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ABSTRACT 

Improving the energy efficiency of buildings is a necessary step towards a low-carbon society. In 

the Danish residential sector, increasingly ambitious building standards are leading to the spread of 

new and retrofitted dwellings built on the same model: heavy facades with high levels of insulation, 

hydronic underfloor heating embedded in a concrete slab, and mechanical ventilation with heat 

recovery, often partly or fully automated. This model is becoming standard practice in most new 

development projects; however, little is known about the way occupants experience and use such 

dwellings – and in particular the new technical installations. Research works in several countries 

have demonstrated that low-energy dwellings consume on average more energy than predicted. 

Moreover, post-occupancy evaluations highlighted a number of issues related to the technical 

installations in such dwellings with negative consequences on occupant satisfaction. 

The first objective of this project was to understand the advantages and shortcomings of heating 

and mechanical ventilation systems in low-energy homes, seen from the point of view of occupants. 

To do so, occupant comfort and satisfaction in dwellings were approached with an interdisciplinary 

toolset. A field study consisting of a survey and semi-structured interviews permitted to gather 

insights on occupants’ preferences, opinions and behaviours. The interviews were carried out in 

collaboration with social scientists. The second objective was to contribute to the development of 

solutions to the issues highlighted in the field study. This was first done by identifying some 

personal and contextual factors that impacted occupant satisfaction and should be taken into 

consideration in building design and operation. Finally, a data-driven tool to automatically detect 

faults and inefficiencies on heating installations was built and demonstrated on a test apartment. 

The field study revealed that, while indoor environmental quality was overall considered 

satisfactory, the technical installations could become a source of dissatisfaction for occupants. They 

were overall perceived as complex and opaque, as occupants lacked technical information and 

guidance to understand and operate them. Moreover, in all investigated dwelling types, both new 

and retrofitted, the technical installations suffered from malfunctions when occupants moved in, 

which affected comfort and in some cases energy use, and which were difficult for occupants to 

diagnose. When no manual control options were available, some occupants found workarounds and 

alternative control strategies, for example by fully disconnecting ventilation systems. 

When examining occupant interaction with technical installations in case studies in different 

building types and locations around the world, a number of non-physical factors showed an 

influence on occupant satisfaction with these installations. Occupants’ understanding of the 

technology and their perceived control over the indoor environment were key to their acceptance 

of technical installations, which in turn influenced the proper operation of these systems. 

Occupants’ perception of indoor environment quality in homes was correlated to their perception 

of the usability of technical installations. When focusing on occupants’ acceptance of remote 

thermostat control for demand response, previous thermostat use habits were found to be the main 

factor impacting the success of such strategies, before thermal discomfort. These factors – 

occupants’ technical knowledge, perceived control, interface usability and previous habits – 

influence the performance of technical installations in buildings but are rarely considered when 

designing these systems and their control logic. 

Finally, it was demonstrated that data that is already being collected in many buildings could be 

used to detect faulty or inefficient heating operation. By simply collecting indoor air temperature 

and heating setpoint data, one could distinguish several ways in which occupants used underfloor 

heating and identify households who had difficulties operating it. By complementing this dataset 

with data from the heat meter and the circulation pump, a grey-box model of the heating installation 

was built, which permitted to detect excessive water temperatures and flowrates in the underfloor 
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heating loops and to suggest operational improvement scenarios. More work is needed to improve 

the reliability of this method, but it has potential to be integrated into a fault detection tool to assist 

occupants or operators in improving the operational efficiency of residential heating systems. 

Summing up, technical installations in low-energy dwellings can become a source of dissatisfaction 

for occupants, because they suffer from faults that are not systematically corrected before move-in, 

and because their complexity and opacity makes it difficult for occupants to operate them and 

diagnose issues. These shortcomings could be solved with (1) an increased effort on user-

friendliness, communication and technical guidance around these systems and their control logic, 

(2) more systematic commissioning and post-occupancy evaluations, and (3) an increased use of 

data collected in dwellings to automatically detect faults and inefficiencies and inform building 

occupants and operators.  
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RESUMÉ 

