross ventilation.
These findings are in contrast with an Australian study
conducted during the summer, where average TP and RH was
similar between housing with and without the possibility to
create cross ventilation (56). Level of measured TAQ was not
different across residents’ behavior. In this study, findings further
showed the highest mean levels of measured IAQ within houses,
but mean TP was lower in houses during summer compared
to apartments.

Thermal discomfort and draught were the most common
complaint. Findings support a Portuguese study among elderly
living in a care facility, finding 42% of the residents being cold
during winter and slightly fewer (34%) during summer (57).
Prevalence of thermal discomfort in this study are higher than in
(LARES)

the European housing and health Status study
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self-reported by the residents.

Forest plot showing results with p < 0.01. Logistic regression analyses were performed, adjusting for smoking status, age, gender, and relevant disease.
Relevant disease for respiratory symptoms were asthma, chronic bronchitis, other lung disease, allergy, and hay fever. For nasal symptoms it was
allergy and hay fever, and for dermal symptoms it was allergy, hay fever and dermal disease. For ocular symptoms it was allergy and hay fever.
Having weekly or daily symptoms were compared to having symptoms monthly or never (reference). Dampness, draught, bad air, and dry air were

presenting 39% having cold-related problems during winter and
46% having heat-related problems during summer among several
housing  typologies  (58).
crowdedness more frequently experienced either humid or dry

Residents living with  higher
air, and bad air quality both during winter and summer.
Interestingly, the residents were able to correctly assess elevated
RH-level as humid air and a RH-level below 40% as dry.
Moreover, not having the possibility to create cross ventilation
was associated to more residents experiencing dry air. The
proportion of residents being comfortable was highest within a
narrow range of 20-20.99°C and lowest when TP-level was
between 22 and 22.99°C. In a study of Portuguese students, a
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sample of 16 long-term inhabitants of the tropics, had a
temperature preference of 25.5°C (59), shortly after their arrival
to Denmark. De Dear et al. replicated the study in Singapore
among 32 college students finding the same result (60), where
Brager and de Dear found neutral thermal comfort within a wide
range of TP-level between 21.1-23.1 in USA, Canada, and China
during winter and 21.8-25.6 in Australia, USA, Canada, and
China during summer (61). Likewise, a review of thermal
comfort in Asian residential buildings found that the range of
TP-level was wide (62). This difference between findings suggests
it might be due to various thermal comfort requirements and
extended methods to adapt to their thermal environment.
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Unexpectedly, the mean CO,-level was lower in homes
where residents smoked and dried clothes indoors, and more
frequently used the range hood while cooking. Potentially, the
residents are aware that these habits are bad for their IAQ and
they might choose to air out more often, thereby reducing the
CO,-level. Furthermore, the mean CO,-level was elevated in
homes where residents cleaned the floor less than once a week,
which might be a proxy for these residents being less
interested in cleanliness and airing out their homes less often,
thereby having a higher mean CO,-level. Measured IAQ,
behavior and housing characteristics were not associated with
residents’ general health symptoms. However, the residents’
associated with their

perception of IAQ were general

health symptoms.

Measurements of air change rate

Modelling ACH from CO, decay relies on the residents
leaving the room where the equipment was placed, for at least
120 min, which might occur less frequently in homes with
multiple residents vs. one resident. Due to the low number of
ACH measurements in this study, the results may not be
representative of the true ACH in the included social housing
sites. Another method which could have been used is the gas
tracer method, which is not sensitive to people staying in the
household. However, this method is used for assessing the
occupants’ behavior related to manual ventilation and not the
basic ACH without occupancy, which we wanted to assess in
this study. It was not possible to derive ACH for the houses,
which might be explained by the high mean level of CO,
found in the houses and not reaching a minimum level of
500 ppm for at least 120 min. Moreover, ACH was modelled
from measurements obtained in the living room, and ACH
could potentially have been higher in other rooms. It was
possible to detect an ACH within 15% (n=49) of the
apartments during winter and 19% (n=35) during summer.
This does not represent a complete overview of the ACH
within the included homes, rather it is an indicator of the
mean level of ACH, showing a low level of ACH both lower
than international and national recommendations.

Crowdedness as a metric

In this study we employed the metric crowdedness rather
than only looking into number of rooms and persons per
household individually. Adding a measure of crowdedness
introduce a possibility to evaluate if the space is too small for
the number of persons living in the home. The most common
persons per room
), why this method
was applied to this study. It did not seem appropriate to use
number of persons and bedrooms as the measured IAQ was

method to calculate crowdedness is

excluding kitchens and bathrooms (63,

conducted in the living room.
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Apartments vs. houses

In our study, residents living in houses were more comfortable
than the residents living in the apartments despite showing a
poorer TAQ in terms of a CO,-level above 1,200 ppm, and a RH
level above 50% on average. It is not obvious from the measured
IAQ why residents living in houses are more comfortable than
residents living in apartments. In this study, residents living in
houses were all elderly and retired. A Swedish study found that a
younger population living in multi-family buildings expressed
more dissatisfaction with their IAQ (65), and these finding were
confirmed in another Swedish study among residents living in
single-family houses (66). In a French study, Langer et al. found
that retired/elderly people complained less about IAQ (67).
Residents living in the included houses have, on average, lived
there for 25 years, and they appear very attached to both the
house and the area. One reason why the residents living in
houses feel comfortable might also be explained by the fact that
these residents are feeling a greater sense of “ownership,” and we
speculate that this leads to a higher acceptance of their IAQ,
both as perceived and as measured. In this study, residents living
in apartments and houses were treated as one population in the
analyses. We cannot rule out that the difference between the two
populations might have influenced the main findings. However,
it was not feasible to stratify results by housing typology due low
prevalence of specific outcomes and exposures among residents
living in houses. Future studies might benefit from only looking
into apartments or houses, and even including more houses in
this kind of studies.

