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Abstract
This research intended to understand the effect of renovation solutions on occupants’ 
behaviour, and the effects of the behaviour on the indoor environmental quality of the 
buildings. The investigation is based on the findings from a short, in-depth monitoring 
campaign in four apartments in the Netherlands. The results showed that the households 
studied have different preferences for comfort, as well as ways to interact with the building. 
The small range of options provided by the systems created some level of dissatisfaction 
in three out of the four households studied regarding temperature (control), air quality, or 
noise produced by mechanical ventilation system. The monitoring results confirmed that 
the apartments were within a good range of thermal comfort, however the residents com-
plained about lack of control over the indoor environment. Furthermore, high CO2 levels 
were found in three of the four apartments, especially at night. In these homes, the resi-
dents kept the ventilation setting on the lowest due to the noise produced by it, or due to 
lack of knowledge on the functioning of the system. In addition to the lack of control and 
lack of knowledge, the residents reported a lack of feedback from the Heating Ventilation 
and Air Conditioning systems to know whether they are working correctly. These results 
emphasize the need of user-centric design, and the need for people to be able to control 
their environment. Systems design should consider the actual needs and preferences of the 
occupants, while interfaces should be designed to provide timely and accurate feedback to 
the user.
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1  Introduction

In the European Union, there is currently a significant focus on energy efficient renovations 
to achieve energy transition objectives (European Commission, 2019; European Commis-
sion, 2020). An increasing number of projects target low and zero-energy renovations (e.g. 
Ferreira Silva et al., 2019; van der Grijp et al., 2019; Dartevelle et al., 2021). These pro-
jects aim at decreasing energy consumption and transitioning towards a gas-free economy, 
while at the same time providing more comfortable and healthy homes to the residents. 
However, to ensure the energy efficiency or energy neutrality in such homes, heating, ven-
tilation and air conditioning (HVAC) systems and their controls are becoming more com-
plex, less intuitive and in many cases, they contradict the old-fashion ways of controlling 
the indoor environment of buildings (Revell & Stanton, 2017; Tweed et al., 2015). There-
fore, occupants and their behaviour are taking even more importance in the design and 
performance of buildings (e.g. Bakaloglou & Charlier, 2021; Breadsell & Morrison, 2020; 
Glad et al., 2024; Sarran et al., 2023).

In the Netherlands, a large share of rental properties is owned by housing associations, 
which may facilitate energy neutral renovation but also come with specific challenges 
(Itard & Mejer, 2008). In rental housing, the (future) occupants of the dwellings are often 
not involved or well informed during the renovation process, and thus, their actual needs 
and preferences are not considered in the selection and design of the systems (Guerra-
Santin et al., 2021a, 2021b; Keyanfar et al., 2024; Ortiz et al., 2020; Sunikka-Blank et al., 
2018). Furthermore, for the calculation of the energy performance (and thus, also for the 
design of the buildings’ HVAC systems), an average household is considered and there-
fore, assumptions are made about the behaviour of the occupants (Cuerda et  al., 2020). 
Previous research has shown that these assumptions contribute greatly to the performance 
gap (Cuerda et  al., 2020; Majcen et  al., 2015). For this reason, numerous studies have 
been dedicated to understand the impact of occupants on buildings’ energy efficiency (e.g. 
Carpino et al., 2017; Palani et al., 2023). Consequently, within the construction industry, 
endeavours are made to render buildings more resistant to user influence (Boerstra et al., 
2015; Hellwig et al., 2020; Loengbudnark et al., 2023; van Beek et al., 2023, 2024). This 
may involve automation and reducing user control options, such as windows that cannot be 
opened or ventilation systems that are non-adjustable. Nevertheless, past experiences have 
demonstrated that reducing user control can, not only lead to increased user dissatisfaction, 
but can also adversely affect both energy efficiency and the indoor environment quality 
(Wolff, 2017).

In the same line of thought, there is a common understanding that there is a right way 
to use a building. For example, Hong et al. (2017) concluded that energy efficient homes 
can potentially have very low CO2 emissions and provide the right indoor environment 
to occupants if the buildings are used as designed. Similarly, Hauge et  al. (2011) con-
cluded that occupants’ complains may be a result of inappropriate use. Design specifica-
tions and instructions from installers and manufactures are usually considered to be the 
right way to operate a building (Spiekman et al., 2022). A large amount of research has 
thus been conducted in the field on changing energy-related behaviour (Abrahamse et al., 
2007; Erell et al., 2018; Gyberg & Palm, 2009; Palmer et al., 2012; Pothitou et al., 2016) as 
well as using feedback and information to steer towards the correct use of building systems 
(Chatzigeorgiou & Andreou, 2021; Hargreaves et  al., 2010; Jain et  al., 2012; Podgornik 
et al., 2016). However, as design assumptions seldom consider the (individual) needs and 
preferences of the occupants (Guerra-Santin et  al., 2021a, 2021b; Keyanfar et  al., 2024; 
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Ortiz et  al., 2020; Sunikka-Blank et  al., 2018), we often see occupants struggling to 
achieve comfort in their own homes (Peffer et al., 2011; Revell & Stanton, 2017; Tweed 
et al., 2015), even if they are operating the building correctly. This situation is aggravated 
in renovated dwellings, where occupants must deal with new systems, for example with a 
low temperature heating system (Revell & Stanton, 2017; Tweed et al., 2015).

As countries make substantial efforts towards the energy transition by tackling their 
existing building stock, more knowledge is needed on the effect of such renovations on the 
comfort and adapted behaviour of the occupants of the building, as well as on the effects of 
occupants’ behaviour on building performance. This knowledge can be used subsequently 
to improve renovation concepts in a way that can be both energy efficient and user-centric.

In this paper we study a zero-energy renovation social housing project in the Nether-
lands. The Dutch zero-on-the-meter approach (Nul-op-de-meter), is used by the industry 
and housing associations in the Netherlands. The approach is based on a balance between 
annual energy demand and generation, which is also in line with the Energy Performance 
of Building Directly. The annual balance is appropriate for temperate countries, otherwise 
the energy targets would be difficult to reach, given the large differences between sum-
mer and winter on energy production and demand. The general characteristics of the Dutch 
zero-on-the-meter approach are outlined in (Guerra-Santin et al., 2018).

With this investigation, we intend to determine and understand the effect of renovation 
solutions (such as low temperature heating, high insulation, and heat-recovery ventilation) 
on occupants’ behaviour. Furthermore, we investigate how their behaviour and use of sys-
tems might affect the occupants’ comfort, the indoor environmental quality of the building, 
which consequently will also influence the energy performance of the building. Thus, the 
research is divided in three phases: 1) what are the occupants’ behaviours in the renovation 
project? 2) what are the causes for such behaviour?, and 3) what are the consequences of 
the behaviour for building performance?

The paper is organised as follows: Sect. 2 discusses the state of the art of recently reno-
vated homes. Section 3 presents the methodology of the study. Section 4 focuses on the 
results, showing the results per household, since we do not intend to compare occupants’ 
behaviour or the performance of the dwellings. Three sections are shown per household: 
indoor environmental quality and occupants’ behaviour, drivers for behaviour, and occu-
pants satisfaction with the renovation. Furthermore, the four households are then character-
ised into different profiles. Sections 5 and 6 deal with discussion and conclusions, focusing 
on recommendations for practitioners and target groups.

2 � State of the art

In the available literature on the actual performance in energy efficient homes (from energy 
label B to zero-net performance), the most common renovation measures were prefab 
façade and roof elements, extra insulation in roofs, ground floor, and walls, high perfor-
mance glazing, and photovoltaics, while some projects also included heat-recovery venti-
lation systems, heat pumps and low temperature heating systems (e.g. De Jong & Borger, 
2018; De Jong, 2019; Ferreira Silva et al., 2019; van der Grijp et al., 2020; Dartevelle et al., 
2021; Guerra-Santin et  al., 2021a, 2021b). In most of the available literature, two main 
trends are seen to investigate the performance of low energy buildings. In the first trend, 
mostly seen in Dutch industry reports (i.e. grey literature) the actual indoor environmental 
quality (IEQ) (such as temperature, CO2 concentration, noise levels, presence of draughts, 
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etc.), was often not measured. Instead, the focus was on occupants’ satisfaction and their 
opinions on the IEQ of the buildings. Given the strict rules for social housing renovation 
in the Netherlands (70% of the residents most agree with the renovation), it is not strange 
to see this focus. Thus, in these reports, there is a lack of investigation on the relationship 
between residents’ subjective answers (i.e. satisfaction with the renovation, thermal com-
fort), and the actual performance of homes (indoor parameters, energy use). Satisfaction in 
residential buildings has been usually studied in relation to physical comfort (temperature, 
light, indoor climate, noise) (Xu et al., 2023), although other contextual attributes can also 
be studied, such as the characteristics of the neighbourhood (Wegener & Schmidt, 2024).

On the other hand, in the scientific international literature, we see more examples of 
studies in which both, building performance and occupants’ behaviour are studied. How-
ever, in these studies there is a lack of consideration of social and individual practices that 
affect behaviour, as well as the specific circumstances of the occupants (Breadsell & Mor-
rison, 2020; Guerra-Santin et  al., 2024; Keyanfar et  al., 2024). These contextual factors 
are important because they will affect the interaction of the occupants with the building’s 
technology. In the following sections, we focus on these two main focuses on building 
renovation.

2.1 � Thermal comfort, air quality and acoustic quality in renovated homes

A direct, sought after, consequence of low energy and energy neutral projects is the 
improvement of indoor environmental quality. These homes are provided with an improved 
(airtight) building envelope that decreases the energy demand for heating and cooling. 
However, more airtight envelopes can also contribute to poor indoor air quality if the cor-
rect ventilation system is not provided, or if it is misused, not properly commissioned or 
maintained (Ortiz et al., 2020). According to Ortiz et al. (2020) these conditions can affect 
the health and comfort of occupants, for example build-up of pollutants, and overheating, 
mould growth, lack of control, thermal comfort stress, and noise produced by heating and 
ventilation systems. For example, in a few studies, where renovation measures were only 
related to an upgraded building envelope and addition of PV panels (thus, not with a new 
ventilation system), reported that a percentage of residents were less satisfied with indoor 
comfort (Borsboom et  al., 2016; Jacobs et  al., 2015), both in terms of thermal environ-
ment (including air dryness) and air quality (Jacobs et al., 2015). Heat recovery ventila-
tion in very airtight buildings can, if used correctly, provide the needed about of fresh air. 
However, it has been seen that residents still feel the need to open windows for fresh air 
(Gram-Hanssen, 2010; Hauge, 2013; Rudge, 2012), even when the indoor air quality is 
satisfactory.

Furthermore, in building envelope renovations, overheating seems to be a common 
problem, especially in bedrooms. Previous studies show that from 10 to 44% of the resi-
dents complain about overheating (De Jong & Borger, 2018; Jacobs et al., 2015). Active 
cooling and an air heat pump can help to reduce overheating complaints (De Jong, 2019; 
Jacobs et al., 2015), but not all low energy and neutral homes are provided with them. In 
this regard, the role of the specific occupants’ preferences for thermal comfort is usually 
neglected. Previous research has shown that thermal comfort differs according to gender, 
age, background and health condition (Glad et  al., 2024; Hagejärd et  al., 2021; Hansen 
et al., 2019; Ortiz et al., 2020).

According to Bonnefoy et al (2003), based on data collected from over 600 residents in 
259 dwellings, noise annoyance is one of the most common problems affecting occupants’ 



A study on occupants’ behaviour, satisfaction, and experiences…

health and well-being. The found statistically significant evidence of the links between self-
perceived health status and perception of noise problems. Noise from traffic and other outdoor 
activities are usual sources of dissatisfaction in older less-insulated dwellings, while in reno-
vated homes, residents experience less noise from outside (Jacobs et al., 2015), but more noise 
from neighbours (De Jong, 2019), and from the ventilation system and heat pumps (Borsboom 
et al., 2016; De Jong, 2019). Noise from heat recovery ventilation systems has been a known 
source of acoustic discomfort among residents of new and renovated dwellings for more than 
a decade. Consequently, residents are more likely to set the ventilation system on the lowest 
level or have it totally off (Jacobs et al., 2015; Ortiz & Bluyssen, 2022; Santin, 2011), increas-
ing the risk of poor air quality and moisture problems.