Det er nødvendigt at forbedre bygningers energieffektivitet for at opnå et mere bæredygtigt 

samfund. I Danmark fører stadig mere ambitiøse byggestandarder til udbredelse af nye og 

renoverede boliger, der opføres efter samme model: tunge facader med højt isoleringsniveau, 

vandbåren gulvvarme indstøbt i beton og mekanisk ventilation med varmegenvinding, der ofte har 

hel eller delvis automatisk styring. Denne model er ved at blive standard i de fleste nye 

udviklingsprojekter, selvom man kun ved lidt om, hvordan beboerne oplever og bruger sådanne 

boliger - og især de nye tekniske installationer. Forskning fra flere lande har vist, at lavenergiboliger 

i gennemsnit bruger mere energi end forudsagt. Desuden har brugerevalueringer fremhævet en 

række problemer i forbindelse med de tekniske installationer i lavenergiboliger, der har negative 

konsekvenser for beboernes tilfredshed. 

Det første mål med dette Ph.d.-projekt var at forstå fordele og ulemper ved varmeanlæg og 

mekaniske ventilationssystemer i lavenergiboliger, som det ses fra beboernes side. Beboernes 

komfort og tilfredshed i boliger er undersøgt i et tværfagligt feltstudie, hvor oplysninger om 

beboernes præferencer, meninger og adfærd blev indsamlet gennem et spørgeskema, samt gennem 

semistrukturerede interviews. Sidstnævnte blev udført i samarbejde med socialvidenskabelige 

forskere. Det andet mål var at bidrage til udvikling af løsninger på de problemer, der blev fremhævet 

i feltstudiet. Som første skridt blev der identificeret nogle personlige og kontekstuelle faktorer, der 

påvirkede beboernes tilfredshed, og som burde tages i betragtning ved projektering og drift af 

bygninger. Endelig blev der etableret et datadrevet værktøj til automatisk at opdage fejl og 

ineffektiv drift af varmeanlæg. Værktøjet blev demonstreret i en testlejlighed. 

Feltundersøgelsen viste, at indeklimaet generelt blev betragtet som tilfredsstillende, men at de 

tekniske installationer kunne være årsag til utilfredshed blandt beboerne. De opfattede som regel 

systemerne som værende komplekse og uigennemsigtige, da beboerne manglede teknisk 

information og vejledning i at forstå og betjene dem. Desuden fandtes der ved indflytning en række 

fejl på de tekniske installationer i alle de undersøgte boligtyper, såvel de nye som de renoverede. 

Disse fejl påvirkede komforten og i nogle tilfælde energiforbruget, og var vanskelige at 

diagnosticere for beboerne. Når der ikke var nogen manuelle kontrolmuligheder, fandt nogle 

beboere på alternative kontrolstrategier, ved for eksempel fuldstændigt at afbryde 

ventilationssystemerne. 

En undersøgelse af beboernes interaktion med de tekniske installationer i casestudier fra forskellige 

bygningstyper rundt om i verden viste, at en række ikke-fysiske faktorer havde indflydelse på 

beboerens tilfredshed med systemerne. Beboernes forståelse af systemerne og deres opfattede 

kontrol over indeklimaet var nøglen til deres accept af de tekniske installationer, hvilket igen 

påvirkede om systemernes var i god drift. Der var en sammenhæng mellem beboernes opfattelse af 

indeklimaet i hjemmet og deres opfattelse af de tekniske installationers brugervenlighed. I et studie 

af beboernes accept af at termostater blev fjernstyret til demand response, viste det sig, at deres 

vaner relateret til brug af termostater var den vigtigste faktor, der påvirkede sådanne strategiers 

succes, efterfulgt af ønsket om at undgå termisk ubehag. Faktorer såsom beboernes tekniske viden, 

deres opfattelse af kontrol, hvor let brugergrænsefladen er at betjene samt beboernes tidligere vaner 

påvirker alle hvor godt de tekniske installationers virker i bygninger, men de tages sjældent i 

betragtning ved design af disse systemer og deres kontrollogik. 

