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Abstract
The intensified indoor living during the spring 2020 lockdown, with enhanced user awareness of the prevailing conditions 
in their homes, constituted a natural stress test for the housing design in place today. Surveys conducted during this period 
have yielded lessons for designing better intervention strategies for the residential sector, taking into account the systematic 
morphological and economic limitations of the buildings concerned. These considerations should inform the development of 
policies and strategies for improving environmental quality compatible with lower residential energy consumption and higher 
quality of life. This study explores the effect of occupant behaviour on home ventilation and the perception of the impact of 
indoor air quality on user health before and during lockdown. The method deployed consisted in monitoring environmental 
variables and conducting user surveys before and after restrictions came into force. The findings showed that prior to lock-
down, occupants were unaware of or paid little heed to changes in indoor air quality, failed to perceive stuffiness, and, as a 
rule, reported symptoms or discomfort only at night during the summer months. During lockdown, however, users came to 
attach greater importance to air quality, and a greater sensitivity to odours and a heightened awareness of CO2 concentration 
prompted them to ventilate their homes more frequently. In the spring of 2020, occupants also indicated a wider spectrum 
of indisposition, in particular in connection with sleep patterns.

Keywords  Airtightness · Indoor air quality · Occupants’ perception · Low-income housing · Ventilation behaviour · Health 
effects · COVID-19 · Lockdown

Introduction

Recent research has shown that outdoor air pollution causes 
around 3 million premature deaths yearly worldwide (Organi-
zation 2014). It also affects indoor air quality, particularly in 

cities with high pollution levels (Linares et al. 2009; Reiminger 
et al. 2020). The APHEKOM Project reported the exposure of 
Europeans to pollutant concentrations in excess of World Health 
Organization (WHO) recommendations and put forward esti-
mates of the potential economic benefits of the reduction in urban 
air pollution in Europe (Pascal et al. 2013). 33% of citizens in 
large Spanish cities such as Seville and Madrid are exposed to 
pollution higher than the values provided in Directive 2008/50/
EC and Spanish Royal Decree 102/2011, while 95% breathe air 
with levels above the thresholds recommended by the WHO 
(Ecologistas en accion 2021).

In recent years, these developments have brought indoor 
air quality (IAQ) in homes to the attention of the general 
public (Angell et al. 2005), bearing in mind that the per-
ception of IAQ can be affected by the country of origin 
of the occupants (Humphreys et al. 2002), as well as by 
temperature, humidity, and air velocity (Alwetaishi and 
A Balabel 2016; Humphreys et al. 2002; Nicol and Hum-
phreys 2002; Roelofsen 2018). A number of studies have 
been conducted in the UK on the relationship between IAQ 

 *	 Samuel Domínguez‑Amarillo 
	 sdomin@us.es

	 Jesica Fernández‑Agüera 
	 jfernandezaguera@us.es

	 Miguel Ángel Campano 
	 mcampano@us.es

	 Hanan Al‑Khatri 
	 khatri@squ.edu.om

1	 Escuela Técnica Superior de Arquitectura, Instituto 
Universitario de Arquitectura y Ciencias de La Construcción, 
Universidad de Sevilla, Avenida de Reina Mercedes, no. 2, 
41014 Seville, Spain

2	 Department of Civil & Architectural Engineering, College 
of Engineering, Sultan Qaboos University, Seeb, Oman

http://orcid.org/0000-0002-9177-8736
http://crossmark.crossref.org/dialog/?doi=10.1007/s11869-022-01239-3&domain=pdf


194	 Air Quality, Atmosphere & Health (2023) 16:193–212

1 3

(Abdalla and Peng 2021) and ventilation systems (McGill 
et al. 2015, 2016; Sharpe et al. 2016; Sherman et al. 2012), 
while the impact of deep energy retrofits (DERs) on IAQ 
has been analysed in Ohio, USA (Wells et al. 2015). French 
researchers published a study on timber homes entitled 
‘Indoor air quality in energy-efficient dwellings: levels and 
sources of pollutants’ (Derbez et al. 2018), as well as an 
evaluation of the perceived IAQ in dwellings related to 
measurements of gaseous and particulate matters (Langer 
et al. 2017), research also carried out in Silesia (Poland) 
evaluating the risk perception related to exposure to 
indoor environmental factors for 3 months with 552 sub-
jects (Krupa et al. 2012). In addition, Chinese research-
ers have linked Parents’ Perceived IAQ in dwellings to 
childhood diseases such as allergies (Qian et al. 2016). 
Different items of internal equipment used for cooking 
such as natural gas cooking burners (Amirkhani Ardeh 
et al. 2020) or cooking stoves (Amouei Torkmahalleh 
et al. 2017) greatly influence indoor air pollution and 
can cause adverse health effects. Furthermore, the influ-
ence on IAQ of the design of open-plan cooking in tiny 
substandard homes has also been highlighted (Cheung 
et al. 2019).

In a broader context, using an integrated approach 
to indoor environmental quality (IEQ), some studies in 
more temperate climates also establish a correlation of 
the interactions between lighting — especially the cor-
related colour temperature (CCT) and the lighting level 
thought the hue-heat hypothesis — and thermal com-
fort (Bellia et al. 2021; te Kulve et al. 2018) which also 
can affect user productivity (al Horr et al. 2016; Bueno 
et al. 2021; Rasheed and Byrd 2017; Wargocki and Sep-
pänen 2006), parameter that is becoming increasingly 
important due to the rise of teleworking, a fact that has 
been accelerated due to the health situation of COVID-
19. However, these issues have been largely neglected 
under the assumption that windows in homes are open 
most of the year, mainly exposed to natural lighting. In 
these circumstances, user behaviour in housing is of con-
siderable importance and highly dependent upon outdoor 
weather conditions.

In fact, during the COVID-19 pandemic, indoor air 
quality has come to the fore due to the airborne trans-
mission of SARS-CoV-2 (Greenhalgh et al. 2021; Kutter 
et al. (n.d.), as well as to the impact of the lockdown on 
the reduction of air pollution and particle matter levels at 
the residential (Jakovljević et al. 2021) and urban meas-
urements (Girdhar et al. 2021; Teixidó et al. 2021). This 
virus spreads predominantly through aerosols, mainly 
in indoor environments, as analysed in several studies 
(Kohanski et al. 2020; Prather et al. 2020a, b; Prather 
et  al.  2020a, b; Qian et  al.  2021; Tang et  al.  2021). 
Therefore, the greater the number of people and time of 

permanence in the same space, the greater the statistical 
possibility of contagion. Therefore, the probability of 
infection increases by up to 30% among close household 
members, (López et al. 2021). Although close contact 
between cohabitants is the main cause of contagion, this 
may also occur between different dwellings, especially 
through vertical building drainage stacks. Contagion 
events have been documented by both the chimney effect-
induced airflow in building drainage systems, especially 
in high-rise housing (Wang et al. 2022), and through 
faecal aerosol transmission from toilets and washbasins 
(Kang et al. 2020). This is why some studies have ana-
lysed the impact of the isolation of COVID-19 patients 
in community-supervised facilities, which may protect 
their household members from transmission of the dis-
ease (López et al. 2021). Despite these, contagion of sus-
ceptible occupants from hotel-isolated patients can still 
occur through shared air from corridors, HVAC systems, 
and drainage stacks (Gu et al. 2022; Hoefer et al. 2020; 
Leong et al. 2021).

An indirect relationship can be established between 
the risk of airborne contagion and poor air quality. Thus, 
since CO2 is co-exhaled with aerosols (which can con-
tain virions from infected occupants), it can be used 
as a proxy to estimate statistically the risk of airborne 
infection indoors. The Wells-Riley transmission model 
(Rudnick and Milton 2003) analyses the risk of transmis-
sion of multiple airborne diseases through the number of 
‘quanta’ (amount of infectious doses of the virus required 
to cause infection in 63% of susceptible people) inhaled 
by a susceptible person during the event under analy-
sis. This method, adapted to SARS-CoV-2 and success-
fully validated by comparing COVID-19 super spreading 
events (Peng and Jimenez 2021), is used to develop a 
calculation system for the evaluation of other hypotheti-
cal events (Campano-Laborda et al. 2021).

However, the level of CO2 can have a greater impact 
on occupants’ health, not just as a mere indirect indicator 
of environmental quality or disease transmission. Staying 
in a room with moderate-to-high CO2 concentrations may 
also affect cognitive processes and decision-making per-
formance, and a degradation of multiple cognitive meas-
ures can be detected when CO2 values exceed 1000 ppm 
(Allen et al. 2016; Satish et al. 2012).

This study aims to assess the performance of the 
building envelope for a healthy environment. The behav-
iour of the occupants and variations in indoor air qual-
ity have been analysed under normal conditions and in 
periods of high intensity of use. This analysis considers 
the evaluation of the permeability performance of the 
building envelopes, its relationship to indoor air quality 
conditions, and its influence on occupants’ perception 
and health before and during lockdown.
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These residential buildings dating from 1940–1979 
have envelopes characterized by fairly low energy per-
formance. The façade and roof enclosures normally lack 
thermal insulation, and a significant percentage of the 
façades consist of single-wythe masonry with no air cavi-
ties. The windows generally have very simple joinery and 
non-insulating glazing, except where recently replaced 
(Domínguez-Amarillo et al. 2016; Ignacio Oteiza; Car-
men Alonso; Fernando Martín-consuegra  2019). The 
flats in these buildings depend on natural ventilation 
(open windows) and the uncontrolled supply of out-
door air attributable to infiltration (Fernández-Agüera 
et al. 2016, 2019; Feijó-Muñoz et al. 2018). Therefore, 
maintaining acceptable indoor conditions requires con-
siderable energy consumption, which is particularly 
costly for low-income users. In light of the need to pro-
vide these families with comfortable conditions at an 
affordable cost, energy rehabilitation is a matter of socio-
economic as well as environmental importance.

In the residential sector, reducing energy consump-
tion for environmental control by up to 50% (European 
Commission  2011) calls for considerable technical 
know-how, given the wide range of circumstances to be 
addressed. Efforts will focus on enhancing façade perfor-
mance to reduce demand. The rehabilitation works envis-
aged or underway to increase airtightness in envelopes 
(d’Ambrosio Alfano et al. 2016; Pampuri et al. 2018; 
Suárez and Fernández-Agüera 2011) fail to make allow-
ances for the ventilation required in dwellings with no 
mechanical ventilation affecting indoor air quality.

Increasing the airtightness of buildings may help to 
achieve indoor thermal comfort. However, based on the 
above, this is unfortunately associated with health con-
cerns. Thus, it is crucial for increased building airtight-
ness to maintain the levels of natural ventilation required. 
The data and analyses presented here will contribute to 
expanding the information on the effects and the percep-
tion of the occupants of the air quality of their homes, an 
aspect of particular interest, especially now that a global 
pandemic is forcing us to stay at home.