2.2 � Ease of use, control and understanding

Improving the energy performance and indoor environmental quality require the installation 
of new HVAC systems, new building interfaces, and building elements. Therefore, users have 
to get used to interact in a different way with the building and its systems. In many cases, they 
do not understand how the systems work, especially if they were not involved in the design 
process or not enough information was provided about the new installations (Sunikka-Blank 
et al., 2018). For example, changes towards low temperature heating systems poses a change 
on how people interact with the system to obtain the desired indoor temperature, since systems 
react slower to thermostat settings. In building with such systems, users complain about the 
slow responsiveness of the system (Borsboom et al., 2016), or their lack of control to adjust 
the temperature (De Jong, 2019). Previous studies have concluded that perceived control influ-
ences users’ satisfaction (Hagejärd et al., 2021; Henning, 2020).

Interfaces can also be challenging for some users, since the feedback they provide to the 
users is not always intuitive, and there seems to be a lack of awareness of the need for a proper 
induction to the residents (Glad et al., 2024). In the same example as above, residents in homes 
with low temperature systems often complain of the lack of radiant heat, that apart from pro-
viding thermal comfort, is a way in which people determine whether the heating is working 
(De Jong, 2019; Jacobs et al., 2015).

In renovated projects, it is often found that information related to the functioning and use of 
the all-electric systems is too complex for residents (Borsboom et al., 2016; De Jong, 2019), or 
not properly developed for the target group (Brunsgaard et al., 2012). Residents ignore or are 
overwhelmed by the much too complex information, which leads to misuse and causes com-
plaints. Lack of understanding on how heat recovery ventilation systems work has been also 
reported in previous studies (De Jong, 2019; Jacobs et al., 2015). In other instances, residents 
have reported to operate the systems in a different manner than expected due to a misalign-
ment between their needs and preferences, and the conditions to operate the system. For exam-
ple, Brunsgaard et al. (2012) reported occupants prioritising safety and convenience over the 
instructions given to provide night-ventilation to avoid overheating.

3 � Methodology

3.1 � The case study

The case study consists of a zero-on-the-meter social housing renovated project in the 
Netherlands. The building is located in a community (< 10,000 inhabitants) part of the 
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metropolitan area of Rotterdam and The Hague. The Netherlands has a moderate oce-
anic climate, with mild winters and cool summers. Precipitation is common during the 
year. Winters’ mean temperatures oscillate around 3 °C and summer mean temperatures 
oscillate around 17  °C. The building studied is a porch apartment building from the 
years 1950s renovated in the period 2017–2018. There are 12 apartments in the build-
ing. Each unit has a living area of around 50 m2, and consist of a living room, kitchen, 
two bedrooms, toilet, and separate shower with access from the kitchen (see Fig. 1 floor 
plan).The renovation consisted of a façade renovation with insulation and prefabricated 
elements, new double-glazing windows, renovated balconies (separated from the main 
body of the building to decrease thermal bridges), heat recovery ventilation system, all-
electric low temperature ground source heat pump system (shared among three units) 
for heating, cooling, and domestic hot water with a buffer tank (per unit), and solar 
photovoltaic panels. Showers, toilets, and kitchens were also renovated, but the new 
kitchens did not include an extraction hood. The renovation included new building-user 
interfaces:

•	 The old high temperature heating system with radiators was upgraded to a low temper-
ature system with convectors. The convectors have a ‘boost’ function providing warm/
cool air at a higher speed, for when the residents want to heat or cool the spaces faster. 
The convectors cannot be shut down or turned lower or higher by the residents.

•	 The old thermostat was replaced with a manual thermostat that can be adjusted from 18 
to 24 °C.

Fig. 1   Floor plan and sensors’ 
locations (K = Temperature, 
RH; TS = temperature sensor in 
convector; CO2 = CO2 sensor)
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•	 The heat recovery ventilation system includes outlets in kitchen, shower and toilet and 
inlets in the living room and bedrooms. The control panel allows the resident to select 
one in four modes: low setting, normal setting, high setting, and boost setting with a 
timer of 10, 20, or 30 min.

•	 The domestic hot water system includes a boost function for extra hot water. This is 
located in an installation closet in the balcony.

3.2 � Data collection

For the study, four apartments were monitored in detail, based on the willingness of the 
residents to participate in the study. The study was designed to obtain rich and in-depth 
information about the occupants and their behaviour. The thus, given the need for engage-
ment of the residents in the intensive data gathering for the study, it was important to be 
welcomed into the residents’ homes to carry out the study.

The monitoring schedules were based on the availability of the households, and thus 
data collection was not carried out in the same period. The subject of the study was not to 
compare the behaviour of the households, or their energy consumption, which are depend-
ent on weather conditions, household composition, building orientation and more. Rather, 
it was to identify underlying reasons for behaviour, and for this it is advantageous that the 
data are diverse.

The monitoring campaign consisted of quantitative and qualitative data collection meth-
ods. A set of sensors was installed in each apartment and removed after at least three weeks 
of data collection. The set included sensors for room temperature, relative humidity (RH) 
and CO2 that were placed in the living room, both bedrooms, kitchen, bathroom, and hall-
way (only in the 3rd and the 4th household). A surface temperature sensor was located on 
each convector to determine whether they were on or off. Table 1 shows the sensors speci-
fications. Sensors’ locations are shown in Fig. 1.

The following Table 2 shows the monitoring dates and the composition of the house-
holds. All apartments have the same orientation, with the living room facing south and the 
kitchens facing north.

Households 1, 2 and 3 lived in the same apartments before the renovation, while 
household 4 moved only after the renovation from her parents’ home. The residents were 
not relocated during the renovation. Table  1 shows that the household characteristics of 
the occupants of the apartments are different and could be considered to belong to dif-
ferent user profiles. Standards to evaluate indoor environment do not make distinctions 
among their needs, thus we assess the building performance in the same way for all the 
households.

Table 1   Sensors’ specifications Type Measurement range Typical accuracy

Temperature -40 °C to + 85 °C  ± 0.2 °C at + 5 °C to + 60 °C
 ± 0.5 °C at − 20 °C to + 85 °C

Humidity 0 – 100%RH  + /2%RH at 20–80%RH
 + /3%RH at 10–90%RH
 + /3.5%RH at 0–100%RH

CO2 0–5000 ppm  ± (50 ppm + 3%) after calibration
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Qualitative data collection consisted of: 1) a questionnaire about habits in a normal 
weekday and a weekend, e.g. presence in each room, setting of heating and ventilation sys-
tem, frequency of taking showers; 2) residents’ diaries for a maximum of two weeks focus-
ing on opening windows and doors, as well as operating convectors and changes on the 
ventilation setting and thermostat; 3) a reflection booklet regarding their comfort prefer-
ences at a few moments chosen by themselves; 4) one walkthrough interview per house-
hold focused on the systems’ use, knowledge about the systems, maintenance of the ven-
tilation system (cleaning valves and filters), and the reasons for their behaviour; and 5) a 
phone call with questions related to satisfaction and environmental attitudes.

There were three contact moments with the residents. In the first session the sensors 
were installed, and the residents were given a diary and a reflection booklet to fill in. In 
this session, the residents were explained the purpose of the research and their data rights. 
At the end of the session, they were asked to sign the consent form. Two weeks after, the 
walkthrough interview was carried out. Last, the phone call interview was carried out 
to limit the face-to-face contact with the residents. The sensors were picked up after the 
phone call at the most convenient time for the residents.

The project plan was reviewed and approved by the ethical boards of the Eindhoven and 
Delft Universities of Technology, ensuring the rights of the participants, and the privacy 
of the data analysis, handling, and storage. All participants signed consent forms were the 
purpose of the study, as well as their data rights were explicitly explained.

3.3 � Analysis methods

A mixed methods methodology was used in this research, based on Guerra-Santin et  al. 
(2016). Figure  1 shows the research framework. Qualitative data is intended to comple-
ment quantitative data to enlighten the reasons for the users to use in determined manner 
the systems or the different elements of their homes. To answer RQ1- What are the behav-
iours followed by occupants in the renovated homes? (left of the Fig. 1), the self-reported 
data obtained from the diaries completed by the occupants regarding user-building interac-
tion (opening doors and windows and use of HVAC system) has been aggregated through 
visual representation with the quantitative data from the monitoring period (indoor tem-
perature, relative humidity and CO2 concentration) and temperature measured at the nearby 
weather station. The interactions with the building were chosen based on findings from 
previous studies, where they were found to be statistically correlated to energy consump-
tion and indoor comfort (Guerra-Santin & Silvester, 2017; Van den Brom, 2020; Guerra-
Santin et  al., 2017). Descriptive statistics and visual methods were used to assess the 
indoor environmental quality of the apartments, based on current regulations and standards 
(ASHRAE, 2020) shown in Table 3. This step was important to determine whether dis-
comfort is a consequence of poor indoor climate, or personal preferences.

To develop the figures, a week data was selected per apartment, based on the availabil-
ity of self-reporting data (diaries). Indoor temperatures, relative humidity, CO2 concentra-
tion obtained from the sensors were plotted next to the external temperature from a nearby 
weather station, and the surface temperature of the convectors measured with individual 
sensors. Self-reporting data on building operation (opening of windows and doors, HVAC 
operation) obtained from the diaries were manually added to the figures. A figure was cre-
ated per room, although only relevant figures are shown for briefness.

To answer RQ2—What are the causes for the behaviour (right side of Fig. 2), we used 
the information obtained from the four walkthrough interviews, where the residents were 
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asked specifically about their use of the system and asked to describe two moments in their 
daily lives: a moment in the morning and a moment in the evening. The interviews were 
analysed to determine the reasons for the occupants to use the systems and elements on 
the way they do. Based on previous research (Guerra-Santin et al., 2024), we considered: 
1) habits based on common knowledge or pre-renovation use of home, 2) needs related to 
their current daily activities, 3) information and understanding of the systems, 4) ther-
mal comfort and fresh air preferences, and 5) other drivers such as background, (health) 
condition and attitudes towards the environment. This information was used to determine 
the causes for the measured and reported behaviour.

Last, to answer RQ3—What are the consequences for building performance (bottom of 
Fig. 2), we looked into how the behaviour and the reasons for behaviour reported in RQ1 
and RQ2 affected the IEQ of the apartments. A summary of these consequences is pro-
vided per studied dwelling. The results from RQ2 and RQ3 are presented in narrative from 
and summarised per household in tables.

3.4 � Users’ profiles

Current occupants’ behaviour research is being endeavour to the development of occu-
pants’ profiles (e.g. Braulio-Gonzalo et  al., 2021; Ortiz & Bluyssen, 2022; Ortiz et  al., 
2022). Developing occupants’ profiles is not within the purposes of this research, since 
we aim to create deeper understanding on the effect of building renovation on occupants’ 
behaviour and satisfaction. However, in order to provide recommendations to improve the 
performance of renovated buildings, the characteristics and needs of the users should be 
considered when discussing the lessons learned. Therefore, the resulting behaviours and 
occupants’ needs and characteristics are presented in relation to occupants’ profiles.

Occupants’ or users’ profiles have different uses and are generated in different ways. 
Occupants’ profiles are often generated from energy data, indoor parameters sensors, 
and time-use surveys. The intention of these types of profiles are to be used as input in 
building simulation programs and tend to focus on obtaining occupancy profiles (when 

Fig. 2   Research framework
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people are at home), electricity profiles (when people consume electricity), window 
opening profiles (when people open windows) and so on.

Another type of occupants’ or users’ profiles, also called archetypes are developed 
with the objective of differentiating between different types of households (sometimes 
also office workers) by taking into account their characteristics and drivers for behav-
iour. The profiles we consider for this research are more in line with the archetype style 
and take into account household characteristics (such as age, gender and household 
composition), as well as background and preferences.

4 � Results

In this section, the results are shown per monitored apartment. Table 4 shows the sta-
tistics for each room and apartment. First, a quantitative analysis of the indoor condi-
tions in the apartments are presented. In this analysis, the quantitative data is further 
explained with the self-reported behaviour of the occupants in the diaries and question-
naires. Afterwards, the behaviour reported by the occupants during the walkthrough 
interviews are presented for the different systems in the home. A summary per house-
hold is presented explaining the consequences of the behaviour on building perfor-
mance. Last, the resulting occupants’ profiles are presented and discussed.