Endelig blev det demonstreret, at data som de, der allerede indsamles i mange bygninger, kan bruges 

til at opdage defekte eller ineffektive varmesystemer. Ved at indsamle data om indendørs 

temperatur og setpunkter for varmen kunne man skelne mellem forskellige måder, beboerne bruger 

gulvvarmmen på og identificere husstande, der havde problemer med at betjene gulvvarmen. Ved 

at supplere dette datasæt med data fra varmemåleren og cirkulationspumpen blev der bygget en 
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såkaldt grey-box model af varmeanlægget, som kunne opdage, når vandtemperaturen og flowet i 

gulvet var høje samt foreslå muligheder for forbedring. Pålideligheden af denne metode kan 

forbedres yderligere, men den har potentiale til at blive integreret i et værktøj til fejldetektering, der 

kan hjælpe beboere eller driftspersonale med at forbedre varmeanlæggenes effektivitet. 

Opsummerende skal nævnes, at tekniske installationer i lavenergiboliger kan blive en kilde til 

utilfredshed blandt beboerne, fordi de lider af fejl, der ikke systematisk bliver rettet inden 

indflytning, og fordi deres kompleksitet og ugennemsigtighed gør det vanskeligt for beboerne at 

betjene dem og diagnosticere problemer. Disse problemer kunne løses med (1) en øget indsats for 

at forbedre brugervenlighed, forklaring og teknisk vejledning omkring disse systemer og deres 

kontrollogik, (2) mere systematisk kontrol af idriftsættelse og brugerevalueringer, og (3) en øget 

brug af data indsamlet i boliger for automatisk at opdage fejl og ineffektiv drift samt informere 

beboere og bygningens driftspersonale. 
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Chapter 1. INTRODUCTION 

Since the start of this PhD project three years ago, the awareness of the reality of climate change 

has grown faster than ever before in most countries in the world. While the science behind it has 

been known for several decades, it has become increasingly visible to the general public, in part 

due to recent extreme weather events in developed countries [1]. Human activities are responsible 

for the emission of unsustainable amounts of greenhouse gases (such as carbon dioxide, CO2) in 

the atmosphere, which have increased global temperatures by about 1 ºC since pre-industrial levels, 

modifying the Earth’s climate and threatening ecosystems [2,3]. The Intergovernmental Panel on 

Climate Change (IPCC) estimates that this global warming should stay below 1.5 ºC in order to 

avoid triggering a number of natural feedback loops likely to accelerate the warming mechanism, 

and with it the multiplication of natural catastrophes and biodiversity loss [2]. Reaching such a goal 

requires fundamental changes in the way our societies produce goods and services, in the way we 

consume, eat, travel, work, live [4–6]: at the current rate of CO2 emissions, the 1.5 ºC threshold 

could already be reached as early as 2030 [2]. 

Efforts are underway to tackle the most CO2-intensive sectors of society, and in particular the 

generation of energy in the form of electricity and heat, which is alone responsible for 42% of the 

world’s CO2 emissions [7]. The energy sector is undergoing an extensive transformation towards 

cleaner production sources, a higher production efficiency, and a larger interconnection between 

different energy forms [8,9] – but considerable challenges remain [10]. Besides producing greener 

energy, societies must therefore also use less of it. 36% of the final energy use in the world comes 

from building construction and operation [11]. In the European Union, 76% of the final energy 

consumed in dwellings is used for space heating [12], and it is still in majority provided by fossil 

fuels [13]. Reducing the heat demand in buildings can be achieved by insulating building envelopes 

and introducing more energy-efficient space conditioning systems [14]. This effort is widely 

recognized as one of the most cost-effective ways to tackle climate change [14], and is being pushed 

by a range of national standards and guidelines for both new and retrofitted buildings [15,16]. 

But a building, and a dwelling in particular, is more than an edifice consuming energy: it is a shelter 

for a household, intended to protect its occupants from outdoor conditions and to provide them with 

comfortable, safe and healthy conditions to live in. Energy itself is not used in homes for the sake 

of using energy, but to carry out social practices [17]. The transition towards a low-energy building 

stock can therefore only be successful if new and retrofitted buildings offer better living conditions 

to their occupants. It is in theory the case: energy-efficient buildings, besides being attractive due 

to lower energy bills, are also meant to provide a better thermal comfort, thanks to their high degree 

of insulation against outdoor conditions. On the other hand, the increased air-tightness creates risks 

for indoor air quality, making the presence of a well-functioning mechanical ventilation system a 

necessity [18,19]. 