Methodology

This study was part of a nationwide project implemented 
in two Spanish cities: Madrid and Seville. The sampling of 
dwellings and constructive characterization are described 
in detail in (Domínguez-Amarillo et al. (2016, 2017). Air 
temperature, relative humidity, and CO2 concentration were 
measured in the dwellings studied. In addition, for a full year 
and during the lockdown period, participants were asked 
to complete a questionnaire on ventilation habits, occupant 
comfort, sleep quality, and health symptoms. This study was 

approved by the relevant local ethics committees, and all 
participants provided informed consent.

Location and climate

Seville has a Mediterranean climate, with warm summers 
and temperate winters, while the climate in Madrid is more 
continental, with colder winters and somewhat cooler sum-
mers (de la Flor et al., 2008). However, both cities are con-
sidered as Csa in the Köppen climate classification (Kottek 
et al. 2006). In more general terms, the warm season can 
be said to prevail in Seville, whereas the cold one is more 
prevalent in Madrid. These features must be borne in mind 
when characterizing user behaviour and the facilities that the 
dwellings are equipped with. The air temperature and wind 
speed values in Seville and Madrid can be seen in Fig. 1.

Definition and identification of the target 
population

There are currently no comprehensive extensive global 
data on social housing stock, either at national or regional 
level. This lack of data has made it necessary to carry 
out prior identification and characterization work on the 
properties built from 1939 to 1979. Information and docu-
mentation compiled have been included in a database of 
the location and specific characteristics of the properties 
(morphology and construction, dimensions, components 
and other aspects) in the eight provinces of the Autono-
mous Region of Andalusia. These studies are explained in 
detail in (Alonso et al. 2018; Domínguez-Amarillo et al. 
2017). The target population was defined and identified 
in order to select the most representative cases from the 
study samples.

Sample definition

Based on the findings of these studies, three representative 
city neighbourhoods studied were sampled in both cities. 
The individual dwellings surveyed were chosen based on 
occupant agreement, as residents’ collaboration was neces-
sary in the monitoring and survey process.

Table 1 shows the characteristics of the different dwell-
ings and the occupational profiles of the study samples 
selected. As there is a wide range of occupational profiles, 
including couples without children and full families, the 
divergences in the patterns of use can be compared. Given 
that none of the dwellings had a ventilation system air 
renewal within them depends on window opening by occu-
pants. Dwelling M2 underwent an energy retrofit, with insu-
lation added to the envelope and windows replaced, paying 
special attention to possible infiltrations. However, in the 
case of S3 cladding elements in the interior of the house 
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were improved without taking into account aspects relating 
to infiltrations and the inclusion of air conditioning systems.

Airtightness and ventilation evaluation

Two approaches were used to determine building enve-
lope airtightness and ventilation rates, the blower door 

test, and the tracer gas method. The tracer gas in this case 
was the CO2 exhaled by occupants. This is an alterna-
tive to the traditional release of gases during testing and 
is a better measure of the changes in indoor air that are 
attributable to infiltration. The findings can also be used 
to establish the actual variation in uncontrolled ventila-
tion owing to flat location and orientation, differences 

Fig. 1   Air temperature and 
wind speed values in Madrid (a) 
and Seville (b), obtained from 
Spain’s National Meteorologi-
cal Agency. Legend: Maximum 
mean daily air temperature 
(red); maximum daily air 
temperature (dashed); minimum 
mean daily air temperature 
(blue); minimum daily air 
temperature (dashed); and wind 
speed (green)

Table 1   Household profiles

M1 M2 M3 S1 S2 S3

City Madrid Madrid Madrid Seville Seville Seville
Year 1960 1973 1965 1963 1968 1964
Façade 1-ft brick 0.5-ft brick + air 

space + partition wall 
system

A 1-ft brick + air 
space + partition wall 
system

1-ft brick 0.5-ft brick + air 
space + partition wall 
system

A 1-ft brick + air 
space + partition wall 
system

No. Of occupants 3 4 4 3 2 4
User profile 3 adults Couple with children 4 adults Adults 2 adults Couple with children
Retrofitting No Yes No No No Yes
Ventilation system No No No No No No
Heating system Gas boiler Gas boiler Central heating No One split AC units Electric radiators
Cooling system No No No No Two split AC units Dx splitducted unit
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in indoor temperature, and the wind profile during 
measurement.

Blower door test

Airtightness tests were carried out with Blower Door 
equipment, following the indications of standard EN-ISO 
9972:2015 (ISO 2015) and specific protocols (UNE-EN 
13,829:2002 n.d.). Method A of this regulation was 
selected to evaluate the operational status of the dwell-
ing. Since these are multi-family buildings, each dwell-
ing was measured as an independent unit. According to 
studies in these homes, air infiltrations through adjacent 
dwellings are less than 5% of the total amount measured 
(Fernández-Agüera et al. 2016).

Tracer gases

As an alternative to pressurization tests, which provide 
data on airtightness in non-operating conditions in the 
home, tracer gas tests are used to determine ventilation 
speeds, measure infiltrations of the existing air in the 
building under normal work conditions, study air move-
ment and dispersion of pollutants, and identify areas with 
stagnant air.

The basic principle of this system is to release a quan-
tity of a gas, called tracer gas, into the air to replace it 
and study its behaviour. This makes it possible to obtain 
approximate representative conditions of the real situa-
tion in order to carry out different studies and measure-
ments on ventilation. These tests take longer and require 
far more sensitive and expensive instruments which are 
difficult to operate.

The internationally used standard for carrying out 
these tests, ASTM E741 (ASTM International 2019), 
describes the various gas test methods with tracers based 
on concentration drop, emission, and constant concentra-
tion measurements. It also lists tracer gases that can be 
used, along with their toxicology, chemical reactivity, 
and ability to be detected. It provides details on the cali-
bration of gas analysers and how to perform analyses to 
determine errors made when testing with tracer gases. 
However, in Spain, the good practice guide NTP 345 
(Gracia et al., n.d.) provides a more concise description 
of the different tracer gas methods.

Indoor air quality measurements

The indoor air quality (IAQ) inside the dwellings stud-
ied was monitored while these were occupied. This in 
turn made it possible to consider the influence of the 
inhabitants’ behaviour on the environmental parameters. 
It should also be noted that the measured IAQ parameters 

were used to calibrate the simulation models and to 
establish relations to permeability.

The IAQ measurements were carried out for 1 year in 
all case studies and recorded in the main bedroom and the 
living room using a Wohlër CDL 210 CO2 datalogger with 
an accuracy of ± 3% (RH), ± 0.6 °C (ta), ± 3% of reading, 
or ± 50 ppm of CO2. All indoor air quality measurements 
were carried out in accordance with ISO 16000. In addi-
tion, outdoor variables were obtained from Spain’s National 
Meteorological Agency. The period studied during lockdown 
extended from 15th March to 26th April 2020, when the 
stay-at-home order in place meant that people were only 
allowed to leave their homes in exceptional cases.

Occupant behaviour and perception

Occupants were surveyed about the comfort felt and their 
perception of indoor air quality in summer, winter, and the 
intermediate seasons in the living room (daytime area) and 
bedroom (night-time area) as presented in the Appendix. 
There was one questionnaire for each household, one for 
each occupant (adults), and one for each child under 8 (to 
be completed by a parent). There were also questions about 
average occupancy in the living room/kitchen and in the 
home every hour in addition to hourly activities such as heat-
ing, cooking, use of cleaning products, cosmetics, opening 
doors/windows, use of domestic heating/cooling, and venti-
lation habits. In each city, the questionnaire was distributed 
twice over four different seasons, along with a psychologi-
cal test developed by the Centre for Sociological Research 
(CIS), Survey on the mental health of Spanish people during 
the COVID-19 pandemic (CIS 2021).

Limitations

The sample consisted of low-income housing occupied pri-
marily by the elderly or young couples with small children 
with insufficient resources to ensure year-round comfort in 
their homes, which had been built in a period (1939–1979) 
when housing lacked both insulated envelopes and mechan-
ical ventilation. The small sample size in both cities was 
in keeping with this initial attempt to implement a novel 
approach. The results obtained for occupant perception and 
ventilation rates during lockdown may be partially influ-
enced by seasonal conditions (spring).

Results

Airtightness

The air changes per hour in each dwelling is a very impor-
tant parameter in winter, as air changes through the envelope 
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are their main ventilation mechanism, along with opening 
windows, but only between 10 and 20 min daily as will be 
detailed later. The number of air changes through envelopes 
depends on temperature, wind velocity, and dwelling orienta-
tion and geometry. The ACH values for the winter period are 
set out in Table 2 and Fig. 2. Homes located in the same city 
exhibited different n50 values, with greater mean values than 
when the formula was used (Eq. 1). It is worth mentioning 
that n50 measures the number of air changes per hour through 
the building envelope at a reference pressure of 50 Pa.

Table 2 shows the n50 values extracted from the Blower 
Door test carried out according to the protocol established 
by UNE-EN ISO 9972: 2019. The ACHBlowerDoor values are 
the result of applying simplified formula 4 to the Blower 
Door tests performed. The maximum, minimum, and mean 
ACH values have been found using CO2 as a tracer gas. 
This CO2 has been measured continuously throughout the 
year, and this measure was established for closed dwellings 
without occupants.

It is observed that the mean ACH values measured with 
tracer gases are usually higher than those found directly fol-
lowing the application of the simplified formula in Madrid. 
However, in Seville, the lower values observed in the most 
air-permeable dwelling may be due to the wind profiles and 
the position or orientation of the dwelling.

Occupant behaviour

The occupancy rates of the dwellings before and during 
lockdown are presented in Table 3. Before lockdown, the 
occupancy rate of the dwellings was 66–75% in Madrid, 
compared to 41–58% observed in Seville. During lock-
down, the occupants stayed at home 100% of the time 
and many of them worked from home as they were not 
key workers.

*Sometimes only 2 occupants slept at home.
Natural ventilation through windows is a useful mech-

anism for moderating indoor temperature and dispersing 
pollutants. Given the large number of influential factors 
such as wind direction, size, and location of openings, it 

(1)ACHBlowerDoor = n
50
∕20

is a complex engineering problem to analyse (Bazdidi-
Tehrani et al. 2020; Chen et al. 2020). In the survey, 
occupants were asked to indicate the timetable and dura-
tion of the opening of windows in the dwellings. All par-
ticipants reported opening windows once a day in winter 
and early spring and several times in summer. In winter, 
windows were mostly opened for just 10 to 20 min. In the 
summer, in contrast, windows were opened several times 
daily and between 4 and 10 h overnight. The ventilation 
time of the dwellings increased during lockdown, and 
all occupants reported that they opened the windows at 
8:00 p.m., coinciding with the nightly lockdown clapping 
from balconies and windows (Tables 4 and 5).

For the questions pertaining to air conditioning systems, 
the survey results show that the use of cooling systems in 
Seville was sporadic, as these were only turned on occasion-
ally to combat extreme temperatures. Most of the dwellings 
in Seville do not have heating systems, while all those moni-
tored in Madrid have heating, some central, and the boilers 
were scheduled to operate from October to April. Occupants 
felt colder in winter in Seville, where central heating is gen-
erally lacking. Users in Seville also felt warmer in summer 
despite the presence of individual AC units in some rooms, 
not usually found in flats in Madrid.