Table 4   Descriptive statistics of monitored rooms

Temperature (oC) RH (%) CO2 (ppm) Convector (oC)

HH3 Kitchen 21.8 (0.8) 50.4 (7.4) 1339 (351) 23.3 (1.3)
Bedroom1 22.2 (0.5) 48 (5.0) 1658 (567) 23.3 (2.5)
Bedroom2 21.4 (0.7) 47.5 (6.8) 1095 (308) 21.3 (1.5)
Living room 21.9 (0.9) 47.2 (6.1) 1343 (410) 22.4 (1.9)
outdoor 7.9 (4.1) – – –

HH2 Kitchen 20.7 (1.2) 42.6 (4.3) 612 (146) 19 (2.3)
Bedroom1 22.9 (1.4) 39.2 (2.9) 712 (301) 19.3 (1.0)
Bedroom2 23.8 (1.2) 39.5 (2.3) 600 (163) 18.9 (1.0)
Living room 19.5 (1.5) 45.3 (4.6) 489 (79) 18.5 (1.5)
outdoor 9.7 (4.4) – – –

HH1 Kitchen 21.1 (0.5) 40.7 (4.7) 636 (187) 22.1 (0.8)
Bedroom1 20.6 (0.4) 42.9 (5.8) 865 (291) 22.7 (1.4)
Bedroom2 20 (0.4) 44.2 (4.7) 649 (208) 21.7 (1.3)
Living room 20.2 (0.4) 45.3 (4.7) 655 (219) 21.4 (1.0)
outdoor 6.0(3.2) – – –

HH4 Kitchen 22.4 (1.5) 47.6 (6.3) 648 (166) 22.0 (1.4)
Bedroom1 22.7 (1.5) 49.0 (5.2) 806 (557) 21.5 (1.6)
Bedroom2 22.5 (1.6) 46.7 (5.3) 524 (262) –
Living room 22.5 (1.5) 47.5 (6.8) 569 (184) 20.6 (2.2)
outdoor 16.3 (5.0)
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4.1 � Single middle‑aged woman (hh1)

This apartment was monitored during a cold period (December 2020 – January 2021) 
when temperatures decreased to close to zero.

4.1.1 � HH1 Indoor environmental quality and building operation.

The occupants’ behaviour studied was related to the use of the heating and ventilation 
systems, and the opening of doors and windows. The resident of this apartment filled in 
the diaries for the use of ventilation system, window opening in the bedroom, and back-
yard door opening in the living room.

Figure  3 presents the indoor conditions (temperature, RH, CO2 level) and outdoor 
temperature for a selected week in the living room, main bedroom, and kitchen. The 
second bedroom is usually noy used by the resident. According to the diary, the resident 
only opens the door of the backyard during the winter to let the cats in an out, thus she 
closes the door immediately. Figure 3c shows that opening the door (green dotted lines) 
for such a short time does not affect neither the indoor temperature, nor the CO2 level. 
The Fig. 3b shows the instances in which the resident opened the window at night in the 
bedroom (see 19 December). A sharp decrease on CO2 when the windows are opened, 
followed by an increase when it is closed is observed. Although the moment when the 
ventilation is turned higher coincides with the decrease on CO₂ level, this is actually 
the consequence of the resident leaving the bedroom in the morning and turning on the 
ventilation higher during showering. Figure 3c further confirms that the resident always 
uses the boost setting on the ventilation during showering times in the morning, which 
coincides with peaks on RH (due to the showering) and CO2 (due to the presence) in the 
kitchen. Furthermore, the figure shows a very steady temperature in all rooms (around 
20 °C). The analysis shows that the apartment is within an acceptable temperature range 
(19 to 22 °C). The monitoring period covered a period with exterior temperatures fluc-
tuating between 5 and 12 °C.

Figure 3 also shows the CO2 concentration in the rooms. Higher levels are seen in the 
living room in the evening when the resident is at home, in comparison to nights and after-
noons. However, the CO2 in the living room is always well below 1000 ppm. In the bed-
room, much higher levels are seen in the night, which can reach up to 1500 ppm. This is 
caused by the resident closing the bedroom door at night and by the low ventilation setting 
throughout the day (except boost mode during showering, cooking, or cleaning). According 
to the standards, the CO2 concentration in this home is outside the recommended ranges 
(< 750 ppm for exceptional buildings, and < 900 ppm for renovated building).

4.1.2 � HH1 Reasons for behaviour

The resident keeps the ventilation system on position 1 most of the day, both in winter and 
in summer, because of the flow-generated noise of the ventilation system. She knows that it 
should be set at 2, so she makes a deliberate choice because she thinks that the noise may 
be bothering her cats. However, she is herself bothered by the sound at night. As instructed 
by the system supplier, she switches the boost option (position 3) with a timer of 10 min 
while she takes a shower every morning, and while cooking if there is a lot of steam. She 
never visits the ventilation box outside the apartment because she does not feel comfortable 
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with its technical appearance. She does not feel well informed regarding how to clean the 
filters and the ventilation valves.

The resident controls the heating system manually through the thermostat. She sets the 
thermostat at 20–21 °C as suggested by the supplier. The resident is very energy conscious 
and likes to keep the temperature low (20–21 °C), both for her own physical preference 
and because she wants to save energy (mostly for environmental reasons). She experiences 

Fig. 3   a Household 1 (14–20 December) Indoor Temperature, CO2 and RH, and external temperature for 
full week, showing occupants’ interaction with systems—Living room. b Household 1 (14–20 December) 
Indoor Temperature, CO2 and RH, and external temperature for full week, showing occupants’ interaction 
with systems—Bedroom. c Household 1 (14–20 December) Indoor Temperature, CO2 and RH, and external 
temperature for full week, showing occupants’ interaction with systems—Kitchen
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the bedroom as nearly always too warm, especially during her sleep. She is dissatisfied 
with the inability to regulate this to a lower temperature. For this reason, the resident pur-
posefully uses windows to regulate the temperature. Furthermore, she perceives the heat-
ing system as very slow, so she does not adjust the thermostat and keeps windows closed. 
She reported to not use the convectors to provide a higher temperature. At the beginning, 
she tried the speed-up function but could not feel any difference. To increase her comfort, 
she adapts her clothing. She is also dissatisfied with the inability of the heating system to 
temporarily provide a higher temperature when she minds her grandchildren once a week.

4.1.3 � HH1 occupant’s satisfaction

The resident reported to be very satisfied with her renovated home. She finds the tempera-
ture and air quality during the day very comfortable, and she has not experienced mould or 
moisture problems, which were very common before the renovation. Furthermore, she is 
also satisfied with the sound level in her place, no suffering herself from too much noise, 
but she worries about her cats.

The resident suffers regularly from headaches when she wakes up. She attributes this to 
the high temperature in her bedroom, but she does not know if it is true. She also reported 
to not very satisfied with the interaction with her home and the control over the tempera-
ture and the indoor climate.

Table  5 summarised the behaviour of the resident for the different systems and user-
interface, the reason for the behaviour and the (possible) consequences for the indoor envi-
ronmental quality (IEQ) and energy performance of the dwelling.

4.2 � Single young man (hh2)

The measured period was from 19/02/2021 to 28/02/2021 when outside temperature was 
very warm for this period of the year (daily maximum temperature was around 20  °C). 
Thus, the behaviour of this household reflects more closely the transition towards warmer 
outdoor temperatures (i.e., winter to spring).

4.2.1 � HH2 Indoor environmental quality and behaviour

Figure  4 shows the indoor temperature, CO2 and RH, and external temperature for full 
week Friday to Thursday) and showing occupants’ interaction with systems. The tem-
perature fluctuates a lot in the rooms. The living room (Fig. 4a) and the kitchen (Fig. 4c) 
had a median temperature of around 20 °C, but it decreased to 17 °C during nights and 
mornings. The temperature seems to be higher in the midday, at the time that the resident 
works out. The temperature of the main bedroom (Fig. 4b) seems quite warm, the median 
being around 23 °C, but the resident reported to have covered the sensor with clothing. The 
actual room temperature is shown by the sensor located in the convector, which is closed 
to the temperature recorded in the living room. The temperature fluctuations are caused by 
the frequent use of windows to ventilate, and due to the low temperature setting in the ther-
mostat (the heating system is not providing heat in this period). According to the diary, the 
resident opens the windows in the living room and the balcony door in the kitchen at least 
2 or 3 times per day (see yellow arrows), around midday and in the evening, when he works 
out and cooks. Temperature decreases are seen in the living room in the morning and in the 
afternoon-evening, which coincide with some of the data gathered in the diaries, However, 



	 O. Guerra‑Santin et al.

Ta
bl

e 
5  

S
um

m
ar

y 
of

 h
ou

se
ho

ld
 b

eh
av

io
ur

, r
ea

so
n 

fo
r b

eh
av

io
ur

 a
nd

 p
os

si
bl

e 
co

ns
eq

ue
nc

es
 o

n 
pe

rfo
rm

an
ce

H
ea

tin
g

Ve
nt

ila
tio

n
W

in
do

w
s a

nd
 d

oo
rs

C
on

tro
l

B
eh

av
io

ur
20

–2
1 

°C
N

o 
in

te
ra

ct
io

n 
w

ith
 c

on
ve

ct
or

s
A

dj
us

tm
en

t o
f c

lo
th

in
g

Lo
w

es
t s

ta
nd

 (1
)

B
oo

st 
or

 h
ig

he
r l

ev
el

 w
he

n 
co

ok
in

g 
or

 sh
ow

er
in

g

W
in

do
w

 o
pe

n 
in

 w
in

te
r i

n 
be

d-
ro

om
. B

ed
ro

om
 d

oo
r c

lo
se

d
D

is
sa

tis
fie

d 
w

ith
 sy

ste
m

 c
on

tro
l 

an
d 

sp
ee

d:
 n

ot
 a

bl
e 

to
 h

ea
t o

r c
oo

l 
ro

om
s i

f n
ee

de
d

Re
as

on
En

vi
ro

nm
en

ta
lly

 aw
ar

e
W

as
 in

str
uc

te
d 

to
 k

ee
p 

it 
on

 th
is

 
ra

ng
e 

af
te

r t
he

 re
no

va
tio

n

Sy
ste

m
 to

o 
no

is
y 

fo
r c

at
s, 

an
d 

sh
e 

ca
n 

he
ar

 it
 a

t n
ig

ht
Pr

ef
er

s l
ow

er
 te

m
pe

ra
tu

re
 in

 th
e 

be
dr

oo
m

Fo
r f

re
sh

 a
ir

Sh
e 

pr
ef

er
s t

o 
sl

ee
p 

in
 c

oo
le

r r
oo

m
. 

G
ra

nd
ch

ild
re

n 
vi

si
t a

nd
 sh

e 
w

ou
ld

 
lik

e 
liv

in
g 

ro
om

 to
 b

e 
w

ar
m

er
C

on
se

qu
en

ce
s f

or
 IE

Q
 

an
d 

en
er

gy
 p

er
fo

r-
m

an
ce

B
ed

ro
om

 is
 to

o 
w

ar
m

 fo
r s

le
ep

in
g

CO
2 c

on
ce

nt
ra

tio
n 

in
 th

e 
be

dr
oo

m
 

is
 h

ig
he

r t
ha

n 
re

co
m

m
en

de
d

Lo
w

er
 e

ne
rg

y 
us

e 
fo

r v
en

til
at

io
n 

du
e 

to
 lo

w
 se

tti
ng

In
fr

eq
ue

nt
 c

le
an

in
g 

m
ig

ht
 in

cr
ea

se
 

en
er

gy
 u

se

O
pe

ni
ng

 w
in

do
w

 fo
r c

oo
lin

g 
th

e 
be

dr
oo

m
 im

pr
ov

es
 IA

Q
Th

e 
he

at
in

g 
co

ns
um

pt
io

n 
m

ig
ht

 
in

cr
ea

se

Sh
e 

ha
s t

rie
d 

to
 u

se
 a

n 
ex

tra
 h

ea
tin

g 
sy

ste
m

. T
hi

s c
ou

ld
 in

cr
ea

se
 e

ne
rg

y 
us

e



A study on occupants’ behaviour, satisfaction, and experiences…

we can see some instances in which the temperature decreases without a report on opening 
the window or door. This is however probably due to missing data in the diary.

Figure 4 also shows that the CO2 concentration in the apartment is maintained most of 
the time, under 800 ppm, close to the recommendations for indoor air quality (see Table 2). 
The CO2 levels are generally low in all rooms given the frequent opening of windows and 

Fig. 4   a Household 2 (20–26 February) Indoor Temperature, CO2 and RH, and external temperature for 
full week, showing occupants’ interaction with systems—Living room. b Household 2 (20–26 February) 
Indoor Temperature, CO2 and RH, and external temperature for full week, showing occupants’ interaction 
with systems—Bedroom. c Household 2 (20–26 February) Indoor Temperature, CO2 and RH, and external 
temperature for full week, showing occupants’ interaction with systems—Kitchen
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the adequate use of the ventilation system. In the main bedroom there were some periods 
when the CO2 level was higher than 1200 ppm but not very often.