Post-occupancy evaluations (POEs) carried out in diverse low-energy dwellings around the world 

show large improvements in terms of indoor environmental quality (IEQ), in particular thermal 

comfort [20,21] and indoor air quality [22]. The occurrence of self-reported health issues due to 

poor IEQ has overall been demonstrated to be lower in retrofitted dwellings [23]. Several articles 

also report higher levels of environmental awareness among tenants in low-energy dwellings 

[20,24], even though others disagree [25,26]. This research demonstrates the double benefit of low-

energy dwellings for occupants and for society. Yet, beyond IEQ satisfaction, surveys also report 

that occupants are concerned about a number of recurrent issues in these dwellings. These include 

substandard materials and equipment [20,26], faults in the pre-occupancy setup of building systems 

[26,27] and lack of commissioning [20,28]. The growing complexity and automation of modern 

heating and mechanical ventilation systems is likely to increase the occurrence of technical faults 
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and the difficulty to fix them [29]. High-performance buildings are also routinely pointed at for 

poor summer comfort [20,25]. Moreover, the energy performance of buildings in operation has 

been found to deviate from their theoretical performance [30–32]: this divergence is commonly 

referred to as the building energy performance gap. Its amplitude varies greatly from case to case, 

but some studies showed that the measured energy use could reach two or three times the calculated 

use [33,34]. Different explanations have been proposed to this divergence, among which the 

insufficient accuracy of energy performance models, design and installation errors, and a large 

variability in occupants’ preferences and behaviours [31,34,35]. 

POEs are not carried out systematically, which according to some scholars constitutes a barrier to 

the continuous improvement of low-energy residential technology [24,25,36,37]. Moreover, as 

suggested by the contrast between the positive IEQ assessments and the diverse reports of occupant 

dissatisfaction in low-energy dwellings, a deeper evaluation of occupants’ own priorities, needs and 

preferences, and potentially the establishment of new satisfaction criteria beyond current IEQ 

models, are necessary. Several personal and contextual factors are known to affect occupant 

comfort and satisfaction [18,19,38–41] but their practical importance in a residential context should 

be studied in more depth. 

On the technology side, several solutions have been proposed to reduce building system failures 

and the energy performance gap. With the development of cheap and accessible sensing technology, 

intelligent control algorithms are growing in popularity, aimed at optimizing energy use while 

learning occupants’ comfort preferences. These are increasingly applied in commercial buildings 

[42,43], but are also making their way into residential dwellings, often in the form of smart 

thermostats [44]. Some of them also offer the possibility to shift energy use depending on the strain 

on the energy grid, and in particular the availability of renewable energy [45,46]. This field is 

promising as it would permit to meet occupants’ needs while reducing the carbon footprint of 

building operation. Yet, these new technologies need to be designed based on models and criteria 

that truly represent occupants’ priorities and preferences: otherwise, increased automation may end 

up being a threat to occupant comfort and satisfaction [47–49]. A number of scholars argue that 

occupants should be kept in the control loop, and that building data should be used as a tool to assist 

them in operating the systems, rather than taking control away from them [49–51]. A promising 

way to do so is automated fault detection and diagnosis [52], where the automated system focuses 

on detecting operational faults and informs the user of possible actions to improve operation. 

More research is therefore needed to understand occupants’ preferences and needs beyond what 

current occupant behaviour models are able to predict, and to explore in depth the reasons for 

occupant dissatisfaction in low-energy dwellings. Recent developments in building design and 

operation should be scrutinized adopting the end-users’ point of view. This project aims to generate 

knowledge in this direction, and to suggest uses of building data to design occupant-centric 

solutions balancing occupant satisfaction and energy performance. 

This PhD project has two simple objectives: 

(1) to identify the reasons for issues with heating and mechanical ventilation leading to 

occupant dissatisfaction in low-energy dwellings, and 

(2) to contribute to the creation of solutions to improve occupant satisfaction without 

jeopardizing energy efficiency. 

The first objective consists in understanding the drivers and potential deterrents of occupant comfort 

and satisfaction in low-energy homes, the advantages and shortcomings of mainstream residential 

space heating and mechanical ventilation technologies, and the way these affect occupant behaviour 
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and satisfaction. Through a field study, this research takes a closer look at what occupants 

themselves define as comfortable, what motivates their interaction with the technical installations 

meant to provide this comfort, and how they would like them to be operated. A mix of research 

methods is applied, both traditional surveying and sensing methods used in building science 

research and qualitative methodologies such as semi-structured interviews, which permit to reach a 

deeper understanding of the phenomena at stake. 