Table 2   Flat airtightness data M1 M2 M3 S1 S2 S3

n50 7.90 3.20 8.30 5.69 11.02 6.10
ACHBlowerDoor 0.40 0.16 0.42 0.29 0.55 0.31
Mean ACH 0.40 0.35 0.82 0.34 0.42 0.41
Minimum ACH 0.13 0.15 0.39 0.15 0.20 0.36
Maximum ACH 0.91 0.43 1.14 0.57 0.90 0.79
Standard deviation 0.28 0.08 0.24 0.11 0.26 0.14

Fig. 2   Flat airtightness data of dwellings in Madrid (M) and Seville 
(S): mean ACH values and ACHBlowerDoor
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Thermal comfort and indoor air quality 
measurements

Temperature

Table 6 shows the mean values and standard deviations of 
air temperature for each season and dwelling are presented 
in Table 6. In winter, the mean living room temperature in 
Madrid was 17.4 °C (ranging from 14 to 19.5 °C) and less 
than 1 °C lower in the bedroom, with standard deviations 
ranging from ± 0.8 to ± 1.6 °C. In Seville, the mean living 
room temperature was 16.2 °C (ranging from 13 to 17.5 °C) 
and standard deviation ranging from ± 0.6 to ± 1.2 °C. Both 
the mean indoor temperatures and the standard deviations 
were lower in Seville than in Madrid in winter, despite the 
higher outdoor temperatures in Seville (4 to 6 °C higher on 
average) due to the less intense use of heating. In winter, 
the homes in Madrid with individual home heating systems 
(M1 and M2) and the 3 homes in Seville, one of which had 
an individual radiator system, were below 19 °C between 58 
and 87% of the time.

In summer, the mean living room (LR) temperature in 
Madrid and Seville was approximately 28 °C (ranging from 
26.5 to 30 °C), while the bedroom (B) temperature in Seville 

was around 0.5 °C lower. In both cases, the mean standard 
deviation was slightly higher (+ 0.2 °C) in Seville, mainly 
due to the greater daily thermal oscillation in summer in 
Seville. Although in summer the outdoor temperatures are 
usually higher (4 to 5 °C on average) than in Madrid, both 
cities displayed similar values in the year of this research. In 
summer, these dwellings are above 26 °C for 32% and 71% 
of the time. The results for both winter and summer reveal 
conditions of energy poverty, housing precariousness, and, 
in general, social thermal vulnerability in indoor spaces.

In spring and autumn, indoor temperatures were closer to 
the thermal comfort zones for seated occupants with com-
mon clothing insulation, according to EN-ISO 7730 7730 
(CEN—European Committee for Standardization 2005): 
around 19.8 to 22 °C in Madrid and 22 to 24 °C in Seville 
(Fig. 3), with a higher mean standard deviation in the case 
of Seville (ranging from + 1.8 to + 4.0 °C in Seville regards 
to + 1.5 to + 3.3 °C in Madrid).

During the pandemic, a distinction should be established 
between the different states of the dwellings in Madrid and 
Seville. In Madrid the heating operated until April 10 in 
these dwellings, while in Seville, dwellings did not have 
heating systems in operation. Furthermore, outdoor tempera-
tures were higher in Seville during this period.

Table 3   Occupancy rate of the dwellings before (BF) and during lockdown (LD)

Hour 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

M1 BF 3 3 3 3 3 3 3 2 2 1 1 1 1 0 0 2 2 2 2 2 3 3 3 3
LD 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

M2 BF 4 4 4 4 4 4 4 4 0 0 0 0 0 0 1 1 3 3 3 4 4 4 4 4
LD 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

M3 BF 4 4 4 4 4 4 4 4 3 1 1 1 1 1 1 1 1 2 2 4 4 4 4 4
LD 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

S1 BF 3* 3* 3* 3* 3* 3* 3* 3* 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 3*
LD 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

S2 BF 4 4 4 4 4 4 4 4 1 0 0 0 0 0 0 0 0 0 3 3 4 4 4 4
LD 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

S3 BF 4 4 4 4 4 4 4 4 0 0 0 0 0 0 1 1 1 3 3 4 4 4 4 4
LD 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

Table 4   Window opening 
behaviour in summer and winter 
before and (after lockdown)

Winter Summer

Time frame (24-h system) Duration (min) Time frame (24-h 
system)

Duration (h)

M1 9 (9/20) 10 (20) 22–7 9
M2 8–9 (8–9/20) 20 (30) 22–7 9
M3 9–10 (9–10/20) 10 (30) 21–1 4
SI 9 (9/20) 20 (50) 21–5 8
S2 9 (9/20) 20 (40) 24–7 7
S3 8 (8/20) 15 (60) 21–7 10
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There is no difference in outside temperature for 
the same period before and during lockdown in Seville 
and Madrid. In Madrid, the average indoor temperature 
before and after lockdown varied, but not enough to be 
considered statistically different (p-value > 0.05). This 
can be attributed to the use of heating systems, as the 
lockdown period was a little cooler. The daily average 
temperature oscillation was 14 °C. The average interior 
temperature of the dwellings varied between 23 and 26° 
C, the lowest average temperature of the dwellings dur-
ing the lockdown period. This can be attributed more 
to external variation than to user-specific behaviour 
changes. In Seville, the data for before and after lock-
down are similar (Fig. 3).

CO2 concentration

The maximum recommended carbon dioxide threshold 
of 1200 ppm (CEN—European Committee for Stand-
ardization 2017) was exceeded in all households dur-
ing the winter and summer measurement periods, as 
seen in Table 7. Values of over 1200 ppm were found 
42 to 84% of the time in all dwellings except S1. Values 
of > 2000 ppm were recorded in the same households 
but most significantly in M2 (23% of winter hours with 
peaks as high as 4000 ppm) and S2 (37% of winter hours 
and peaks of up to 5000 ppm). In summer, values of over 
1200 ppm were observed around 6% of the time except in 
dwellings M2 and S2, where the percentage logged was 
much higher, as in winter. In S2 this could be explained 
by summertime ventilation practice and in M2 by high 
airtightness levels.

During lockdown, all dwellings reported higher levels 
of CO2 concentration, as the occupants stayed at home 
throughout the day. In case studies M1, M2, and M3 the 
indoor CO2 concentration increased by 32%, 37%, and 
28% respectively, with the most airtight dwelling show-
ing the highest increase. In Seville, in case studies S2 and 
S3, the indoor CO2 concentration increased by 20% and 
35% respectively. The results were especially significant 
in S1 where concentration was 64% higher than the aver-
age value during lockdown (Table 8; Fig. 4).

Due to the COVID-19 emergency, different groups 
of experts have set a more restrictive limit of 800 ppm 
for CO2 concentration indoors with non-cohabitants (J. 
Allen et al. 2020; Ministerio de Sanidad del Gobierno 
de España 2020; Ruiz de Adana et  al. 2021). As this 
protocol is based on the fact that those possibly infected 
can transmit the disease asymptomatically, it seems rea-
sonable to establish a more demanding CO2 concentra-
tion limit during the pandemic in spaces shared with 
cohabitants.
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Surveys

Mental health

From the start of the pandemic until today, no sample par-
ticipant has been treated by a psychologist or psychiatrist 
due to any psychological problems. None have reported 

chronic (long-term) illnesses unrelated to COVID-19 or any 
instances of anxiety or panic attacks.

Two people reported that thoughts, memories, or images 
of coronavirus have altered their social life or relationships 
with family or friends. Only one person reported feeling 
more depressed during lockdown and worried about their 
professional future at work.

In case study M3, a close relative was hospitalized for 
COVID-19, and in case study S2, two close relatives were 
asymptomatic, but none lived in the homes studied. Every-
one knows people who have died from COVID-19, particu-
larly the elderly.

Occupant perception

In Madrid, the temperatures in bedrooms and living rooms 
were perceived to be close to comfort levels in spring, 
autumn, and winter. In Seville, however, both winter and 
summer levels lay 1.3 points outside the comfort range, 
with users reporting discomfort, particularly at night. Indoor 
draughts were nearly imperceptible, even in the homes with 
cross ventilation. In Madrid, indoor odours were negligible, 
whereas Seville residents reported odours inside dwellings, 
particularly in winter when windows were closed for most 
of the day, as shown on Table 9.

Most occupants were unable to distinguish when the 
air was stuffy and expressed surprise at the CO2 readings 

Table 6   Statistics by case study, individual room of the dwelling and season (W — winter; Sp — spring; Su — summer; and A — autumn)

Living room (day) Bedroom (night)

W Sp Su A W Sp Su A

M1 T [SD] (°C) 17.2 (1.6) 19.3 (2.3) 29.3 (1.5) 22.0 (3.0) 16.3 (2.4) 17.9 (1.1) 28.6 (1.4) 18.3 (2.3)
RH [SD] (%) 56.9 (5.1) 50.2 (8.5) 33.0 (4.6) 54.6 (9.6) 61.9 (7.3) 57.0 (5.9) 35.8 (4.7) 67.4 (9.1)
CO2 [SD] (ppm) 1425 (582) 859 (430) 454 (153) 862 (483) 1461 (582) 1139 (540) 466 (161) 1137 (591)

M2 T (SD] (°C) 17.6 (0.8) 19.9 (2.1) 26.7 (1.1) 21.2 (3.1) 17.1 (1.3) 19.9 (2.6) 27.7 (1.2) 20.5 (3.3)
RH [SD] (%) 75.9 (4.3) 60.1 (13.3) 38.3 (5.4) 61.0 (14.3) 77.9 (6.8) 58.4 (14.3) 36.6 (4.7) 63.2 (15.3)
CO2 [SD] (ppm) 2076 (706) 1157 (976) 439 (176) 1186 (1113) 2848 (1132) 1125 (1130) 445 (212) 1602 (1382)

M3 T (SD] (°C) 23.7 (1.1) 22.9 (1.9) 27 (1.7) 23.5 (1.9) 22.4 (1.0) 22.2 (2.3) 25.7 (1.8) 23.0 (1.5)
RH [SD] (%) 36.8 (3.0) 38.4 (8.5) 33.7 (7.0) 39.4 (7.5) 40.3 (2.8) 42.0 (8.3) 29.0 (12.3) 41.0 (2.4)
CO2 [SD] (ppm) 1034 (291) 804 (376) 446 (93) 1031 (290) 848 (381) 487 (90)

S1 T (SD] (°C) 16.6 (0.8) 23.2 (3.1) 26.8 (1.4) 20.7 (3.1) 15.4 (1.1) 21.1 (3.1) 27.2 (1.5) 19.7 (3.3)
RH [SD] (%) 64.9 (8.1) 53.6 (10.1) 49.8 (7.9) 67.0 (9.3) 59.3 (4.6) 58.4 (7.3) 50.8 (3.9) 64.7 (6.1)
CO2 [SD] (ppm) 721 (285) 538 (175) 483 (86) 586 (212) 452 (88) 445 (232) 438 (35) 460 (187)