4.2.2 � HH2 reasons for behaviour

The resident keeps the ventilation system in position 2 (default setting by supplier). During 
and after showering, he sometimes switches the ventilation system to position 3 for about 
half an hour as suggested by the supplier, but he also opens the window in the living room 
at the same time. Before the renovation, he opened the door to the balcony during shower-
ing and often when he woke up at night.

During cooking time, he always opens the door to the balcony for half an hour. He opens 
windows to ensure grease goes outside directly, since he thinks that the extraction valve in 
the kitchen gets greasy from time to time (he cleans it regularly) and prefers to open the 
balcony door because he does not believe that the system can remove all cooking residue 
(grease). While cleaning/vacuuming, he always opens the window and closes it after the 
cleaning is done. He believes that by opening the window, the dust goes away faster. The 
resident is allergic to dust and says that the house is dusty every day, so he opens the win-
dow to get rid of dust faster. Due to the allergies, he has the habit to open the balcony door 
when wakes up at night. Furthermore, the resident works out at home every day. During 
workout, he gets warm and feels the air getting stuffy, so he keeps the window(s) and the 
balcony door widely open during these activities.

The resident states that he cleans the filter of the ventilation system every quarter and 
the ventilation valves from time to time. Sometimes he cannot hear the noise from the ven-
tilation system, especially in the living room and the sleeping room, so he then thinks the 
ventilation system is not working (properly).

The resident controls the heating system manually through the thermostat. He generally 
sets the thermostat at 18 °C to save energy. If he feels cold, he turns it to 19 °C. He puts on 
socks when he feels the floor is too cold and so he does not have to turn up the heating. He 
never adjusts the convectors, including the speed-up function because he has noticed that 
he cannot control the room temperature through the convectors.

4.2.3 � HH2 occupant’s satisfaction

The resident is generally satisfied with the performance of his home. The resident reported 
that the temperature in winter is generally comfortable, while during the hottest days in 
summer, the apartment did not overheat too much. He had a maximum of 29  °C while 
other houses in town (and his house before the renovation) were at 34 °C. There are also no 
problems with mould or moisture.

However, the air quality is an issue of some sort of dissatisfaction. He feels that the air 
is always too dry, especially during nights. Some people who visited his place also had the 
same complaint. In addition, he reports that the place gets dust on surfaces very easily. He 
cleaned in the morning and there would already be a thin layer of dust around noon.

The resident is also not satisfied regarding the control of the systems (score 6 out of 
10) because the use of the convector’s control panel is not clear for him. Sometimes when 
he presses the speed-up button, there is no indication light or the lights are blinking, so 
he thinks the control panel is broken. Another point regarding the control is that he can-
not manually change the heating/cooling mode by himself. Furthermore, it is not clear for 
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him whether the ventilation system works properly, and he lacks feedback from the system 
regarding the current setting.

Table  6 summarised the behaviour of the resident for the different systems and user-
interface, the reason for the behaviour and the (possible) consequences for the indoor envi-
ronmental quality (IEQ) and energy performance of the dwelling.

4.3 � Two‑parents household with two children (hh3)

The apartment of household 3 was monitored from March 12 to April 15. During this 
period, the minimum external temperature varied from -1 to 8 degrees, while the maximum 
outdoor temperature varied from 7 to 23 degrees. The warmest period was from March 
29 to April 1st, with a minimum external temperature of 2 to 8 degrees and a maximum 
outdoor temperature of 18 to 23 degrees. Thus, the behaviour of this household reflects the 
transition towards warmer outdoor temperatures (i.e., winter to spring).

4.3.1 � HH3 Indoor environmental quality

Figures  5 and 6 show the indoor conditions and external temperature for two selected 
weeks with different outdoor temperatures. These weeks were selected to determine differ-
ences in indoor parameters ad behaviour in a colder and warmer week. The figures show 
that the living room and bedroom temperature is constantly at around 22 °C (although the 
residents reported to set the thermostat to 24 °C, the maximum allowed by the display). 
The room temperature in the living room peaks few times during the day (red circles in 
figure), except for the two warmer days in week 3 (29th March to 4th April) when external 
temperature exceeded 22 °C. This is an indication of the residents using the extra electric 
heater. The analysis shows that the apartment tends to be most of the time in the 20 to 23 
degrees range. The apartment reaches 24 °C only 7% of the time. This would indicate that 
a room temperature of 24 °C cannot be achieved only with the use of the heating system.

Higher than recommended levels of CO2 were observed in all rooms, indicating a low 
ventilation rate (blue line in Figs. 5 and 6). The high CO2 levels are also caused by the high 
occupancy of the apartment (2 adults and 2 children). CO2 levels usually exceed 2000 pm 
in the living room during the evenings, and 2500 ppm in the bedroom during the night.

4.3.2 � HH3 occupants’ behaviour and control

The residents did not fill in the diaries, however, based on the interview, it has been deter-
mined that they seldom interact with the systems (they only use the boost option of the 
ventilation). They also reported to only open windows during the weekend whilst cleaning.

The residents keep the ventilation system in position 1 and switch the system to the 
boost position (position 3) with the timer for 10 min during showering, cooking, and smok-
ing (a water pipe). The residents are bothered by the noise produced by the ventilation sys-
tem; therefore, they keep it at the lowest setting. They reported the noise to be unpleasantly 
audible when they sleep. They mostly rely on natural ventilation.

The resident identifies whether the system is working by setting the ventilation to boost 
every morning to shower and when cooking. If it does not become louder, the resident 
identifies that the system is broken. The mother is aware that the ventilation valves need 
to be cleaned, but she was not aware that the ventilation filters needed to be cleaned too. 
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In any case, she would not do it because it is in the installation box outside the house, to 
which only her husband has access.

The residents control the heating system manually through the thermostat, which is set 
on 24 °C (maximum temperature setting of the thermostat). The mother sets the thermostat 
to the maximum since she always feels too cold, and she worries that the children feel cold 
too. However, even when they keep the system on a high setting, she does not feel warm 
enough after getting up and after showering, thus they have two electric heaters that they 
use several times during the day. She also turns the extra heating on before going to bed. 
Each time she turns them on for 15 min. They do not use the controls in the convectors, 
since they think the convectors are broken. Due to the temperature not being reached (the 
system only reaches 22.5 °C in winter), the resident has concluded that the system does not 
work properly.

4.3.3 � HH3 occupants’ satisfaction

The mother is not satisfied with her apartment in general (4 out of 7). She complains 
about their thermal comfort and lack of space, especially regarding the bedroom for 
their two children and the kitchen. The main complaint regarding the performance of 

Fig. 5   a Household 3 (13–19 March) Indoor Temperature, CO2 and RH, and external temperature for full 
week, showing occupants’ interaction with systems. Week 1—Living room. b Household 3 (13–19 March) 
Indoor Temperature, CO2 and RH, and external temperature for full week, showing occupants’ interaction 
with systems. Week 1—Bedroom
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their home is that the heating is not enough for them. They always feel very cold. On 
the other hand, the residents are satisfied with the air quality. For them, the air is fresh 
enough. They also do not have complains about draught. However, they experience 
high humidity after showering. The resident also complains about too much dust in 
their home.

Table 7 summarised the behaviour of the resident for the different systems and user-
interface, the reason for the behaviour and the (possible) consequences for the indoor 
environmental quality (IEQ) and energy performance of the dwelling.

4.4 � Single young woman (hh4)

The monitoring period of this dwelling was from May 27th to June 8th, 2021. The daily 
minimum temperature varied from 5 to 16 °C, and the maximum from 14 to 26 °C. The 
warmest days were June 1st to June 4th (maximum temperature above 25  °C). Thus, 
the behaviour of this household concern slightly warm seasons.

Fig. 6   a Household 3 (29 March–03 April) Indoor Temperature, CO2 and RH, and external temperature for 
full week, showing occupants’ interaction with systems. Week 3—Living room. b Household 3 (29 March–
03 April) Indoor Temperature, CO2 and RH, and external temperature for full week, showing occupants’ 
interaction with systems. Week 3—Bedroom
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4.4.1 � HH4 indoor environmental quality and behaviour

Figure 7 shows the indoor conditions and external temperature for the selected week. The 
resident reported her behaviour regarding opening windows in the bedroom, living room 
(small and large window) and the balcony door. The indoor temperature in the apartment is 
very similar in all rooms. The median temperature is around 22.5 degrees. The temperature 
is maintained between 19 and 27 °C, with only a few outliers in the kitchen. The data also 
show that the living room and bedroom temperature fluctuated according to the outdoor 
temperature, and that the convectors are off (convectors temperature is lower than air tem-
perature, since the sensors are closer to the open window). For these figures, it is apparent 
that the indoor temperature is very similar to outdoor temperatures on warm days (1–4 
June), while on colder days, the lowest indoor temperature is around 20 degrees.

The windows are opened several times during the day when the resident is at home (yel-
low and green arrows). Changes in the indoor temperature at these moments are visible, 
for example a slight increase is see in warmer days in the bedroom. The effect of opening 
and closing the window in the bedroom on the CO₂ level is visible in Fig. 7b. The resident 
recorded the times when she closed the window at night and opened it in the morning. She 
reported to close the window at night to avoid the noise from the traffic in the street. The 

Fig. 7   a Household 4 (28 May–03 June) Indoor Temperature, CO₂ and RH, and external temperature for 
full week, showing occupants’ interaction with systems—Living room. b Household 4 (28 May–03 June) 
Indoor Temperature, CO₂ and RH, and external temperature for full week, showing occupants’ interaction 
with systems—Bedroom
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CO2 values in the bedroom are very high at night in the main bedroom (> 2000 ppm) dur-
ing the colder days (28th and 29th May), exceeding, during the night, the recommended 
levels. This can be explained also by the fact that windows (and doors) are closed at night, 
while the mechanical ventilation is on level 1. In the warmer days, the CO2 is lower during 
the night, because the windows (and doors) were kept open most of the time. Very low CO2 
levels at night in the figure (May 30th, June 3rd, and 4th) were caused by the resident not 
being at home.

4.4.2 � HH4 reasons for behaviour

The resident keeps the ventilation setting in 1. She occasionally turns on mechanical ven-
tilation after showering or cooking in the ‘boost’ position. She is not familiar with heat 
recovery ventilation; mechanical ventilation is mainly seen as an extraction system. Thus, 
she ventilates through windows and (balcony) door, which are almost always open during 
summer days, and very often in winter days. Interior doors are also almost always open, for 
passage and for ventilation. The feeling of fresh outside air is important for her, since ‘she 
is an outdoor person’. The fact that heat is lost as a result is not a relevant issue for this resi-
dent since she almost never has the thermostat ‘on’.

The ventilation valves are cleaned regularly (approx. annually) by a family member. 
However, the filters in the installation cabinet are not cleaned, although the occupant 
knows about their existence.

The resident reported not interacting with the thermostat (apart from a few weeks in 
the winter), since she rarely feels cold. In the winter she sets the thermostat up to 20–22 
degrees for a short time. The rest of the time she sets the thermostat ‘off’ (below 18 
degrees). For the resident, it is important to keep the right temperature for the cats (one of 
the cats is elderly), thus for extra heating, the convector fan is sometimes switched on. Fur-
thermore, the temperature is controlled by opening and closing windows. If the resident or 
visitors are cold, a blanket is first used, even if visitors ask to turn the heating higher.

4.4.3 � HH4 occupant’s satisfaction

The resident is very satisfied with the house. The resident moved after the renovation, so 
she may have fewer or different expectations than other residents. The resident indicates 
that she experiences good control of the temperature and ventilation. The resident is happy 
with the ventilation system and the other renovation measures. The resident uses the sys-
tem at her own discretion and experiences (partly because of this) few issues. However, the 
resident indicates that the ventilation system does not work properly in the bathroom, and 
that the system does not discharge enough air in the kitchen.

Table  8 summarised the behaviour of the resident for the different systems and user-
interface, the reason for the behaviour and the (possible) consequences for the indoor envi-
ronmental quality (IEQ) and energy performance of the dwelling.

4.5 � Household profiles

Table  9 shows a summary of the main households’ characteristics, preferences and atti-
tudes towards technology, intentions, and satisfaction with the different aspects of the 
building that influence occupants’ behaviour (Guerra-Santin et al., 2024). Based on these 
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results, households are categorised into different profiles according to three main factors 
described below.