Sense of draught—is it cold or windy?

Fanger et al. found that air turbulence affected the sensation of
draught, with high turbulence and low temperature showing the
highest proportion of participants experiencing draught (68).
Later, Toftum and Nielsen found that participants’ perceptions of
temperature at 11°C and 17°C affected participants’ perceptions
of draught (69), which was confirmed by a current review (70).
In our study, the stacked bar chart showed that mean TP-level
did not alter the proportion of residents experiencing draught
during winter or summer. Instead, we explored how the
perception of thermal comfort was associated with draught. We
found that of those reporting draught a large proportion
reported being cold (70%) during winter and warm (64%) during
). Additionally, a sensitivity
analysis revealed that the perception of being cold (OR 2.91, 95%

summer (

CI [1.78, 4.75]) was associated with residents’ perceptions of
draught during winter ( ). This proposes
that alleviating thermal discomfort can reduce discomfort related
to draught especially within cold environments (69). The reason
why we do not find the mean TP-level altering or being
associated with draught, might be explained by the fact that the
level of TP is perceived differently by residents due to persistent

exposure (62, 71).
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Behavior

Residents’ behavior such as smoking indoors, burning
candles frequently, and not using the range hood while
cooking did not reflect on the CO,-level. It is most likely that
the CO, measurements do not capture the pollutants emitted
in relation to these activities. Moreover, Hianninen et al. also
suggests that indoor particle concentrations should not be
measured far away from the source (i.e., in the living room as
in this study) as it does not represent the true level of
exposure. They suggest that personal exposure should be
measured instead in order to obtain true exposure and effect
of emissions from cooking and usage of range hood while
cooking (72). Further, it might have been appropriate to have
(VOCs),

monoxide and particulate matter (PM), as previous research

measured volatile organic compounds carbon
has shown elevated levels of VOCs and PM due to cooking,
use of ventilation (i.e., a range hood) (73), smoking indoors

(74), and burning candles (75).

Archetypes

This study was determined to investigate a vulnerable
population as they were expected to be more susceptible to
adverse health symptoms due to poor IAQ. This expectation was
partially confirmed. Karvala et al. described how self-reported
overall health can influence the reporting of perceived building-
related symptoms defined as building related intolerance (BRI).
Those reporting poorer general health reported more BRI. They
were also more often female and single (76). In this study, the
aim was not to explore archetypes. Moreover, residents reporting
poor or less good health and being sensitive to poor indoor
climate were limited both during winter (n=64 and n=99,
respectively) and summer (n <34 and n =47, respectively) which
would be too small a population to analyze (

). Future studies might benefit diving into this matter to
investigate the significance of archetypes.

Methodological strengths and weaknesses

Our study has several strengths—for example, employing
repeated measurements to capture true seasonal conditions,
prevalence, and effect. Furthermore, repeated measurements were
obtained from the same pool of residents. The limitation of the
study is the cross-sectional design, which does not allow for
concluding on causality. Additionally, attrition rate was high
between seasons. Finally, employing self-reported health might
have introduced misclassification of health information, but was
evaluated as most appropriate to capture the general health
symptoms of interest. The HOME-Health study included an
objective health measure being a lung function test, though not
included in this paper. Future papers can add insights in to the
association with objective health.
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Generalizability

A previous publication explored the generalizability of the
HOME-Health study population (n=432) where apartments and
houses were treated as one entity (45). The study population was
found to be similar to the overall social housing population living
in Denmark in terms of gender, age, occupation, immigration
status, and persons per household. In this paper, results were
stratified by season. Demography of the study population in each
season was explored, finding fewer immigrants participating
during both seasons, though prevalence between seasons remained
the same (18%) ( ).

The findings provide us with insights into the interplay between
measured TAQ, housing characteristics, and the residents’ comfort,
behavior and health. The residents in this study experienced poor
TAQ especially in terms of draught and thermal comfort, though
this was better during summer. Our findings showed that
measured TAQ was not different across the residents’ behavior.
The possibility to create cross ventilation is important, to avoid
excess heat, dampness, and the experience of dry air. Furthermore,
recommending a neutral crowdedness might be appropriate to
achieve lower CO,-level and risk of exposure to unhealthy indoor
air. Residents were able to assess humidity and dryness correctly
according to mean RH-level. Furthermore, residents reported bad
air quality when the CO, level exceeded 1,000 ppm. Interestingly,
residents’ perception of TAQ was associated with their general
health This knowledge the
importance of addressing residents’ perception of IAQ, which in

symptoms. put emphasis on
turn can lead to improvements in IAQ, as well as residents’ health

and comfort.

The datasets presented in this article are not readily available
because. Currently data cannot be shared for privacy and ethical
reasons. Requests to access the datasets should be directed to
charlottegabel@ph.au.dk.

The studies involving humans were approved by the Danish
Data Protection Agency (2016-051-000001, 1475). To comply
with the General Data Protection Regulation (GDPR), all
interviews were carried out and stored on encrypted platforms
(property of Aarhus University). The studies were conducted in
with  the
requirements. The ethics committee/institutional review board

accordance local legislation and institutional

waived the requirement of written informed consent for
participation from the participants’ legal guardians/next of kin
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because Informed consent was obtained from all participants at the
start of the interview.
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