S2 T (SD] (°C) 15.1 (1.2) 22.3 (3.4) 29.4 (1.8) 23.2 (3.0) 14.5 (1.5) 22.3 (3.3) 27.1 (1.6) 22.9 (3.3)
RH [SD] (%) 65.4 (6.7) 53.1 (10.6) 44.5 (9.1) 59.9 (9.1) 72.3 (6.3) 55.8 (10.2) 50.1 (8.2) 62.3 (9.1)
CO2 [SD] (ppm) 733 (503) 521 (298) 444 (77) 523 (324) 1182.3 (461) 774.1 (1325) 596 (576) 604 (848)

S3 T (SD] (°C) 17.0 (1.2) 25.5 (1.8) 27.8 (1.9) 25.5 (1.0) 16.4 (1.1) 24.2 (4.0) 28.5 (2.0) 24.7 (1.7)
RH [SD] (%) 65.0 (6.1) 51.9 (7.4) 47.8 (6.8) 60.1 (4.2) 67.6 (5.5) 55.8 (11.5) 46.2 (7.3) 61.0 (7.6)
CO2 [SD] (ppm) 402 (523) 680 (352) 462 (197) 691 (266) 1059 (523) 753 (463) 465 (197) 690 (352)
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Fig. 3   Mean temperatures of dwellings in Madrid (M) and Seville (S) 
before (dark grey) and after lockdown (light grey)
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recorded by the dataloggers. More discomfort related to 
high CO2 concentrations was reported by the occupants 
of the most airtight flat (M2). The symptoms described by 
the female occupants of that flat included fitful sleep and 
tiredness the following day. The male occupants reported 

nasal congestion and a slight headache, and in summer a 
dry mouth, fitful sleep and tiredness the following day. In 
Seville, symptoms were only reported for summer nights.

A comparison was carried out for the results of the sur-
veys for the same period in 2019 and the results of the sur-
veys during lockdown in 2020. The score given to the dif-
ferent indicators on comfort increased during lockdown in 
general terms (Fig. 5).

With respect to the temperature of the bedroom during 
the night and the living room during the day, the sensation of 
heat increased in all the case studies but more so in Seville. 
Air draught sensation is the only parameter that decreased 
very slightly. However, the perceptions of odour inside the 
home increased by almost 2 points, in both the daytime and 
nighttime areas. This was mainly due to the fact that more 
cooking was done in the dwellings, although occupants also 
became more sensitive to odours during lockdown, perhaps 
searching for distraction or the feeling that they were closed 
in, which was not the case previously.

An increase in sleep quality impairment was identified 
during lockdown by occupants who found it harder to fall 
asleep, were restless while sleeping and got up several times, 

Table 7   Percentage of hours 
that CO2 concentration is within 
a range in winter and summer

% (400–
600 ppm)

% (600–
1200 ppm)

% (1200–
1600 ppm)

% (1600–
2000 ppm)

% (> 2000 ppm)

W-M1 6.3 29.0 29.9 17.4 17.4
W-M2 5.8 10.1 56.5 4.5 23.0
W-M3 14.0 43.9 24.1 15.9 1.9
W-S1 23.2 71.0 5.8 0.0 0.0
W-S2 20.8 31.4 6.3 4.5 37.0
W-S3 12.6 33.8 24.6 20.3 8.7
S-M1 79.0 17.8 3.2 0.0 0.0
S-M2 50.2 21.5 4.1 5.2 19.0
S-M3 59.4 34.7 0.0 5.0 0.9
S-S1 93.1 0.0 6.8 0.0 0.0
S-S2 42.5 18.7 4.1 24.2 10.5
S-S3 63.5 29.7 4.6 0.9 1.4

Table 8   Percentage of hours 
that CO2 concentration is within 
a range before and during 
lockdown

% (400–600 ppm) % (600–1200 ppm) % (1200–1600 ppm) % (1600–2000 ppm) % (> 2000 ppm)

M1-Before 41.6 24.4 16.5 8.4 9.1
M1-Lockdown 12.6 21.5 41.1 12.1 12.7
M2-Before 29.0 9.7 36.0 4.3 21.0
M2-Lockdown 0.0 19.0 46 6.4 28.7
M3-Before 39.1 37.0 12.0 10.5 1.4
M3-Lockdown 20.1 31.0 28.9 12.3 7.7
S1-Before 58.2 35.5 6.3 0.0 0.0
S1-Lockdown 38.4 18.2 26.5 15.3 1.6
S2-Before 31.6 25.1 5.2 14.4 23.7
S2-Lockdown 16.0 12.5 25.8 18.6 27.1
S3-Before 38.0 31.7 14.6 10.6 5.0
S3-Lockdown 12.3 38.0 29.3 12.2 8.2
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sometimes even tired, and upset. They gave the main reasons 
as stressful situations (working from home, caring for chil-
dren and the elderly, increased number of household chores 
and cooking) and uncertainty (concern about not knowing 
what was happening and how events would unfold) that they 
felt during lockdown (Fig. 6).

In spring of the previous year, no symptoms were 
reported (Table 9). However, during lockdown in Madrid, 
occupants reported a series of symptoms such as dryness 

in the nose, mouth, skin, and eyes and thirst. In Seville, the 
symptoms were nasal congestion, thirst, and watery eyes.

Discussion of the findings

Ventilation, air temperature and CO2concentration

Typical thermal perception in bedrooms and living rooms of 
dwellings of Madrid was usually perceived close to comfort 

Table 9   Summary of occupant perception (W = winter, Sp = spring, Su = summer, and A = Autumn)

Madrid Seville

W Su A Sp W Su A Sp

Bedroom temperature (1–5) sleep 2.8 4.0 2.7 2.0 1.7 4.3 3.3 3.3
Living room temperature (1–5) 3.0 3.5 2.7 3.0 2.3 3.8 3.0 3.0
Draught in bedroom (1–5) 1.8 2.5 1.3 1.3 1.5 1.3 1.3 1.5
Draught in living room (1–5) 1.8 1.8 1.0 1.0 1.5 1.3 1.3 1.5
Odour in bedroom (1–5) 1.0 1.0 1.0 1.0 2.8 1.3 2.0 2.0
Odour in living room (1–5) 1.0 1.0 1.0 1.0 2.3 1.8 1.5 1.5
Symptoms Men: nasal con-

gestion, slight 
headache

Men: dry mouth, fit-
ful sleep, tiredness 
the following day

Women and 
men: Head-
ache

Women: dry mouth, 
fitful sleep, tired-
ness the following 
day

Sleep quality Good Average Good Good Good Average Good Good

Fig. 5   Average perception of 
occupants in spring before and 
during lockdown
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level in both winter and mid-seasons. However, in Seville, 
mean air temperature values were usually below 17 °C in 
winter and around 28 °C during summer so that inhabit-
ants routinely reported discomfort, particularly at night. In 
contrast, during the lockdown period, the heat perception 
increased in all case studies, but was more pronounced in 
Seville, probably due to the continuous occupation of the 
home and the increase in internal loads. The time spent at 
home and number of simultaneous inhabitants increased sig-
nificantly during the lockdown period.

Several studies have found that the body’s thermoregula-
tory system is closely related to sleep quality, and dysregula-
tion of thermal comfort can therefore impair sleep quality 
[69]. Warm feet reduce the amount of time it takes to fall 
asleep (Kräuchi et al. 1999). In hot environments, cooling 
the back and neck improves both sleep quality and efficiency 
(Lan et al. 2018). Thermal discomfort can affect total sleep 
time, sleep state maintenance, REM cycle length, and sleep 
efficiency (Lan et al. 2017). During health emergencies such 
as COVID19, this aspect becomes highly significant due to 
the strong correlation between sleep quality/disorders, pre-
disposition to infection and disease progression. Thus, opti-
mizing thermal environment to improve thermal comfort and 

perception is crucial to enhancing sleep quality and related 
health conditions.

CO2 concentration is one of the IAQ parameters that 
play a key role in inhabitants’ health and wellbeing (CO2) 
(Altomonte et al. 2020). The primary sources of CO2 inside 
dwellings are the occupants. Levels above approximately 
950 ppm begin to impair cognitive performance by 15%. At 
levels above 1400 ppm, cognitive performance is reduced by 
50%, and fatigue and poor judgement also set in Altomonte 
et al. (2020), while lethal levels of 250,000 ppm can cause 
death [41] (although these are very rare inside homes except 
in cases of accident). Frequent fresh air exchange, opening 
windows and doors, or operating ventilation systems results 
in a dilution of CO2 preventing it from accumulating through 
the entry of outdoor air.

In winter, in the cases under study, CO2 values were 
above the recommended threshold of 1200 ppm most of the 
time. Windows were mostly opened for just 10 to 20 min per 
day during the cold season, and overall ventilation mainly 
relied on air leakage through the envelope. However, in sum-
mer, on average, CO2 concentration was above this figure 
just 6% of the time. During the warm season, windows were 
opened several times a day, often remaining open for most 

Fig. 6   Effect on occupants’ 
sleeping pattern in spring before 
and during lockdown
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of the day, and on average were open between 4 and 10 h 
overnight. In any case, merely opening the windows does 
not ensure proper ventilation, as this is conditioned by the 
weather.

On average, overall IAQ before lockdown was poor com-
pared to the European situation but worsened to some extent 
during lockdown.

Winter mean values for indoor air temperature are close 
to the limit of thermal stress due to cold. Often, especially in 
Seville, dwellings lack suitable heating facilities and mostly 
rely on portable heaters with high energy consumption. This 
determines a strong relation between poor ventilation and 
energy conservation in the dwellings, an effect which is 
more pronounced in the bedrooms at night. In contrast, the 
higher ventilation rate observed in summer helps to dissipate 
overheating both at night-time and in the early morning.

During lockdown, all dwellings report higher levels of 
CO2 concentration than previously under typical operation, 
with figures of indoor CO2 concentration increasing by more 
than 30%. Although during the lockdown period windows 
were opened more often, the continuous presence of the 
inhabitants in the home throughout the day also contributed 
to increasing these values.

Mental health and IAQ occupant perception

In the prolonged stay-at-home period, most occupants were 
unable to discern when the air was stuffy, mainly due to 
olfactory fatigue (Kadohisa and Wilson 2006), as they 
lacked the ability to identify inappropriate atmospheres or 
to perceive when these needed to be renewed.

This could also be linked to the halo effects described at 
home. This cognitive error in judgement reflects one’s indi-
vidual prejudices, ideology, and social perception. Before 
lockdown, people perceived their home as an idealized safe 
place where they could be safe from pollution and the out-
side elements. People refer to the tendency to assign positive 
qualities like clean and pure air indoors with no specific evi-
dence or real assessment. These findings often appear in dif-
ferent studies focused on residents and their exposure to and 
perception of air pollution risks in their homes. However, 
further research is required with studies exploring the abil-
ity of participants to perceive indoor air quality, combining 
perceptions of air quality with objective measurements of 
IAQ. Residents consistently overestimate air quality in their 
homes (Boso et al. 2020; Hofflinger et al. 2019). During 
lockdown, the production of odours and internal contami-
nants increased, as did adaptation and numbed perception. 
However, the increased time spent at home also increased 

emission sources and activity. More frequent cooking was 
responsible for many odours and pollutants.