Indoor environment preferences. The main difference between occupants in this regard 
is the preference for cooler temperatures and fresh air (via opening windows), especially in 
bedrooms for sleeping time.

•	 Profile 1—Fresh, cooler environment, native, single—lower temperature settings, more 
natural ventilation

•	 Profile 2—warmer environment, not native, family—higher temperature settings, little 
natural ventilation

Technology savviness. The distinction between the households in this parameter is their 
approach towards technology. Households may have good knowledge of technology or 
might be interested on it. These people are curious about how things work and tend to 
experiment with interfaces and settings. On the other hand, other households might have 
lower knowledge and interest in technology. They either do as they are told (for example 
keep the heating on ventilation on an advised setting), or they might do the things their own 
way (for example opening windows instead of using the mechanical ventilation system).

•	 Profile a—higher technology interest/knowledge—proper use of ventilation.
•	 Profile b—lower technology interest/knowledge—not proper use of ventilation.

Trust in systems. Another factor influencing behaviour that can be used to develop user 
profiles is their trust in the technology. In this case study, previous issues with fault in the 
system shortly after the delivery of the apartments, and lack of feedback from the systems 
(they did not know when the ventilation or convectors were working) caused some house-
holds to mistrust the HVAC systems.

•	 Profile x—mistrust in the HVAC systems—misuse of HVAC systems.
•	 Profile y—trust in the HVAC systems—proper use of HVAC systems.

The final profiles are shown on the bottom of Table 7. Household demographics are not 
considered in these profiles, given the similarity among them (lower socio-economic level, 
single households, fully employed, and good health condition). Household 3 has different 
characteristics than the others, but the consequences of this might be reflected in the prefer-
ences for indoor environment.

5 � Discussion

The monitoring campaign allowed us to determine the behaviours of the occupants, the 
reasons for it, and the consequences terms of IEQ. Previous research has pointed at the 
importance of conducting user-centric building performance monitoring (Vischer, 2008). 
Similar results to those observed in other studies were found.

The participants reported satisfaction with the indoor climate of their home, similarly 
to the residents of similar low energy and zero energy projects (Borsboom et al., 2016; De 
Jong & Borger, 2018; Ferreira Silva et al., 2017; Jacobs et al., 2015; Sarran et al., 2023; 
Van der Grijp et al., 2019). However, two households reported less satisfaction with indoor 
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climate in comparison to a previous situation, in regard to the temperature of the dwell-
ing (hh1, hh3). Similar findings were reported by Borsboom et al. (2016) and Jacobs et al. 
(2015). The reason for the dissatisfaction with the indoor climate was related to the lack of 
temperature control, either to cool down or heat up specific spaces (i.e., the bedroom), to 
heat faster (and thus to be able to open windows for example while cleaning), and to being 
unable to heat to a higher temperature. Similar complaints were seen in a project with (low 
temperature) floor heating by De Jong (2019), where less than half of the residents agree 
with the statement that the temperature in the home cannot be properly adjusted in winter, 
and by Borsboom et al. (2016), where residents in an all-electric (low temperature) project 
experience slowness on the respond of the heating system. In a study in Danish retrofitted 
social housing, residents complained about overheating in the summer, mentioning a sense 
of helplessness at sleeping times due to the inability to lower bedroom temperatures (Sar-
ran et al., 2023). Furthermore, in our study, residents reported to not be very satisfied with 
the temperature control, claiming that the temperature cannot be properly adjusted (hh1, 
hh3), and that the heating system reacts too slowly in winter (hh1). Similar findings were 
reported by Borsboom et al. (2016), Sarran et al. (2023), and De Jong (2019). In the study 
by Sarran et al. (2023), the lack of control over indoor temperatures was found in a larger 
degree on dwellings retrofitted with (low temperature) floor heating. They found that only 
38–50% of the residents of retrofitted homes in their study reported to have enough knowl-
edge to operate the heating system, against 65% residents claiming the same in non-retro-
fitted homes. In a study on Nearly Zero Energy Buildings in the Netherlands, Sweden and 
France, Van der Grijp et al. (2019) also concluded that residents found temperatures too 
high and lack of control over the floor heating system. A study by Brown (2016) in LEED 
certified buildings in Toronto also found that residents complain about uneven heat distri-
bution and discomfort in shoulder seasons. Problems with overheating, in particular in very 
low energy dwellings (such as Passivhaus) and in bedrooms, have been widely documented 
in the literature (Baborska-Narozny et al., 2017; Dartevelle et al., 2021; Glad et al., 2024; 
Jang et al., 2022; Tink et al., 2018).

Air dryness and dust were sources of concern for the residents in the case study, who 
reported dissatisfaction and lack of trust on the ventilation system (hh1, hh2, hh4). Dust 
was a complaint mentioned by hh2 and hh4. Similar complaints related to air dryness and 
dust were reported in previous studies (De Jong, 2019; Jacobs et al., 2015; Sarran et al., 
2023), where 5–25% of the residents suffer from physical complaints that they thought 
were caused by the indoor air and air dryness. However, some of these previously reported 
projects seem to not have been provided with new mechanical ventilation system. While 
our case study did provide a new ventilation system, it was in most of the cases not prop-
erly used, probably having the same consequences as not having upgraded the system at 
all. In this study households 1, 3 and 4 also kept the ventilation on the lowest setting, as 
it was found in studies by Jacobs et al. (2015) and Borsboom et al. (2016). The main rea-
son given for a low ventilation setting was the flow-generated noise from the ventilation 
system. Similar findings were seen in the study by Borsboom et  al. (2016), the projects 
surveyed by De Jong (2019), and by Sarran et al., 2023. In their investigation in residential 
high-rise buildings in Toronto, Brown (2016) found that a large percentage (62%) of the 
participants, in their study on 165 households, had criticism about the ventilation system. 
The main complaint was the noise caused by the system, which was backed up by measure-
ments taken on-site. Issues with noise from ventilation systems have been also widely doc-
umented in the literature (Gupta & Kapsali, 2016; Mlecnik, 2013; Pretlove & Kade, 2016). 
In other studies, cold air from the ventilation system, as well as draft have been reported, 
but neither were an issue in our case study.
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As a consequence of noise of lack of control in the ventilation system, several research-
ers have reported actions taken by the residents that can lead consequences to their health 
or to the energy efficiency of the building (Ferreira Silva et al., 2019). For example, resi-
dents have been found to obstruct diffusers or turn unit off either timely or permanently 
(Brown, 2016; Sarran et al., 2023).

Complaints about the user friendliness of the ventilation system, specifically about the 
lack of feedback, was also reported by all households, similar to the study by Jacobs et al. 
(2015), De Jong (2019), and Sarran et al., 2023. Furthermore, the residents reported not 
to know when the ventilation systems are working properly, and to have difficulties under-
standing how the systems work. Similar findings were reported by De Jong (2019), Sarran 
et al. (2023), and van der Grijp et al. (2019), Morgan et al., 2024, and Brown (2016). In 
the study by Sarran et al. (, 25–40% of residents of retrofitted homes found it difficult to 
obtain fresh air from the ventilation system. In their study, residents of homes with more 
manual control were more satisfied with the systems. The study by van der Grijp et  al. 
(2019) across Europe also brought similar results regarding lack of information on how 
the systems are designed and should be used. In the study by Brown (2016), other com-
plaints about the ventilation system were made in relation to the difficulty in changing fil-
ters, or the lack of knowledge on its operation and functioning. Poor user friendliness has 
also been widely reported in the literature (Glad, 2012; Hauge et al., 2011; Mlecnik et al., 
2012), as well as the influence of understanding on how things work and control over their 
own environment, on residents satisfaction and wellbeing (Hauge et al., 2011; Leaman & 
Bordass, 2007). Lack of instructions has been also documented as a reason for operational 
problems (Kleiven, 2007 in Hauge et al., 2011).

While many of the sources for dissatisfaction of the occupants with the building are 
related to technical matters such as lack of control or feedback, and the noise coming for 
the ventilation system, many of the reasons for behaviour are related to households’ specific 
needs and requirements. The in-depth diaries and interviews with the residents allowed us 
to understand better the differences in comfort, and understanding and interactions with the 
systems. Many of these differences can be attributed to needs related to their current daily 
activities, household characteristics that cannot be changed, attitudes, or due to individual 
preferences for comfort. For example, we found that households have different preferences 
for indoor temperatures and “air freshness”. The habit (and desire) of opening windows at 
night was observed in three of the households in this study, either to adjust the room tem-
perature, or to provide fresh air. Furthermore, the residents expressed their wish to have 
a lower indoor temperature in the bedroom, which was not possible to achieve due to the 
functioning of the heating system. Opening windows at night during the winter to adjust 
room temperature has been reported in previous studies (Berge et al., 2017; Guerra-Santin 
et  al., 2016). For example, Berge et  al. (2017) investigated a multi-family passive house 
building in Norway through a questionnaire survey to understand comfort in air-heated 
dwellings. They found that different temperatures are preferred in various rooms within a 
dwelling, and low satisfaction with thermal conditions in bedrooms, where an additional 
source of heat was not provided. They pointed at the limitations of commonly applied 
heating and ventilation strategies. This highlights the need for user-centric design and the 
importance of occupants’ profiles. In this case study, we found that we could categorise the 
households based on three different parameters unrelated to household size or composition: 
indoor environment preferences, technology savviness, and trust in the HVAC systems.

The first aspect, indoor environment preferences affect not only the temperature set-
tings, but also the opening of windows, doors, and vents (when available). Dutch house-
holds have shown in previous studies to have a preference towards cooler and fresher 
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sleeping environments; thus, windows or vents are often open during the nights in bed-
rooms, even during the colder months (Guerra-Santin, 2024). On the contrary, some house-
holds have a preference for warmer indoor environments. For example, households with a 
foreign background or that have lived abroad for a while, or older households with poor 
health condition tend to prefer higher indoor temperatures and tend to ventilate less in the 
winter (Guerra-Santin & Silvester, 2017). Previous research has shown that households 
living in social housing apartments are more likely to be or foreign origin, have poorer 
health conditions, or have disabilities (Guerra-Santin et al., 2017). Therefore, the differing 
preference of this target group should be considered in the design of social housing in the 
Netherlands.

The second aspect is technology savviness. This might refer to the existing technology 
knowledge and skills of the household, as well as their interest and willingness to learn 
and to understand the technology. For example, Sarran et al. (2023) found that the likeli-
hood that occupants remember instructions given or proactively seeking more information, 
depend on interest and technology knowledge. Although this might be linked to the type of 
education followed by the occupants, the type of studies or the level of studies completed 
might not be a direct indicator for it. In this case study, we found a household with inter-
est in understanding the systems and initiative to investigate how they work and to fiddle 
with them. In renovated homes, new technologies are installed that might work differently 
to previous technologies. Thus, how people understand these technologies, or alternatively 
said, how people are induced to the new technologies, will greatly affect the behaviour of 
the occupants.

The third aspect is related to the trust in the HVAC systems. The three households that 
had lived in the building before the renovation had trust issues toward the new installa-
tions, claiming that they did not work (for example due lack of feedback from the systems 
themselves), and supporting this claim based on misfunctioning issues with the systems on 
early days after the delivery of their homes. In renovated homes, this is an aspect that is 
highly influenced by the expectations of the users, as well as by the communication process 
followed during renovation activities, and as follow up after the renovation has been com-
pleted. Previous research has shown similar experiences of residents of renovated homes, 
when there was lack of communication between the housing association and the tenants 
during or after the renovation, and when expectations (for example based on demo houses) 
were not met (Guerra-Santin et al., 2022).

5.1 � Research limitations

Qualitative data was collected in different manners: a walkthrough interview, phone ques-
tionnaire survey, building operation diaries (use of heating system, ventilation system, and 
doors and windows), and a reflection booklet regarding comfort. The resident of household 
4 provided all the information requested. The resident of household 2 did not return the 
reflection booklet, while the resident of household 1 returned the reflection booked but she 
felt bored by it since her activities and comfort are usually quite regular. The residents of 
household 3 did not return neither the reflection booklet nor the building operation diaries. 
The hectic lifestyle of the respondent of this household (a mother with two young children) 
did not allow her to spend too much time on participating in these activities. Thus, we were 
not able to collect all data from all sources. However, the methodology is design in a way 
that data from different sources can be used simultaneously or alternatively, which comes 
from the indication (from previous research projects) that not all data collection methods 
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suit all participants. For example, building operation diaries cannot be taken literarily, 
since participants might forget or make mistakes. However, based on the measured data, 
we are able to determine when the users filled in the diaries wrongly, or when and why the 
missed information.