This situation led to an increase in symptoms and wors-
ened the well-being of the inhabitants. Some of the symp-
toms described by users (headaches, fitful sleep, and tired-
ness) could be related to heightened levels of anxiety due to 
the pandemic, accompanied by higher CO2 concentrations 
and seasonal allergies (especially during spring).

In this study, during the lockdown period, occupants 
reported increased sleep disorders, mostly attributable to 
stressful situations and uncertainty (Antunes et al. 2020; 
Florea et al. 2021; Meaklim et al. 2021; O’regan et al. 2021; 
Pérez-Carbonell et al. 2020; Scarpelli et al. 2021). Further-
more, there was a deterioration of indoor ambient conditions, 
not only IAQ but also other comfort-related parameters. 
Several studies show that sleep disturbances have affected 
a large proportion of the general population during the 
COVID-19 pandemic lockdown. These results are correlated 
with a self-assessed impact on mental health but may also 
be associated with suspected COVID-19 infection, changes 
in habits, and self-isolation (Pérez-Carbonell et al. 2020). 
Additionally poorer sleep quality during lockdown has 
been linked to a decrease in sunlight exposure, lack of daily 
exercise, and increased smartphone usage before bedtime. 
In fact, poorer sleep quality and higher levels of loneliness 
have been found to affect the relationship between stress and 
mental health symptoms (depression, anxiety), highlighting 
the critical, but modifiable, impact of sleep on mental health 
during lockdown (Varma et al. 2021).

Meaklim et al. (2021) did a cross-sectional survey com-
pleted by 2724 participants from 67 countries during the 
COVID-19 pandemic. The results showed that post-pan-
demic insomnia symptoms were associated with higher lev-
els of stress, anxiety, and depression than pre-existing or no 
insomnia symptoms. Across all groups, individuals reporting 
a previous mental health diagnosis had worse stress, anxiety, 
and depression than those without a previous mental health 
diagnosis (Meaklim et al. 2021).

Therefore, the population, who took refuge in their homes 
due to the uncertainty of the health situation, complying 
with government regulations, began to perceive their homes 
as a space that is no longer so safe. This situation raised 
interest in aspects of home IAQ which had previously been 
unnoticed by inhabitants.

Although the ability of homes to provide shelter was ini-
tially assumed, the confusion and lack of accurate knowl-
edge on COVID transmission introduced an additional 
anxiety component to the perception of homes. This aspect 
evolved from the beginning of lockdown with a significant 
impact on the IAQ management of the dwellings ranging 
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from fear to introduce outdoor air, fuelled by the govern-
ment’s decision to spray disinfectants on the streets, to an 
overuse of home disinfectants and chemicals, and more 
outlandish practices such as ozone liberation.

These aspects highlighted growing concern among 
inhabitants on the actual environmental safety of 
their homes, also in relation to the dilemma of energy 
conservation.

One of the most significant aspects was the users’ dis-
covery that most homes were unable to provide healthy 
and safe environments. This led to an increased aware-
ness of the need for environmental quality control tools, 
since individual perception and manual control of the 
indoor environment was shown to be very limited in 
achieving these requirements, judging by the interviews 
with the occupants.

Conclusions

Many countries, including Spain, imposed lockdown as a 
means of controlling the spread of COVID-19. As a result, 
people spent most if not all of their time during lockdown 
inside their homes. This study evaluated the influence of 
the occupants’ behaviour on indoor thermal comfort and 
air quality and their perception of it before and during the 
lockdown period. Environmental variables, including air 
temperature, relative humidity, and CO2 levels, were moni-
tored in six representative dwellings to identify the times 
in which these variables were outside the range for healthy 
values. The results revealed a lack of ventilation in the 
dwellings studied, especially during winter, when ventila-
tion depends mainly on air leakage through the envelope, 
given the scant ventilation reported by users. Of particu-
lar interest were the findings for the most airtight flats in 
Madrid, where values of over 2000 ppm were recorded 23% 
of the time. In Seville, the highest values were observed 
in a dwelling with medium airtightness in which occu-
pants reported that they closed the bedroom door at night. 
These higher CO2 concentrations can also be correlated to 
a reduction in concentration on task development, as well 
as an increased risk of airborne disease transmission.

The study focuses on low-income housing with limited 
access to high-end HVAC systems or even to mechanical 
or controlled ventilation. These dwellings are near the 
fuel poverty threshold, so energy conservation is a key 
aspect of home management. Home IAQ was not initially 
perceived as an issue by inhabitants but awareness has 
awakened due to lockdown.

Before lockdown, the occupants were unable to per-
ceive the changes in indoor CO2 concentration and 

expressed surprise at datalogger readings. However, 
they were keenly aware that in the absence of mechani-
cal ventilation systems, they needed to open windows 
to ventilate their flats, especially early in the morning. 
However, the typical routine was only to open these for 
a short time, 10 to 20 min. Continuous distributed ven-
tilation was not considered necessary for IAQ control.

During lockdown, occupants progressively became 
more sensitive to IAQ as it was something that they 
thought about and worried about during this period. 
More time was spent opening windows and in contact 
with the air outside. There was also an increase in symp-
toms in the spring, when headaches, thirst, and disturbed 
sleep were more frequent. Initially, these symptoms can-
not be differentiated from those caused by the change in 
IAQ and anxiety over the present COVID-19 pandemic.

An increase was noted in sleep disorders among occu-
pants, mostly attributed to stressful situations (working 
from home, caring for children and the elderly, more 
housework and cooking) and the uncertainty of not 
knowing what was happening and how things would 
turn out during lockdown. These findings and the cur-
rent COVID-19 pandemic have led us to reconsider the 
living space in dwellings, which should incorporate more 
uses, especially for working from home given the social 
distancing imposed.

Anticipating a scenario where greater use is made of 
the dwelling the following findings are being developed:

–	 Based on the analysed cases, inhabitants need to 
increase users’ awareness of the importance of main-
taining acceptable minimum levels of natural venti-
lation required for a healthy indoor environment and 
indoor comfort.

–	 The widespread use of measurement devices is nec-
essary, and CO2 meters are the minimum equipment 
for indoor control in homes. Personal perception has 
shown users’ inability to provide safe and accurate 
control even at home.

–	 At present, the existing housing stock urgently needs 
to be retrofitted, not only to provide better energy-
conservation capabilities, but also to include suitable 
ventilation systems which both guarantee air changes 
indoors and filter air coming in from outside. Self-
confidence and resilience at home must be boosted to 
provide the population with enough shelter capacity 
in the event of emergencies and health crises.

–	 Methods other than airtightness should be considered 
to achieve indoor thermal comfort. These methods 
should be suitable and affordable for people on low 
incomes.



207Air Quality, Atmosphere & Health (2023) 16:193–212	

1 3

Appendix

Surveys



208	 Air Quality, Atmosphere & Health (2023) 16:193–212

1 3



209Air Quality, Atmosphere & Health (2023) 16:193–212	

1 3

Acknowledgements  The authors want to thank the VI Plan Propio de 
Investigación de la Universidad de Sevilla.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature.

Data availability  The datasets generated during and/or analysed during 
the current study are available in the ONEDRIVE repository of the 
University of Seville: https://​uses0-​my.​share​point.​com/:​b:/g/​perso​nal/​
jfern​andez​aguera_​us_​es/​EegcH​taU4p​ZHgih​jsL-​FswkB​wyRoZ​8USHm​
csaG_​osmir_g?​e=​jNNtMr

Declarations 

Ethics approval and consent to participate  Not applicable

Consent for publication  The authors declare their consent for publica-
tion

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abdalla T, Peng C (2021) Evaluation of housing stock indoor air quality 
models: a review of data requirements and model performance. 
J Build Eng 43:102846. https://​doi.​org/​10.​1016/J.​JOBE.​2021.​
102846

al Horr Y, Arif M, Kaushik A, Mazroei A, Katafygiotou M, Elsarrag E 
(2016) Occupant productivity and office indoor environment qual-
ity: a review of the literature. Buil Environ 105:369–389. https://​
doi.​org/​10.​1016/J.​BUILD​ENV.​2016.​06.​001

Allen JG, MacNaughton P, Satish U, Santanam S, Vallarino J, Spengler 
JD (2016) Associations of cognitive function scores with carbon 
dioxide, ventilation, and volatile organic compound exposures in 
office workers: a controlled exposure study of green and conven-
tional office environments. Environ Health Perspect 124(6):805–
812. https://​doi.​org/​10.​1289/​ehp.​15100​37

Allen J, Spengler J, Jones E, Cedeno-Laurent J (2020) 5-step guide 
to checking ventilation rates in classrooms. Schools for Health. 
Harvard TH Chan

Alonso C, Martin-Consuegra F, Monjo J (2018) La envolvente ener-
gética de la vivienda social: el caso de Madrid en el periodo 
1939–1979. Monografías del IETcc, Consejo Superior de inves-
tigaciones Científicas

Altomonte S, Allen J, Bluyssen PM, Brager G, Heschong L, Loder A, 
Schiavon S, Veitch JA, Wang L, Wargocki P (2020) Ten ques-
tions concerning well-being in the built environment. Build 
Environ 180:106949. https://​doi.​org/​10.​1016/J.​BUILD​ENV.​
2020.​106949

https://uses0-my.sharepoint.com/:b:/g/personal/jfernandezaguera_us_es/EegcHtaU4pZHgihjsL-FswkBwyRoZ8USHmcsaG_osmir_g?e=jNNtMr
https://uses0-my.sharepoint.com/:b:/g/personal/jfernandezaguera_us_es/EegcHtaU4pZHgihjsL-FswkBwyRoZ8USHmcsaG_osmir_g?e=jNNtMr
https://uses0-my.sharepoint.com/:b:/g/personal/jfernandezaguera_us_es/EegcHtaU4pZHgihjsL-FswkBwyRoZ8USHmcsaG_osmir_g?e=jNNtMr
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/J.JOBE.2021.102846
https://doi.org/10.1016/J.JOBE.2021.102846
https://doi.org/10.1016/J.BUILDENV.2016.06.001
https://doi.org/10.1016/J.BUILDENV.2016.06.001
https://doi.org/10.1289/ehp.1510037
https://doi.org/10.1016/J.BUILDENV.2020.106949
https://doi.org/10.1016/J.BUILDENV.2020.106949


210	 Air Quality, Atmosphere & Health (2023) 16:193–212

1 3

Alwetaishi M, Balabel A (2016) Effect of microclimates conditions on 
architectural design of residential buildings in Saudi Arabia. Eur 
J Adv Eng Technol 3(8):26–32

Amirkhani Ardeh S, Khaloo SS, Gholamnia R, Abtahi M, Saeedi R 
(2020) Assessment of indoor air pollutant concentrations and 
emissions from natural gas cooking burners in residential build-
ings in Tehran. Iran Air Qual Atmos Health 13(4):409–420. 
https://​doi.​org/​10.​1007/​s11869-​020-​00804-y