Therefore, it should be noted that these methods of data collection should be used care-
fully. In this research, we only used these methods to understand the behaviour of the res-
idents, and the reasons for the behaviour. We would advise against using these qualita-
tive data directly for, for example, building simulations. However, these limitations do not 
affect the results of this study since we are exploring the reasons for occupants’ behaviours. 
With this study, we do not intend to generalise results, nor use the findings for building 
simulations or modelling.

Given the sample size of this study, and its focus on social housing, we have focused 
only on one type of building (porch apartments), and on one type of socio-economic level. 
While building systems might not variate much from building to building, since the similar 
technologies are used (low temperature heating, heat-recovery ventilation) also in privately 
own housing, the household typologies presented in this study might be mostly prevalent 
social housing. Thus, the findings and recommendations for these types of households 
might be specific to this target group and further research is necessary to understand the 
behaviour of households of different socio-economic levels.

6 � Conclusions

In this research, we investigated the actual behaviour or residents of Zero-on-the-meter 
renovated social housing apartments in the Netherlands, the reasons for their behaviour 
and the consequences on IEQ performance. A discussion on the energy performance is 
presented in Guerra-Santin et al. (2022). In this section we present the conclusions, and we 
give some recommendations for practice.

In this building, a technical solution was sought that could provide the right amount of 
comfort for the average user, minimising the use of energy. For this, the thermostat pro-
vided has a very small range of temperature variation, which in the display seems to be 
from 18 to 24 °C degrees. However, based on the monitoring data, it seems that the system 
is not designed to reach 24  °C but only 22  °C, as evidenced by household 3 where the 
thermostat was continuously set at 24 °C, but the indoor temperature was at a steady 22 °C 
degrees. Convectors were provided to give the users a temperature boost, but 3 out of 4 
residents think that it is either not enough, or that they do not work properly. The results 
showed different thermal comfort preferences in the studied household. Three households 
preferred a cooler temperature (hh1, hh2, hh4) and reported to keep the temperature in the 
lowest setting (18 °C) almost all the time. Furthermore, one of these households complaint 
about overheating of the bedroom during the winter. On the other hand, one household 
(hh3) complaints that the apartment is too cold for them all the time and use electrical heat-
ers as boosters. However, according to the monitoring data, the temperatures in all apart-
ments are most of the time within ranges considered as comfortable and healthy, although 
some overheating is seen in the bedrooms during the winter (hh1). More extreme winter 
and spring temperatures in hh2 and hh4 are due to the residents opening freely the win-
dows to get fresh air.

The ventilation system provided has three modes, 1- a low setting for unoccu-
pied periods, 2—the standard setting for occupied periods, and the boost setting for 
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showering and cooking periods. The results show that, even though the residents were 
instructed on keeping the setting in level 2, three out of four households keep the venti-
lation on setting 1. For two households, the main reason is the noise produced by it (hh1 
and hh3) and for one household is due lack of awareness that the ventilation system also 
provides fresh air (hh4). Furthermore, the residents from hh1 and hh2 have the impres-
sion that the ventilation system does not work properly. The results also showed that 
windows are open in the winter and in the early spring, both for obtaining fresh air (hh2 
and hh4), to ventilate while cleaning (hh3) and to cool down the indoor spaces such as 
bedrooms (hh1).

The four households studied have different preferences for comfort, as well as habits 
and daily activities. The small range of options provided by the systems created some level 
of dissatisfaction in three out of the four households studied. The dissatisfaction was with 
at least one aspect of the home: temperature or temperature control, air quality (RH), and 
noise produced by the mechanical ventilation system. The satisfied resident moved in into 
the building after renovation, thus it might be that the dissatisfied residents were promised 
too much before the renovation and therefore had higher expectations. However, the resi-
dents reported to be satisfied with the renovation of their home.

The behaviour of people was in all cases caused by a specific need or preference of the 
users, such as providing care for pets and guests, caring for own’s health, thermal comfort, 
and acoustic preferences. In many instances, the factors that influenced the behaviour and 
experiences are not directly system-related but caused by the needs related to their current 
daily activities of the residents.

However, in all households there were instances in which the residents did not under-
stand the system, did not receive the right (or any) feedback from the systems, or had lack 
of trust in the systems due to previous malfunctioning. For example, the residents reported 
to turn on and off the ventilation system just to know if it was working, since the noise pro-
duced is the only feedback received from it. These results emphasize the need of people to 
be able to control their environment and to modify the conditions according to their needs, 
for example to be able to cool their bedrooms. The consequences of ‘unexpected’ occu-
pants’ behaviour (setting the mechanical ventilation system on the lowest setting, instead of 
the recommended setting) can be seen clearly in the IEQ of the homes but could also have 
consequences for the energy performance of the building.

The most important findings in this study are summarised below. As mentioned before, 
these findings are in line with those found in previous monitoring studies and are therefore 
important aspects to consider in buildings with low temperature heating and heat-recovery 
ventilation.

•	 The ventilation system does not give enough feedback to the residents, who do not 
always know if it is working properly. This causes mistrust in the system and occupants 
relying on natural ventilation for fresh air.

•	 The flow-generated noise from the mechanical ventilation system causes occupants to 
choose the lowest setting possible. This causes high CO2 concentrations, especially at 
night in the bedrooms.

•	 The low temperature heating does not provide high enough temperatures for some resi-
dents.

•	 The lack of flexibility in the temperature control of heating system do not allow the 
residents to adjust the temperature over the day (colder in the morning, warmer in the 
evening), or over the house (living room warmer, bedroom colder). This causes that 
opening windows become the only way to regulate the temperature.
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•	 The low temperature heating systems takes time to heat back the home after a period 
of opening windows. This causes that windows are not open even when occupants 
know that air quality is bad, or rooms are too warm.

Thus, we can conclude that occupants’ behaviour depends on both the preferences 
and needs of the residents, as well as on the characteristics of the dwellings and their 
systems, and the understanding that the users have about the systems. These findings 
highlight the importance of user-centerness and participatory approaches in the design 
of buildings and their user-building interfaces. Systems design should consider the 
actual needs and preferences of the occupants, while interfaces should be designed to 
provide timely and accurate feedback to the user. Furthermore, a good induction to the 
residents after the delivery of the building, support during the first months, and good 
operation manuals could potentially improve the efficient use of the buildings, and 
therefore also the satisfaction and comfort of their residents. More detailed recommen-
dations are given in the following sections.

6.1 � Recommendations for practice

Based on the findings outline before, the following recommendations are given to 
designers and installers:

•	 Provide options for occupants to achieve their desired comfort. Building users 
should be able to choose temperature settings, amount of fresh air, etc. to match with 
their thermal comfort preferences, lifestyle and needs (Berge et al., 2017). More ‘tai-
lored’ designs have proved to facilitate acceptance of thermal comfort fluctuations 
among residents (Hitchings, 2022; Murtagh et al., 2022).

•	 Give occupants the opportunity to keep control of their home, even in the pres-
ence of automated systems. Control can be given back to occupants through well-
designed feedback interfaces and by designs facilitating more active roles of the 
users (Van der Grijp et al., 2019).

•	 Design and test user manuals and guidelines in suitable media, and provide the sup-
port when needed (Brown, 2016; Morgan et al., 2024).

•	 Occupants need more information and feedback from the system, especially in new 
systems which workings might seem ‘against’ common knowledge and old habits and 
practices. Lack of information or understanding on the functioning of systems provoke 
occupants to intervene with automated systems, thus they need better information and 
better instructions on how the newly installed systems function, and how to use them.

•	 Providing the residents with more intuitive interfaces suitable to different types of 
users can make them feel in control of their environment (Morgan et al., 2024).

•	 Reduce noise from the ventilation system through proper design, installation and insu-
lation. A noisy ventilation system does not only produce acoustic discomfort, for exam-
ple at nighttime, but as a consequence of the noise, occupants will, in most cases, try to 
adjust, or lower the ventilation system, creating both moisture and air quality problems.

•	 Make post-occupancy evaluations (POE) and building monitoring in renovated 
buildings a common practice. The advantages of POE have been widely studied, 
since they can provide valuable information to improve building performance and to 
inform future projects (Durosaiye et al., 2019; Guerra-Santin & Tweed, 2015).
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The following recommendations are given for housing associations involved in renova-
tion projects:

•	 Improve the communication process before, during and after the renovation. Consider-
ing the actual needs and preferences of residents in the selection of the technologies in 
social housing might not be feasible due to costs and up-scalability. However, residents’ 
participation during the design renovation process is important to manage expectations, 
both from the residents as well as from the housing associations. What exactly will be 
modified? what changes are expected in terms of indoor conditions or building opera-
tion? and what should not be expected from the renovation? are important informa-
tion to be discussed with the residents. Research has shown that both demonstrators 
showcasing the technologies, as well as good communication with residents can be key 
in their successful deployment (Morgan et al., 2024). Communication is the basis for 
trust, which is also consider a key aspect in the retrofit process (Morgan et al., 2024).

•	 After the renovation, the residents need to get used to their new home (Hauge et al., 
2011). New systems and interfaces, that sometimes are too different from traditional 
technologies will be installed. Therefore, residents need to be provided information 
about the technologies installed in their home (Brown, 2016; Pretlove & Kade, 2016; 
van der Grijp et al., 2019), either with a good induction to their renovated home by a 
qualified person (Berge et al., 2017; Hauge et al., 2011), well developed (and tested) 
guidelines and manuals (on suitable media), and well-organised customer support 
for HVAC systems (who do they call if there is a problem?) (Brown, 2016). Further 
research is still needed to determine the most suitable and effective way to provide feed-
back to different types of users (e.g. older people, younger people), in different types of 
housing and living situations (e.g. social housing), and for different types of building 
systems and interfaces.

Acknowledgements  This project is executed with the support of the MMIP 3 & 4 grant from the Nether-
lands Ministry of Economic Affairs & Climate Policy as well as the Ministry of the Interior and Kingdom 
Relations.

Declarations 

Conflict of interest  The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper.

References

ASHRAE. (2020). Thermal environment conditions for human occupancy, in: ASHRAE Standard 55–2017, 
ASHRAE, Atlanta.

Abrahamse, W., Steg, L., Vlek, C., & Rothengatter, T. (2007). The effect of tailored information, goal set-
ting, and tailored feedback on household energy use, energy-related behaviors, and behavioral anteced-
ents. Journal of Environmental Psychology, 27(4), 265–276.

Baborska-Narozny, M., Stevenson, F., & Grudzinska, M. (2017). Overheating in retrofitted flats: Occupant 
practices, learning and interventions. Building Research & Information, 45(1–2), 40–59. https://​doi.​
org/​10.​1080/​09613​218.​2016.​12266​71

Bakaloglou, S., & Charlier, D. (2021). The role of individual preferences in explaining the energy perfor-
mance gap. Energy Economics, 104, 105611. https://​doi.​org/​10.​1016/j.​eneco.​2021.​105611

van Beek, E., Boess, S., Bozzon, A., & Giaccardi, E. (2024). Practice reconfigurations around heat pumps in 
and beyond Dutch households. Environmental Innovation and Societal Transitions, 53, 100903.

https://doi.org/10.1080/09613218.2016.1226671
https://doi.org/10.1080/09613218.2016.1226671
https://doi.org/10.1016/j.eneco.2021.105611


	 O. Guerra‑Santin et al.

van Beek, E., Giaccardi, E., Boess, S., & Bozzon, A. (2023). The everyday enactment of interfaces: A study 
of crises and conflicts in the more-than-human home. Human-Computer Interaction. https://​doi.​org/​10.​
1080/​07370​024.​2023.​22835​36

Berge, M., Thomsen, J., & Mathisen, H. M. (2017). The need for temperature zoning in high-performance 
residential buildings. Journal of Housing and the Built Environment, 32, 211–230. https://​doi.​org/​10.​
1007/​s10901-​016-​9509-2

Boerstra, A. C., Kulve, M., Toftum, J., Loomans, M. G. L. C., Olesen, B. W., & Hensen, J. L. M. (2015). 
Comfort and performance impact of personal control over thermal environment in summer: Results 
from a laboratory study. Building and Environment, 87, 315–326. https://​doi.​org/​10.​1016/j.​build​env.​
2014.​12.​022

Bonnefoy, X., Braubach, M., Krapavickaite, D., et al. (2003). Housing conditions and self-reported health 
status: A study in panel block buildings in three cities of Eastern Europe. Journal of Housing and the 
Built Environment, 18, 329–352. https://​doi.​org/​10.​1023/B:​JOHO.​00000​05757.​37088.​a9

Borsboom, W., Leidelmeijer, K., Vliet, M., de Jong, P., & Kerkhof, H. (2016). Resultaten uit monitoring: 
Bewonerservaringen En Meetresultaten Uit Nul Op De Meter Woningen In Heerhugowaard (BAM). 
Utrecht: Energiesprong. Retrieved from http://​resol​ver.​tudel​ft.​nl/​uuid:​af612​47a-​b825-​4a46-​a1df-​daa9f​
1a7df​81

Braulio-Gonzalo, M., Bovea, M. D., Jorge-Ortiz, A., & Juan, P. (2021). Contribution of households’ occu-
pant profile in predictions of energy consumption in residential buildings: A statistical approach from 
Mediterranean survey data. Energy and Buildings, 241, 110939. https://​doi.​org/​10.​1016/j.​enbui​ld.​
2021.​110939

Breadsell, J. K., & Morrison, G. M. (2020). Changes to household practices pre- and post-occupancy in an 
Australian low-carbon development. Sustainable Production and Consumption, 22, 147–161. https://​
doi.​org/​10.​1016/j.​spc.​2020.​03.​001

van den Brom, P. (2020). Energy in dwellings: A comparison between theory and practice. Delft University 
of Technology. https://​doi.​org/​10.​7480/​abe.​2020.​17.​4664

Brown, C. (2016). The power of qualitative data in post-occupancy evaluations of residential high-rise 
buildings. Journal of Housing and the Built Environment, 31, 605–620. https://​doi.​org/​10.​1007/​
s10901-​015-​9481-2

Brunsgaard, C., Heiselberg, P., Knudstrup, M. A., & Larsen, T. S. (2012). Evaluation of the indoor environ-
ment of comfort houses: Qualitative and quantitative approaches. Indoor and Built Environment, 21, 
432–451.

Carpino, C., Mora, D., Arcuri, N., et al. (2017). Behavioral variables and occupancy patterns in the design 
and modeling of nearly zero energy Buildings. Building Simulation, 10, 875–888. https://​doi.​org/​10.​
1007/​s12273-​017-​0371-2

Chatzigeorgiou, I. M., & Andreou, G. T. (2021). A systematic review on feedback research for residen-
tial energy behavior change through mobile and web interfaces. Renewable and Sustainable Energy 
Reviews, 135, 110187.

Cuerda, E., Guerra-Santin, O., Sendra, J. J., & Neila, F. J. (2020). Understanding the performance gap in 
energy retrofitting: Measured input data for adjusting building simulation models. Energy and Build-
ings, 209, 109688.

Dartevelle, O., van Moeseke, G., Mlecnik, E., & Altomonte, S. (2021). Long-term evaluation of residential 
summer thermal comfort: Measured vs. perceived thermal conditions in nZEB houses in Wallonia. 
Building and Environment, 190, 107531. https://​doi.​org/​10.​1016/j.​build​env.​2020.​107531

De Jong, F., & Borger, D. (2018). Eindrapport quickscan huurderstevredenheid EPV. Utrecht: Atrivé. 
Retrieved from https://​www.​rijks​overh​eid.​nl/​docum​enten/​rappo​rten/​2017/​12/​11/​tusse​nrapp​orthu​
urders-​over-​epv

De Jong, E. (2019). Woonbelevingsonderzoek bij bewoners van ZEN nieuwbouwwoningen. Lenteakkoord. 
Retrieved from https://​www.​lente-​akkoo​rd.​nl/​wpcon​tent/​uploa​ds/​2019/​11/​Woonb​elevi​ngson​derzo​ek-​
bij-​bewon​ers-​van-​ZENni​euwbo​uwwon​ingen.​pdf

Durosaiye, I. O., Hadjri, K., & Liyanage, C. L. (2019). A critique of post-occupancy evaluation in 
the UK. Journal of Housing and the Built Environment, 34, 345–352. https://​doi.​org/​10.​1007/​
s10901-​019-​09646-2

Erell, E., Portnov, B. A., & Assif, M. (2018). Modifying behaviour to save energy at home is harder than we 
think…. Energy and Buildings, 179, 384–398.

European Commission. (2019). Commission recommendation (EU) 2019/786 of 8 May 2019 on building 
renovation. Official Journal of the European Union 127:34–79. https://​op.​europa.​eu/​pt/​publi​cation-​
detai​l/-/​publi​cation/​4a4ce​303-​77a6-​11e9-​9f05-​01aa7​5ed71​a1/​langu​age-​en.

European Commission. (2020). A renovation wave for Europe—Greening our buildings, creating jobs, 
improving lives.

https://doi.org/10.1080/07370024.2023.2283536
https://doi.org/10.1080/07370024.2023.2283536
https://doi.org/10.1007/s10901-016-9509-2
https://doi.org/10.1007/s10901-016-9509-2
https://doi.org/10.1016/j.buildenv.2014.12.022
https://doi.org/10.1016/j.buildenv.2014.12.022
https://doi.org/10.1023/B:JOHO.0000005757.37088.a9
http://resolver.tudelft.nl/uuid:af61247a-b825-4a46-a1df-daa9f1a7df81
http://resolver.tudelft.nl/uuid:af61247a-b825-4a46-a1df-daa9f1a7df81
https://doi.org/10.1016/j.enbuild.2021.110939
https://doi.org/10.1016/j.enbuild.2021.110939
https://doi.org/10.1016/j.spc.2020.03.001
https://doi.org/10.1016/j.spc.2020.03.001
https://doi.org/10.7480/abe.2020.17.4664
https://doi.org/10.1007/s10901-015-9481-2
https://doi.org/10.1007/s10901-015-9481-2
https://doi.org/10.1007/s12273-017-0371-2
https://doi.org/10.1007/s12273-017-0371-2
https://doi.org/10.1016/j.buildenv.2020.107531
https://www.rijksoverheid.nl/documenten/rapporten/2017/12/11/tussenrapporthuurders-over-epv
https://www.rijksoverheid.nl/documenten/rapporten/2017/12/11/tussenrapporthuurders-over-epv
https://www.lente-akkoord.nl/wpcontent/uploads/2019/11/Woonbelevingsonderzoek-bij-bewoners-van-ZENnieuwbouwwoningen.pdf
https://www.lente-akkoord.nl/wpcontent/uploads/2019/11/Woonbelevingsonderzoek-bij-bewoners-van-ZENnieuwbouwwoningen.pdf
https://doi.org/10.1007/s10901-019-09646-2
https://doi.org/10.1007/s10901-019-09646-2
https://op.europa.eu/pt/publication-detail/-/publication/4a4ce303-77a6-11e9-9f05-01aa75ed71a1/language-en
https://op.europa.eu/pt/publication-detail/-/publication/4a4ce303-77a6-11e9-9f05-01aa75ed71a1/language-en


A study on occupants’ behaviour, satisfaction, and experiences…

Ferreira Silva, M., Maas, S., de Souza, H. A., & Pinto Gomes, A. (2017). Post-occupancy evaluation of 
residential buildings in Luxembourg with centralized and decentralized ventilation systems, focusing 
on indoor air quality (IAQ). Assessment by questionnaires and physical measurements. Energy and 
Buildings, 148, 119–127. https://​doi.​org/​10.​1016/j.​enbui​ld.​2017.​04.​049

Glad, W. (2012). Housing renovation and energy systems: The need for social learning. Building Research 
and Information, 40(3), 274–289. https://​doi.​org/​10.​1080/​09613​218.​2012.​690955

Glad, W., Gramfält, M., & Nilsson, M. (2024). Residents’ thermal comfort in Swedish newly built homes: 
Political aesthetics and atmospheric practices. Housing Studies. https://​doi.​org/​10.​1080/​02673​037.​
2024.​23739​88

Gram-Hanssen, K. (2010). Residential heat comfort practices: Understanding users. Building Research & 
Information, 38(2), 175–186.

van der Grijp, N., van der Woerd, F., Gaiddon, B., Hummelshøj, R., Larsson, M., Osunmuyiwa, O., & 
Rooth, R. (2019). Demonstration projects of nearly zero energy buildings: Lessons from end-user 
experiences in Amsterdam, Helsingborg, and Lyon. Energy Research & Social Science, 49, 10–15. 
https://​doi.​org/​10.​1016/j.​erss.​2018.​10.​006

Guerra-Santin, O., Boess, S., Konstantinou, T., Herrera, N. R., Klein, T., & Silvester, S. (2017). Designing 
for residents: Building monitoring and co-creation in social housing renovation in the Netherlands. 
Energy Research & Social Science, 32, 164–179.

Guerra-Santin, O., Bosch, H., Budde, P., Konstantinou, T., Boess, S., Klein, T., & Silvester, S. (2018). 
Considering user profiles and occupants’ behaviour on a zero energy renovation strategy for multi-
family housing in the Netherlands. Energy Efficiency, 11, 1847–1870. https://​doi.​org/​10.​1007/​
s12053-​018-​9626-8

Guerra-Santin, O., Romero Herrera, N., Cuerda, E., & Keyson, D. (2016). Mixed methods approach to 
determine occupants’ behavior—Analysis of two case studies. Energy and Buildings, 130, 546–566.

Guerra-Santin, O., & Silvester, S. (2017). Development of Dutch occupancy and heating profiles for build-
ing simulation. Building Research & Information, 45(4), 396–413.

Guerra-Santin, O., & Tweed, C. A. (2015). In-use monitoring of buildings: An overview of data collection 
methods. Energy and Buildings, 93, 189–207. https://​doi.​org/​10.​1016/j.​enbui​ld.​2015.​02.​042

Guerra-Santin, O., Xu, L., & Boess, S. (2024). An interdisciplinary model for behaviour in residential build-
ings: Bridging social sciences and engineering approaches, Energy Research & Social Science, 118. 
ISSN, 103746, 2214–6296. https://​doi.​org/​10.​1016/j.​erss.​2024.​103746

Guerra-Santin, O., Rovers, T.J.H., van den Brom, P.I., Marchionda, S. & Itard, L.C.M. (2021). The actual 
performance of energy renovations in the Dutch residential sector. An Analysis of Measured Energy 
Performance and Resident Perceptions in Monitored Renovation Projects, Delft.

Guerra-Santin, O., Rovers, T.J.H. van den Brom, P.I., Marchionda, S. & Itard, L.C.M. (2021). The actual 
performance of energy renovations in the Dutch residential sector, An Analysis of Measured Energy 
Performance and Resident Perceptions in Monitored Renovation Projects IEBB THEME 2

Guerra-Santin, O., Xu, L., Boess, S., & van Beek, E. (2022). Effect of design assumptions on the perfor-
mance evaluation of zero energy housing. In: IOP Conference Series: Earth and Environmental Sci-
ence (Vol. 1085, No. 1, pp. 012017). IOP Publishing.

Guerra-Santin, O. (2024). Understanding the drivers for window opening behaviour in dutch social housing. 
In: Proceedings of the ENHR conference 2024, Delft, The Netherlands.

Gupta, R., & Kapsali, M. (2016). Empirical assessment of indoor air quality and overheating in low-carbon 
social housing dwellings in England UK. Advances in Building Energy Research, 10(1), 46–68. https://​
doi.​org/​10.​1080/​17512​549.​2015.​10148​43

Gyberg, P., & Palm, J. (2009). Influencing households’ energy behaviour—how is this done and on what 
premises? Energy Policy, 37(7), 2807–2813.

Hagejärd, S., Dokter, G., Rahe, U., & Femenías, P. (2021). My apartment is cold! Household perceptions 
of indoor climate and demand-side management in Sweden. Energy Research & Social Science, 73, 
101948.

Hansen, A. R., Madsen, L. V., Knudsen, H. N., & Gram-Hanssen, K. (2019). Gender, age, and educational 
differences in the importance of homely comfort in Denmark. Energy Research & Social Science, 54, 
157–165.

Hargreaves, T., Nye, M., & Burgess, J. (2010). Making energy visible: A qualitative field study of how 
householders interact with feedback from smart energy monitors. Energy Policy, 38(10), 6111–6119.

Hauge, B. (2013). The air from outside: Getting to know the world through air practices. Journal of Mate-
rial Culture, 18, 171–187.