Amouei Torkmahalleh M, Gorjinezhad S, Unluevcek HS, Hopke PK 
(2017) Review of factors impacting emission/concentration of 
cooking generated particulate matter. Sci Total Environ. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2017.​02.​088

Angell W, Grimsrud D, Lee H (2005) Residential indoor air quality, 
ventilation, and building-related health effects: critical review of 
scientific literature. In: Indoor Air 2005: Proceedings of the 10th 
International Conference on Indoor Air Quality and Climate, vol. 
4. https://​www.​isiaq.​org/​docs/​PDFs/​3444.​pdf

Antunes R, Frontini R, Amaro N, Salvador R, Matos R, Morouço P, 
Rebelo-Gonçalves R (2020) Exploring lifestyle habits, physical 
activity, anxiety and basic psychological needs in a sample of Por-
tuguese adults during COVID-19. Int J Environ Res Public Health 
17(12):4360. https://​doi.​org/​10.​3390/​ijerp​h1712​4360

ASTM International (2019) ASTM Standard E741−11, Standard test 
method for determining air change in a single zone by means of a 
tracer gas dilution. In West Conshohocken PA 00. https://​doi.​org/​
10.​1520/​E0741-​11R17Issue ASTM International 0 (Reapproved 
2017))

Bazdidi-Tehrani F, Masoumi-Verki S, Gholamalipour P (2020) Impact 
of opening shape on airflow and pollutant dispersion in a wind-
driven cross-ventilated model building: Large eddy simulation. 
Sustain Cities Soc 61:102196. https://​doi.​org/​10.​1016/j.​scs.​2020.​
102196

Bellia L, d’Ambrosio Alfano FR, Fragliasso F, Palella BI, Riccio G 
(2021) On the interaction between lighting and thermal comfort: 
an integrated approach to IEQ. Energy Build 231:110570. https://​
doi.​org/​10.​1016/J.​ENBUI​LD.​2020.​110570

Boso À, Álvarez B, Oltra C, Garrido J, Muñoz C, Galvez-García G 
(2020) The grass is always greener on my side: a field experi-
ment examining the home halo effect. Sustainability 12(16):6335. 
https://​doi.​org/​10.​3390/​SU121​66335

Bueno AM, de Paula Xavier AA, Broday EE (2021) Evaluating the 
connection between thermal comfort and productivity in build-
ings: a systematic literature review. Build 11(6):244. https://​doi.​
org/​10.​3390/​BUILD​INGS1​10602​44

Campano-Laborda MÁ, Domínguez-Amarillo S, Acosta García I, 
Fernández-Agüera J, Bustamante Rojas P, Sendra Salas JJ, Jimé-
nez Palacios JL, Velarde Rodríguez JD (2021) Covid risk air-
borne. Universidad de Sevilla. https://​www.​covid​airbo​rneri​sk.​
com/

CEN - European Committee for Standardization (2005) ISO 7730:2005 
ergonomics of the thermal environment analytical determination 
and interpretation of thermal comfort using calculation of the 
PMV and PPD indices and local thermal comfort criteria. Inter-
national Organization for Standardization

CEN - European Committee for Standardization (2017) NBN EN 
16798–2 Energy performance of buildings — ventilation for build-
ings part 3: for non-residential buildings performance require-
ments for ventilation and room-conditioning systems (Modules 
M5–1, M5–4). International Organization for Standardization

Chen W, Ding Y, Bai L, Sun Y (2020) Research on occupants’ window 
opening behavior in residential buildings based on the survival 
model. Sustain Cities Soc 60:102217. https://​doi.​org/​10.​1016/j.​
scs.​2020.​102217

Cheung PK, Jim CY, Siu CT (2019) Air quality impacts of open-
plan cooking in tiny substandard homes in Hong Kong. Air 

Qual Atmos Health 12(7):865–878. https://​doi.​org/​10.​1007/​
s11869-​019-​00705-9

CIS· ( 2021) ESTUDIO 3312 ENCUESTA SOBRE LA SALUD MEN-
TAL DE LOS ESPAÑOLES DURANTE LA PANDEMIA DE LA 
COVID-19. Centro de Investigaciones Sociológicas. https://​www.​
cis.​es/​cis/​openc​ms/​ES/​Notic​iasNo​vedad​es/​InfoC​IS/​2021/​Docum​
entac​ion_​3312.​html

d’Ambrosio Alfano F, Dell’Isola M, Ficco G, Palella B, Riccio G, 
D’Ambrosio Alfano FR, Dell’Isola M, Ficco G, Palella BI, Ric-
cio G (2016) Experimental air-tightness analysis in Mediterranean 
buildings after windows retrofit. Sustainability 8(10):991. https://​
doi.​org/​10.​3390/​su810​0991

de la Flor FJS, Domínguez SÁ, Félix JLM, Falcón RG (2008) Climatic 
zoning and its application to Spanish building energy performance 
regulations. Energy and Buildings 40(10):1984–1990. https://​doi.​
org/​10.​1016/j.​enbui​ld.​2008.​05.​006

Derbez M, Wyart G, Le Ponner E, Ramalho O, Ribéron J, Mandin C 
(2018) Indoor air quality in energy-efficient dwellings: levels and 
sources of pollutants. Indoor Air 28(2):318–338. https://​doi.​org/​
10.​1111/​ina.​12431

Domínguez-Amarillo S, Sendra JJ, Fernández-Agüera J, and Escandón 
R (2017) La construcción de la vivienda social en Sevilla y su 
catalogación 1939–1979 Editorial Universidad de Sevilla

Domínguez-Amarillo S, Sendra JJ, and Oteiza San José I (2016). La 
envolvente térmica de la vivienda social: el caso de Sevilla, 1939 
a 1979(1st ed.). Editorial Consejo Superior de Investigaciones 
Científicas.

Ecologistas en accion (2021) INFORME La calidad del aire en Sevilla 
y su área metropolitana 2020. https://​www.​ecolo​gista​senac​cion.​
org/​wp-​conte​nt/​uploa​ds/​2021/​09/​INFOR​ME-​CALID​AD-​AIRE-​
2020-​SEVIL​LA.​pdf

European Commission (2011) The roadmap for transforming the EU 
into a competitive, low-carbon economy by 2050. https://​ec.​
europa.​eu/​clima/​system/​files/​2016-​12/​2050_​roadm​ap_​en.​pdf

Feijó-Muñoz J, Poza-Casado I, González-Lezcano RA, Pardal C, 
Echarri V, Assiego L. R, Fernández-Agüera J, Dios-Viéitez MJ, 
del CD Víctor J, Montesdeoca MC, Padilla-Mar Meiss MÁ (2018) 
Methodology for the study of the envelope airtightness of residen-
tial buildings in Spain: a case study. Energies 4(704). https://​doi.​
org/​10.​3390/​en110​40704

Fernández-Agüera J, Domínguez-Amarillo S, Sendra JJ, Suárez R 
(2016) An approach to modelling envelope airtightness in multi-
family social housing in Mediterranean Europe based on the situ-
ation in Spain. Energy and Buildings 128:236–253. https://​doi.​
org/​10.​1016/j.​enbui​ld.​2016.​06.​074

Fernández-Agüera J, Domínguez-Amarillo S, Sendra JJ, Suárez R, 
Oteiza I (2019) Social housing airtightness in Southern Europe. 
Energy Build 183:377–391. https://​doi.​org/​10.​1016/J.​ENBUI​LD.​
2018.​10.​041

Florea C, Topalidis P, Hauser T, Angerer M, Kurapov A, Beltran 
Leon CA, Soares Brandão D, and Schabus M (2021) Sleep dur-
ing COVID-19 lockdown: a cross-cultural study investigating job 
system relevance. Biochemical Pharmacology, 191. https://​doi.​
org/​10.​1016/J.​BCP.​2021.​114463

Girdhar A, Kapur H, Kumar V, Kaur M, Singh D, Damasevicius R 
(2021) Effect of COVID-19 outbreak on urban health and environ-
ment. Air Qual Atmos Health 14(3):389–397. https://​doi.​org/​10.​
1007/​S11869-​020-​00944-1

Gracia M, Farrás R, Técnico I, Xavier Q, Solá G, Químicas C, José M, 
and Subils B (n.d.) NTP 345 El control de la ventilación mediante 
gases trazadores Le contrôle de la ventilation employant des gaz 
traceurs Ventilation assesment usisng tracer gases Redactores

Greenhalgh T, Jimenez JL, Prather KA, Tufekci Z, Fisman D, Schooley 
R (2021) Ten scientific reasons in support of airborne transmis-
sion of SARS-CoV-2. Lancet 397(10285):1603–1605. https://​doi.​
org/​10.​1016/​S0140-​6736(21)​00869-2

https://doi.org/10.1007/s11869-020-00804-y
https://doi.org/10.1016/j.scitotenv.2017.02.088
https://doi.org/10.1016/j.scitotenv.2017.02.088
https://www.isiaq.org/docs/PDFs/3444.pdf
https://doi.org/10.3390/ijerph17124360
https://doi.org/10.1520/E0741-11R17
https://doi.org/10.1520/E0741-11R17
https://doi.org/10.1016/j.scs.2020.102196
https://doi.org/10.1016/j.scs.2020.102196
https://doi.org/10.1016/J.ENBUILD.2020.110570
https://doi.org/10.1016/J.ENBUILD.2020.110570
https://doi.org/10.3390/SU12166335
https://doi.org/10.3390/BUILDINGS11060244
https://doi.org/10.3390/BUILDINGS11060244
https://www.covidairbornerisk.com/
https://www.covidairbornerisk.com/
https://doi.org/10.1016/j.scs.2020.102217
https://doi.org/10.1016/j.scs.2020.102217
https://doi.org/10.1007/s11869-019-00705-9
https://doi.org/10.1007/s11869-019-00705-9
https://www.cis.es/cis/opencms/ES/NoticiasNovedades/InfoCIS/2021/Documentacion_3312.html
https://www.cis.es/cis/opencms/ES/NoticiasNovedades/InfoCIS/2021/Documentacion_3312.html
https://www.cis.es/cis/opencms/ES/NoticiasNovedades/InfoCIS/2021/Documentacion_3312.html
https://doi.org/10.3390/su8100991
https://doi.org/10.3390/su8100991
https://doi.org/10.1016/j.enbuild.2008.05.006
https://doi.org/10.1016/j.enbuild.2008.05.006
https://doi.org/10.1111/ina.12431
https://doi.org/10.1111/ina.12431
https://www.ecologistasenaccion.org/wp-content/uploads/2021/09/INFORME-CALIDAD-AIRE-2020-SEVILLA.pdf
https://www.ecologistasenaccion.org/wp-content/uploads/2021/09/INFORME-CALIDAD-AIRE-2020-SEVILLA.pdf
https://www.ecologistasenaccion.org/wp-content/uploads/2021/09/INFORME-CALIDAD-AIRE-2020-SEVILLA.pdf
https://ec.europa.eu/clima/system/files/2016-12/2050_roadmap_en.pdf
https://ec.europa.eu/clima/system/files/2016-12/2050_roadmap_en.pdf
https://doi.org/10.3390/en11040704
https://doi.org/10.3390/en11040704
https://doi.org/10.1016/j.enbuild.2016.06.074
https://doi.org/10.1016/j.enbuild.2016.06.074
https://doi.org/10.1016/J.ENBUILD.2018.10.041
https://doi.org/10.1016/J.ENBUILD.2018.10.041
https://doi.org/10.1016/J.BCP.2021.114463
https://doi.org/10.1016/J.BCP.2021.114463
https://doi.org/10.1007/S11869-020-00944-1
https://doi.org/10.1007/S11869-020-00944-1
https://doi.org/10.1016/S0140-6736(21)00869-2
https://doi.org/10.1016/S0140-6736(21)00869-2


211Air Quality, Atmosphere & Health (2023) 16:193–212	

1 3

Gu H, Krishnan P, Ng DYM, Chang LDJ, Liu GYZ, Cheng SSM, Hui 
MMY, Fan MCY, Wan JHL, Lau LHK, Cowling BJ, Peiris M, 
and Poon LLM (2022) Probable transmission of SARS-CoV-2 
Omicron variant in quarantine hotel, Hong Kong, China, Novem-
ber 2021. Emerg Infect Dis 28(2). https://​doi.​org/​10.​3201/​eid28​
02.​212422

Hoefer A, Pampaka D, Rivas Wagner E, Alemán Herrera A, García-
Ramos Alonso E, López-Perea N, Cano Portero R, Herrera-León 
L, Herrera-León S, Núñez Gallo D (2020) Management of a 
COVID-19 outbreak in a hotel in Tenerife, Spain. Int J Infect Dis 
96:384–386. https://​doi.​org/​10.​1016/j.​ijid.​2020.​05.​047

Hofflinger Á, Boso À, Oltra C (2019) The home halo effect: how air 
quality perception is influenced by place attachment. Human Ecol-
ogy 47(4):589–600. https://​doi.​org/​10.​1007/​S10745-​019-​00100-Z

Humphreys MA, Nicol JF, Mccartney KJ (2002) An analysis of some 
subjective assessments of indoor air-quality in five European 
countries. Indoor Air 2002:86–91

ISO 9972 (2015) Thermal performance of buildings — determination 
of air permeability of buildings — fan pressurization method.  
International Organization for Standardization

Jakovljević I, Štrukil ZS, Godec R, Davila S, Pehnec G (2021) Influ-
ence of lockdown caused by the COVID-19 pandemic on air pol-
lution and carcinogenic content of particulate matter observed in 
Croatia. Air Qual Atmos Health 14(4):467–472. https://​doi.​org/​
10.​1007/​S11869-​020-​00950-3/​FIGUR​ES/5

Kadohisa M, Wilson DA (2006) Olfactory cortical adaptation facili-
tates detection of odors against background. J Neurophysiol 
95(3):1888–1896. https://​doi.​org/​10.​1152/​jn.​00812.​2005

Kang M, Wei J, Yuan J, Guo J, Zhang Y, Hang J, Qu Y, Qian H, 
Zhuang Y, Chen X, Peng X, Shi T, Wang J, Wu J, Song T, He J, 
Li Y, Zhong N (2020) Probable evidence of fecal aerosol trans-
mission of SARS-CoV-2 in a high-rise building. Ann Intern Med 
173(12):974–980. https://​doi.​org/​10.​7326/​M20-​0928

Kohanski MA, Lo LJ, Waring MS (2020) Review of indoor aerosol 
generation, transport, and control in the context of COVID-19. 
Int Forum Allergy Rhinol 10(10):1173–1179. https://​doi.​org/​10.​
1002/​alr.​22661

Kottek M, Grieser J, Beck C, Rudolf B, Rubel F (2006) World map 
of the Köppen-Geiger climate classification updated. Meteorol 
Z 15(3):259–263. https://​doi.​org/​10.​1127/​0941-​2948/​2006/​0130

Kräuchi K (2007) The human sleep–wake cycle reconsidered from a 
thermoregulatory point of view. Physiol Behav 90(2–3):236–245. 
https://​doi.​org/​10.​1016/J.​PHYSB​EH.​2006.​09.​005

Kräuchi K, Cajochen C, Werth E, Wirz-Justice A (1999) Warm feet 
promote the rapid onset of sleep. Nature 401(6748):36–37. https://​
doi.​org/​10.​1038/​43366

Krupa K, Piekut A, Złotkowska R (2012) Assessment of risk percep-
tion connected with exposure to indoor air pollution in the group 
of inhabitants of Silesian Voivodeship. Medycyna Środowiskowa 
15(3):46–54. https://​bibli​oteka​nauki.​pl/​artic​les/​11787​79

Kutter JS, de Meulder D, Bestebroer TM, Lexmond P, Mulders A, 
Richard M, Fouchier RAM and Herfst S (n.d.) SARS-CoV 
and SARS-CoV-2 are transmitted through the air between fer-
rets over more than one meter distance. https://​doi.​org/​10.​1038/​
s41467-​021-​21918-6

Lan L, Qian XL, Lian ZW, Lin YB (2018) Local body cooling to 
improve sleep quality and thermal comfort in a hot environment. 
Indoor Air 28(1):135–145. https://​doi.​org/​10.​1111/​INA.​12428

Lan L, Tsuzuki K, Liu YF, Lian ZW (2017) Thermal environment and 
sleep quality: a review. Energy Build 149:101–113. https://​doi.​
org/​10.​1016/J.​ENBUI​LD.​2017.​05.​043

Langer S, Ramalho O, Le Ponner E, Derbez M, Kirchner S, Mandin C 
(2017) Perceived indoor air quality and its relationship to air pol-
lutants in French dwellings. Indoor Air 27(6):1168–1176. https://​
doi.​org/​10.​1111/​ina.​12393

Leong LEX, Soubrier J, Turra M, Denehy E, Walters L, Kassahn K, 
Higgins G, Dodd T, Hall R, D’Onise K, Spurrier N, Bastian I, 
Lim CK (2021) Whole-genome sequencing of SARS-CoV-2 from 
quarantine hotel outbreak. Emerg Infect Dis 27(8):2219–2221. 
https://​doi.​org/​10.​3201/​eid27​08.​204875

Linares C, Díaz J, and Tobías A (2009) Are the limit values pro-
posed by the new European Directive 2008/50 for PM 2.5 safe 
for health? Eur J Public Health. https://​doi.​org/​10.​1093/​eurpub/​
ckp026

López M, Gallego C, Abós-Herrándiz R, Tobella A, Turmo N, Monclús 
A, Martinez A, Rami A, Navas E, Muñoz MA (2021) Impact of 
isolating COVID-19 patients in a supervised community facility 
on transmission reduction among household members. J Public 
Health (oxf) 43(3):499–507. https://​doi.​org/​10.​1093/​pubmed/​
fdab0​02

McGill G, Oyedele LO, McAllister K (2015) Case study investigation 
of indoor air quality in mechanically ventilated and naturally ven-
tilated UK social housing. Int J Sustain Built Environ 4(1):58–77. 
https://​doi.​org/​10.​1016/J.​IJSBE.​2015.​03.​002

McGill G, Oyedele LO, McAllister K, Qin M (2016) Effective indoor 
air quality for energy-efficient homes: a comparison of UK rating 
systems. Archit Sci Rev 59(2):159–173. https://​doi.​org/​10.​1080/​
00038​628.​2015.​10782​22

Meaklim H, Junge MF, Varma P, Finck WA, Jackson ML (2021) Pre-
existing and post-pandemic insomnia symptoms are associated 
with high levels of stress, anxiety, and depression globally during 
the COVID-19 pandemic. J Clin Sleep Med 17(10):2085–2097. 
https://​doi.​org/​10.​5664/​JCSM.​9354

Ministerio de Sanidad del Gobierno de España (2020) Evaluación del 
riesgo de la transmisión de SARS-CoV-2 mediante aerosoles. 
Medidas de prevención y recomendaciones. Gobierno de España. 
https://​www.​sanid​ad.​gob.​es/​profe​siona​les/​salud​Publi​ca/​ccayes/​
alert​asAct​ual/​nCov/​docum​entos/​COVID​19_​Aeros​oles.​pdf

Nicol F, Humphreys MA (2002) Adaptive thermal comfort and sustain-
able thermal standards for buildings. Energy Build 34(6):563–
572. https://​doi.​org/​10.​1016/​S0378-​7788(02)​00006-3

O’regan D, Jackson ML, Young AH, Rosenzweig I (2021) Under-
standing the Impact of the COVID-19 Pandemic, Lockdowns and 
Social Isolation on Sleep Quality. Nature and Science of Sleep 
13:2053. https://​doi.​org/​10.​2147/​NSS.​S2662​40

Organization WH (2014) Ambient (outdoor) air quality and health
Oteiza I, Alonso C, Martín-consuegra F, JMMGMAB (2019) La envol-

vente energética de la vivienda social en el caso de Madrid en el 
periodo 1939–1979 (I. CSIC, Ed.).

Pampuri L, Caputo P, Valsangiacomo C (2018) Effects of buildings’ 
refurbishment on indoor air quality. Results of a wide survey on 
radon concentrations before and after energy retrofit interven-
tions. Sustain Cities Soc 42:100–106. https://​doi.​org/​10.​1016/j.​
scs.​2018.​07.​007

Pascal M, Corso M, Chanel O, Declercq C, Badaloni C, Cesaroni G, 
Henschel S, Meister K, Haluza D, Martin-Olmedo P and Medina S 
(2013) Assessing the public health impacts of urban air pollution 
in 25 European cities: Results of the Aphekom project. Sci Total 
Environ. https://​doi.​org/​10.​1016/j.​scito​tenv.​2013.​01.​077

Peng Z, Jimenez JL (2021) Exhaled CO2as a COVID-19 infection risk 
proxy for different indoor environments and activities. Environ 
Sci Technol Lett 8(5):392–397. https://​doi.​org/​10.​1021/​acs.​estle​
tt.​1c001​83

Pérez-Carbonell L, Meurling IJ, Wassermann D, Gnoni V, Leschziner 
G, Weighall A, Ellis J, Durrant S, Hare A, Steier J (2020) 
Impact of the novel coronavirus (COVID-19) pandemic on 
sleep. J Thoracic Dis 12:163–175. https://​doi.​org/​10.​21037/​
JTD-​CUS-​2020-​015