Hauge, Å. L., Thomsen, J., & Berker, T. (2011). User evaluations of energy efficient buildings: Literature 
review and further research. Advances in Building Energy Research, 5(1), 109–127. https://​doi.​org/​10.​
1080/​17512​549.​2011.​582350

https://doi.org/10.1016/j.enbuild.2017.04.049
https://doi.org/10.1080/09613218.2012.690955
https://doi.org/10.1080/02673037.2024.2373988
https://doi.org/10.1080/02673037.2024.2373988
https://doi.org/10.1016/j.erss.2018.10.006
https://doi.org/10.1007/s12053-018-9626-8
https://doi.org/10.1007/s12053-018-9626-8
https://doi.org/10.1016/j.enbuild.2015.02.042
https://doi.org/10.1016/j.erss.2024.103746
https://doi.org/10.1080/17512549.2015.1014843
https://doi.org/10.1080/17512549.2015.1014843
https://doi.org/10.1080/17512549.2011.582350
https://doi.org/10.1080/17512549.2011.582350


	 O. Guerra‑Santin et al.

Hellwig, R. T., Schweiker, M., & Boerstra, A. (2020). The ambivalence of personal control over indoor 
climate–how much personal control is adequate? In E3S Web of Conferences (vol. 172, p. 06010). EDP 
Sciences.

Henning, A. (2020). Recognizing energy dilemmas and injustices: An interview study of thermal comfort. 
Sustainability, 12, 4703.

Hitchings, R. (2022). Understanding air-conditioned lives: Qualitative insights from Doha. Buildings and 
Cities, 3, 28–41.

Hong, T., Yan, D., D’Oca, S., & Chen, C. F. (2017). Ten questions concerning occupant behavior in build-
ings: The big picture. Building and Environment, 114, 518–530.

Itard, L., & Meijer, F. (2008). Towards a sustainable Northern European Housing Stock: Figures, facts, and 
future. Ios Press.

Jacobs, P., Liedelmeijer, K., Borsboom, W., van Vliet, M., & de Jong, P. (2015). Concepten Nul Op De 
Meter en 80% Besparing. Utrecht: Energiesprong. Retrieved from http://​resol​ver.​tudel​ft.​nl/​uuid:​7fb56​
0c6-​dc0b-​41b9-​b872-​11605​eb010​52

Jain, R. K., Taylor, J. E., & Peschiera, G. (2012). Assessing eco-feedback interface usage and design to drive 
energy efficiency in buildings. Energy and Buildings, 48, 8–17.

Jang, J., Natarajan, S., Lee, J., & Leigh, S. B. (2022). Comparative analysis of overheating risk for typical 
dwellings and Passivhaus in the UK. Energies, 15(10), 1–22. https://​doi.​org/​10.​3390/​en151​03829

Keyanfar, A., Meh, L., & Rabbani, R. (2024). Using adaptive smart solutions to create user-centric living 
environments responsive to the psychological needs and preferences of home users. Journal of Hous-
ing and the Built Environment. https://​doi.​org/​10.​1007/​s10901-​024-​10135-4

Kleiven, T. (2007). Brukerundersøkelse i Husby Amfi, SINTEF Report SBF BY A07022, SINTEF Byg-
gforsk, Trondheim in Hauge et al. 2011

Leaman, A., & Bordass, B. (2007). Are users more tolerant of “green” buildings? Building Research and 
Information, 35, 662–673.

Loengbudnark, W., Khalilpour, K., Bharathy, G., Voinov, A., & Thomas, L. (2023). Impact of occupant 
autonomy on satisfaction and building energy efficiency. Energy and Built Environment, 4(4), 377–
385. https://​doi.​org/​10.​1016/j.​enbenv.​2022.​02.​007

Majcen, D., Itard, L., & Visscher, H. (2015). Statistical model of the heating prediction gap in Dutch dwell-
ings: Relative importance of building, household and behavioural characteristics. Energy and Build-
ings, 105, 43–59.

Mlecnik, E. (2013). Improving passive house certification: Recommendations based on end-user experi-
ences. Architectural Engineering and Design Management, 9(4), 250–264. https://​doi.​org/​10.​1080/​
17452​007.​2012.​738044

Mlecnik, E., Scheutze, T., Jansen, S. J., De Vries, G., Visscher, H. J., & Van Hal, A. (2012). End-user expe-
riences in nearly zero-energy houses. Energy and Buildings, 49, 471–478. https://​doi.​org/​10.​1016/j.​
enbui​ld.​2012.​02.​045

Morgan, D. J., Maddock, C. A., & Musselwhite, C. B. A. (2024). These are tenants not guinea pigs: Barriers 
and facilitators of retrofit in Wales, United Kingdom. Energy Research & Social Science, 111, 103462. 
https://​doi.​org/​10.​1016/j.​erss.​2024.​103462

Murtagh, N., Badi, S., Shi, Y., Wei, S., & Yu, W. (2022). Living with air-conditioning: Experiences in 
Dubai Chongqing and London. Buildings and Cities, 3, 10–27.

Ortiz, O., Itard, L., & Bluyssen, P. M. (2020). Indoor environmental quality related risk factors with energy-
efficient retrofitting of housing: A literature review. Energy and Buildings, 221, 110102. https://​doi.​
org/​10.​1016/j.​enbui​ld.​2020.​110102

Ortiz, M. A., Kim, D. H., & Bluyssen, P. M. (2022). Substantiation of home occupant archetypes with the 
use of generative techniques: Analysis and results of focus groups. Intelligent Buildings International, 
14(2), 239–257. https://​doi.​org/​10.​1080/​17508​975.​2020.​17473​81

Ortiz, M. & Bluyssen, P.M. (2022) Indoor environmental quality, energy efficiency and thermal comfort in 
the retrofitting of housing: A literature review. Routledge Handbook of Resilient Thermal Comfort, pp. 
433–445

Palani, H., Acosta-Sequeda, J., Karatas, A., & Derrible, S. (2023). The role of socio-demographic and eco-
nomic characteristics on energy-related occupant behaviour. Journal of Building Engineering, 75, 
106875. https://​doi.​org/​10.​1016/j.​jobe.​2023.​106875

Palmer, J., Terry, N., & Pope, P. (2012). How much energy could be saved by making small changes to eve-
ryday household behaviours. A report for Department of Energy and Climate Change.

Peffer, T., Pritoni, M., Meier, A., Aragon, C., & Perry, D. (2011). How people use thermostats in homes: A 
review. Building and Environment, 46(12), 2529–2541.

Podgornik, A., Sucic, B., & Blazic, B. (2016). Effects of customized consumption feedback on energy effi-
cient behaviour in low-income households. Journal of Cleaner Production, 130, 25–34.

http://resolver.tudelft.nl/uuid:7fb560c6-dc0b-41b9-b872-11605eb01052
http://resolver.tudelft.nl/uuid:7fb560c6-dc0b-41b9-b872-11605eb01052
https://doi.org/10.3390/en15103829
https://doi.org/10.1007/s10901-024-10135-4
https://doi.org/10.1016/j.enbenv.2022.02.007
https://doi.org/10.1080/17452007.2012.738044
https://doi.org/10.1080/17452007.2012.738044
https://doi.org/10.1016/j.enbuild.2012.02.045
https://doi.org/10.1016/j.enbuild.2012.02.045
https://doi.org/10.1016/j.erss.2024.103462
https://doi.org/10.1016/j.enbuild.2020.110102
https://doi.org/10.1016/j.enbuild.2020.110102
https://doi.org/10.1080/17508975.2020.1747381
https://doi.org/10.1016/j.jobe.2023.106875


A study on occupants’ behaviour, satisfaction, and experiences…

Pothitou, M., Kolios, A. J., Varga, L., & Gu, S. (2016). A framework for targeting household energy savings 
through habitual behavioural change. International Journal of Sustainable Energy, 35(7), 686–700.

Pretlove, S., & Kade, S. (2016). Post occupancy evaluation of social housing designed and built to code for 
sustainable homes levels 3, 4 and 5. Energy and Buildings, 110, 120–134. https://​doi.​org/​10.​1016/j.​
enbui​ld.​2015.​10.​014

Revell, K. M., & Stanton, N. A. (2017). When energy saving advice leads to more, rather than less, con-
sumption. International Journal of Sustainable Energy, 36(1), 1–19.

Rudge, J. (2012). Coal fires, fresh air and the hardy British: A historical view of domestic energy efficiency 
and thermal comfort in Britain. Energy Policy, 49, 6–11.

Santin, O. G. (2011). Behavioural patterns and user profiles related to energy consumption for heating. 
Energy and Buildings, 43(10), 2662–2672.

Sarran, L., Hviid, C. A., & Rode, C. (2023). How to ensure occupant comfort and satisfaction through deep 
building retrofit? Lessons from a Danish case study. Science and Technology for the Built Environ-
ment, 29(7), 663–677. https://​doi.​org/​10.​1080/​23744​731.​2023.​21941​96

Spiekman, M. E., Boess, S. U., Santin, O. G., Rovers, T. J. H., & Nelis, N. (2022). Effects of energy-effi-
cient renovation concepts on occupant behaviour and hence building performance. In IOP Conference 
Series: Earth and Environmental Science (Vol. 1085, No. 1, p. 012023). IOP Publishing.

Sunikka-Blank, M., Galvin, R., & Behar, C. (2018). Harnessing social class, taste and gender for more 
effective policies. Building Research & Information, 46, 114–126.

Tink, V., Porritt, S., Allinson, D., & Loveday, D. (2018). Measuring and mitigating overheating risk in solid 
wall dwellings retrofitted with internal wall insulation. Building and Environment, 141, 247–261. 
https://​doi.​org/​10.​1016/j.​build​env.​2018.​05.​062

Tweed, C., Humes, N., & Zapata-Lancaster, G. (2015). The changing landscape of thermal experience and 
warmth in older people’s dwellings. Energy Policy, 84, 223–232.

Vischer, J. C. (2008). Towards a user-centred theory of the built environment. Building Research and Infor-
mation, 36, 231–240.

Wegener, B. A., & Schmidt, P. (2024). Wellbeing at home: A mediation analysis of residential satisfaction, 
comfort, and home attachment. Journal of Housing and the Built Environment, 39, 103–131. https://​
doi.​org/​10.​1007/​s10901-​023-​10068-4

Wolff, A., Weber, I., Gill, B., Schubert, J., & Schneider, M. (2017). Tackling the interplay of occupants’ 
heating practices and building physics: Insights from a German mixed methods study. Energy Research 
& Social Science, 32, 65–75.

Xu, Y., Luo, D., Qian, Q. K., et al. (2023). Are green buildings more liveable than conventional buildings? 
An Examination from the Perspective of Occupants. Journal of Housing and the Built Environment, 
38, 1047–1066. https://​doi.​org/​10.​1007/​s10901-​022-​09983-9

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

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable 
law.

https://doi.org/10.1016/j.enbuild.2015.10.014
https://doi.org/10.1016/j.enbuild.2015.10.014
https://doi.org/10.1080/23744731.2023.2194196
https://doi.org/10.1016/j.buildenv.2018.05.062
https://doi.org/10.1007/s10901-023-10068-4
https://doi.org/10.1007/s10901-023-10068-4
https://doi.org/10.1007/s10901-022-09983-9

	A study on occupants’ behaviour, satisfaction, and experiences in a zero-energy renovation social housing project in the Netherlands
	Abstract
	1 Introduction
	2 State of the art
	2.1 Thermal comfort, air quality and acoustic quality in renovated homes
	2.2 Ease of use, control and understanding

	3 Methodology
	3.1 The case study
	3.2 Data collection
	3.3 Analysis methods
	3.4 Users’ profiles

	4 Results
	4.1 Single middle-aged woman (hh1)
	4.1.1 HH1 Indoor environmental quality and building operation.
	4.1.2 HH1 Reasons for behaviour
	4.1.3 HH1 occupant’s satisfaction

	4.2 Single young man (hh2)
	4.2.1 HH2 Indoor environmental quality and behaviour
	4.2.2 HH2 reasons for behaviour
	4.2.3 HH2 occupant’s satisfaction

	4.3 Two-parents household with two children (hh3)
	4.3.1 HH3 Indoor environmental quality
	4.3.2 HH3 occupants’ behaviour and control
	4.3.3 HH3 occupants’ satisfaction

	4.4 Single young woman (hh4)
	4.4.1 HH4 indoor environmental quality and behaviour
	4.4.2 HH4 reasons for behaviour
	4.4.3 HH4 occupant’s satisfaction

	4.5 Household profiles

	5 Discussion
	5.1 Research limitations

	6 Conclusions
	6.1 Recommendations for practice

	Acknowledgements 
	References