Prather KA, Marr LC, Schooley RT, McDiarmid MA, Wilsonand ME, 
Milton DK (2020) Airborne transmission of SARS-CoV-2. Sci-
ence 370(6514):303–304. https://​doi.​org/​10.​1126/​scien​ce.​abf05​21

https://doi.org/10.3201/eid2802.212422
https://doi.org/10.3201/eid2802.212422
https://doi.org/10.1016/j.ijid.2020.05.047
https://doi.org/10.1007/S10745-019-00100-Z
https://doi.org/10.1007/S11869-020-00950-3/FIGURES/5
https://doi.org/10.1007/S11869-020-00950-3/FIGURES/5
https://doi.org/10.1152/jn.00812.2005
https://doi.org/10.7326/M20-0928
https://doi.org/10.1002/alr.22661
https://doi.org/10.1002/alr.22661
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1016/J.PHYSBEH.2006.09.005
https://doi.org/10.1038/43366
https://doi.org/10.1038/43366
https://bibliotekanauki.pl/articles/1178779
https://doi.org/10.1038/s41467-021-21918-6
https://doi.org/10.1038/s41467-021-21918-6
https://doi.org/10.1111/INA.12428
https://doi.org/10.1016/J.ENBUILD.2017.05.043
https://doi.org/10.1016/J.ENBUILD.2017.05.043
https://doi.org/10.1111/ina.12393
https://doi.org/10.1111/ina.12393
https://doi.org/10.3201/eid2708.204875
https://doi.org/10.1093/eurpub/ckp026
https://doi.org/10.1093/eurpub/ckp026
https://doi.org/10.1093/pubmed/fdab002
https://doi.org/10.1093/pubmed/fdab002
https://doi.org/10.1016/J.IJSBE.2015.03.002
https://doi.org/10.1080/00038628.2015.1078222
https://doi.org/10.1080/00038628.2015.1078222
https://doi.org/10.5664/JCSM.9354
https://www.sanidad.gob.es/profesionales/saludPublica/ccayes/alertasActual/nCov/documentos/COVID19_Aerosoles.pdf
https://www.sanidad.gob.es/profesionales/saludPublica/ccayes/alertasActual/nCov/documentos/COVID19_Aerosoles.pdf
https://doi.org/10.1016/S0378-7788(02)00006-3
https://doi.org/10.2147/NSS.S266240
https://doi.org/10.1016/j.scs.2018.07.007
https://doi.org/10.1016/j.scs.2018.07.007
https://doi.org/10.1016/j.scitotenv.2013.01.077
https://doi.org/10.1021/acs.estlett.1c00183
https://doi.org/10.1021/acs.estlett.1c00183
https://doi.org/10.21037/JTD-CUS-2020-015
https://doi.org/10.21037/JTD-CUS-2020-015
https://doi.org/10.1126/science.abf0521


212	 Air Quality, Atmosphere & Health (2023) 16:193–212

1 3

Prather KA, Wang CC, Schooley RT (2020) Reducing transmission of 
SARS-CoV-2. Science 368(6498):1422–1424. https://​doi.​org/​10.​
1126/​scien​ce.​abc61​97

Qian H, Miao T, Liu L, Zheng X, Luo D, Li Y (2021) Indoor transmis-
sion of SARS-CoV-2. Indoor Air 31(3):639–645. https://​doi.​org/​
10.​1111/​ina.​12766

Qian H, Zheng X, Zhang M, Weschler L and Sundell J (2016) Associa-
tions between parents’ perceived air quality in homes and health 
among children in Nanjing, China. PLoS One 11(5). https://​doi.​
org/​10.​1371/​journ​al.​pone.​01557​42

Rasheed EO, Byrd H (2017) Can self-evaluation measure the effect of 
IEQ on productivity? Rev Literature Facilities 35(11–12):601–
621. https://​doi.​org/​10.​1108/F-​08-​2016-​0087

Reiminger N, Jurado X, Vazquez J, Wemmert C, Blond N, Wertel J, 
Dufresne M (2020) Methodologies to assess mean annual air pol-
lution concentration combining numerical results and wind roses. 
Sustain Cities Soc 59:102221. https://​doi.​org/​10.​1016/j.​scs.​2020.​
102221

Roelofsen P (2018) A new methodology for the evaluation of the per-
ceived air quality depending on the air pollution, caused by human 
bioeffluents, the temperature, the humidity as well as the air veloc-
ity. Intel Build Int 10(3):154–161. https://​doi.​org/​10.​1080/​17508​
975.​2018.​14344​75

Rudnick SN, Milton DK (2003) Risk of indoor airborne infection trans-
mission estimated from carbon dioxide concentration. Indoor Air 
13(3):237–245. https://​doi.​org/​10.​1034/j.​1600-​0668.​2003.​00189.x

Ruiz de Adana M, Querol X, Jiménez E, Jiménez JL, Minguillón MC, 
Ballester J, and Grupo de Trabajo Multidisciplinar (2021) Informe 
del GTM: Equipos autónomos para la limpieza del aire y sensores 
para el control de la transmisión de SARS-CoV-2 por aerosoles. 
https://​doi.​org/​10.​20350/​digit​alCSIC/​13893

Satish U, Mendell MJ, Shekhar K, Hotchi T, Sullivan D, Streufert S, 
Fisk WJ (2012) Is CO2 an indoor pollutant? Direct effects of low-
to-moderate CO2 concentrations on human decision-making per-
formance. Environ Health Perspect 120(12):1671–1677. https://​
doi.​org/​10.​1289/​ehp.​11047​89

S Scarpelli M Gorgoni V Alfonsi L Annarumma V Natale Di E Pezza 
L Gennaro De (2021) The impact of the end of COVID confine-
ment on pandemic dreams, as assessed by a weekly sleep diary: 
a longitudinal investigation in Italy. J Sleep Res. https://​doi.​org/​
10.​1111/​JSR.​13429

Sharpe T, Mawditt I, Gupta R, McGill G, Gregg M (2016) Charac-
teristics and performance of MVHR systems — a meta study of 
MVHR systems used in the Innovate UK Building Performance 
Evaluation Programme. Report Oxford Brookes University. 
https://​core.​ac.​uk/​downl​oad/​pdf/​11340​358.​pdf

Sherman MH, Walker IS, Logue JM (2012) Equivalence in ventilation 
and indoor air quality. HVAC R Res 18(4):760–773. https://​doi.​
org/​10.​1080/​10789​669.​2012.​667038

Suárez R, and Fernández-Agüera J (2011) Retrofitting of energy habit-
ability in social housing: a case study in a Mediterranean climate. 
Build. https://​doi.​org/​10.​3390/​build​ings1​010004

Tang JW, Bahnfleth WP, Bluyssen PM, Buonanno G, Jimenez JL, Kur-
nitski J, Li Y, Miller S, Sekhar C, Morawska L, Marr LC, Melikov 
AK, Nazaroff WW, Nielsen PV, Tellier R, Wargocki P, Dancer SJ 
(2021) Dismantling myths on the airborne transmission of severe 
acute respiratory syndrome coronavirus-2 (SARS-CoV-2). J Hosp 
Infect 110:89–96. https://​doi.​org/​10.​1016/j.​jhin.​2020.​12.​022

te Kulve M, Schlangen L, van Marken Lichtenbelt W (2018) Interac-
tions between the perception of light and temperature. Indoor Air 
28(6):881–891. https://​doi.​org/​10.​1111/​INA.​12500

Teixidó O, Tobías A, Massagué J, Mohamed R, Ekaabi R, Hamed HI, 
Perry R, Querol X, al Hosani, S (2021) The influence of COVID-
19 preventive measures on the air quality in Abu Dhabi (United 
Arab Emirates). Air Qual Atmos Health 14(7):1071–1079. https://​
doi.​org/​10.​1007/​S11869-​021-​01000-2/​FIGUR​ES/5

UNE-EN 13829:2002 (n.d.) Thermal performance of buildings - deter-
mination of air permeability of buildings - Fan pressurization 
method. (ISO 9972:1996, modified) International Organization 
for Standardization

Varma P, Burge M, Meaklim H, Junge M, Jackson ML (2021) Poor 
sleep quality and its relationship with individual characteristics, 
personal experiences and mental health during the COVID-19 
pandemic. Int J Environ Res Public Health 18(11):6030. https://​
doi.​org/​10.​3390/​IJERP​H1811​6030

Wang Q, Li Y, Lung DC, Chan PT, Dung CH, Jia W, Miao T, Huang 
J, Chen W, Wang Z, Leung KM, Lin Z, Wong D, Tse H, Wong 
SCY, Choi GKY, Lam JYW, To KKW, Cheng VCC, Yuen KY 
(2022) Aerosol transmission of SARS-CoV-2 due to the chimney 
effect in two high-rise housing drainage stacks. J Hazard Mater 
421:126799. https://​doi.​org/​10.​1016/j.​jhazm​at.​2021.​126799

Wargocki P, Seppänen O (2006) REHVA Guidebook No. 6 Indoor 
climate and productivity in offices: how to integrate productivity 
into building services life-cycle cost analysis. REHVA

Wells EM, Berges M, Metcalf M, Kinsella A, Foreman K, Dearborn 
DG, Greenberg S (2015) Indoor air quality and occupant comfort 
in homes with deep versus conventional energy efficiency renova-
tions. Build Environ 93(P2):331–338. https://​doi.​org/​10.​1016/j.​
build​env.​2015.​06.​021

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1126/science.abc6197
https://doi.org/10.1126/science.abc6197
https://doi.org/10.1111/ina.12766
https://doi.org/10.1111/ina.12766
https://doi.org/10.1371/journal.pone.0155742
https://doi.org/10.1371/journal.pone.0155742
https://doi.org/10.1108/F-08-2016-0087
https://doi.org/10.1016/j.scs.2020.102221
https://doi.org/10.1016/j.scs.2020.102221
https://doi.org/10.1080/17508975.2018.1434475
https://doi.org/10.1080/17508975.2018.1434475
https://doi.org/10.1034/j.1600-0668.2003.00189.x
https://doi.org/10.20350/digitalCSIC/13893
https://doi.org/10.1289/ehp.1104789
https://doi.org/10.1289/ehp.1104789
https://doi.org/10.1111/JSR.13429
https://doi.org/10.1111/JSR.13429
https://core.ac.uk/download/pdf/11340358.pdf
https://doi.org/10.1080/10789669.2012.667038
https://doi.org/10.1080/10789669.2012.667038
https://doi.org/10.3390/buildings1010004
https://doi.org/10.1016/j.jhin.2020.12.022
https://doi.org/10.1111/INA.12500
https://doi.org/10.1007/S11869-021-01000-2/FIGURES/5
https://doi.org/10.1007/S11869-021-01000-2/FIGURES/5
https://doi.org/10.3390/IJERPH18116030
https://doi.org/10.3390/IJERPH18116030
https://doi.org/10.1016/j.jhazmat.2021.126799
https://doi.org/10.1016/j.buildenv.2015.06.021
https://doi.org/10.1016/j.buildenv.2015.06.021

	Effects of covid-induced lockdown on inhabitants’ perception of indoor air quality in naturally ventilated homes
	Abstract
	Introduction
	Methodology
	Location and climate
	Definition and identification of the target population
	Sample definition
	Airtightness and ventilation evaluation
	Blower door test
	Tracer gases

	Indoor air quality measurements
	Occupant behaviour and perception
	Limitations

	Results
	Airtightness
	Occupant behaviour
	Thermal comfort and indoor air quality measurements
	Temperature

	CO2 concentration
	Surveys
	Mental health
	Occupant perception


	Discussion of the findings
	Ventilation, air temperature and CO2concentration

	Mental health and IAQ occupant perception
	Conclusions
	Acknowledgements 
	References