The second objective is tackled on two levels: theoretical and practical. In a first phase, the ways in 

which personal and contextual factors affect the success of building technology and control 

strategies for energy savings, occupant comfort and satisfaction are examined in depth. The 

usability of building services and interfaces and the drivers of occupants’ acceptance of automated 

indoor environmental control are brought into focus. In a second phase, a fault detection and 

diagnosis method for underfloor heating systems is proposed, based on commonly installed sensors. 

1.1 Research hypotheses and research questions 

The objectives of this thesis translate into three research hypotheses, each of them addressed via a 

number of research questions: 

Research hypothesis A: Technical installations such as heating and mechanical ventilation in low-

energy dwellings can become a source of dissatisfaction and discomfort for their occupants. 

Research question A1: How satisfied are occupants with the indoor environmental 

quality in their low-energy homes? 

Research question A2: How satisfied are occupants with the heating and mechanical 

ventilation systems in their low-energy homes? 

Research question A3: If occupants’ expectations regarding the heating and mechanical 

ventilation systems are not met, how do they react to them? 

Research hypothesis B: A number of personal and contextual factors affect occupant comfort, 

satisfaction and the proper functioning of technical installations. 

Research question B1: Which human-related factors play a role in the success of 

building controls and interfaces, and what can we learn for future occupant-centric 

controls?  

Research question B2: Does occupants’ perception of the usability of their heating and 

ventilation systems affect their satisfaction with the indoor environmental quality in 

their dwellings? 

Research question B3: Which factors affect occupants’ likelihood to reject an automated 

control of thermostat setpoints in the context of demand response? 

Research hypothesis C: Sub-optimal heating system operation could be detected based on 

common sensors in order to inform the residents of energy waste or faulty operation. 

Research question C1: Is it possible, by using indoor temperature and heating setpoint 

data matched with occupant interviews, to identify occupants’ difficulties to operate 

underfloor heating? 

Research question C2: Is it possible, by using data from sensors that are often installed 

in dwellings, to create a grey-box model of an apartment’s heating system and detect 

sub-optimal operation? 
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1.2 Thesis structure 

This thesis is structured in eight chapters. 

Chapter 1 - Introduction 

This chapter introduced the topics addressed in this thesis and highlighted their relevance. The 

objectives of this work, the research hypotheses and the research questions were presented. 

Chapter 2 - Background 

This chapter presents the background for the investigations carried out as part of this PhD, and gives 

an overview of the state-of-the-art. 

Chapter 3 - Methods of the field study: investigated buildings and collected data 

This chapter describes the field study that was carried out to address Research hypothesis A and 

introduces the methods as well as the investigated cases. 

Chapter 4 - Occupants’ perspectives on their low-energy dwellings 

This chapter addresses Research hypothesis A. The results from a field study on occupant 

satisfaction in low-energy dwellings are presented and discussed. The learnings from this field 

study provide a background for the investigations carried out in Chapters 5 and 6. 

Chapter 5 - Personal and contextual drivers of occupant comfort and satisfaction 

This chapter addresses Research hypothesis B, investigating different personal and contextual 

drivers of occupant comfort and satisfaction in several contexts. 

Chapter 6 - Fault detection and diagnosis tools for comfort and energy performance 

This chapter addresses Research hypothesis C, assessing the possibility to carry out automated fault 

detection and diagnosis based on data from thermostats and a small number of other sensors in 

homes. 

Chapter 7 – Conclusion and Outlook 

This chapter collects the findings from the previous chapters and concludes on the research 

hypotheses. It also discusses perspectives for building design and operation derived from this work.  

Chapter 8 - Future research 

This chapter presents topics of investigation for future academic work following this thesis. 

 

The work carried out throughout this thesis was reported in four journal articles and three 

conference papers. An overview of the way the articles address the research hypotheses and 

questions, and the data they are based on, is shown in Table 1.1. 

Table 1.1: Structure of the thesis around the research hypotheses, research questions and research 

articles. The journal articles are highlighted. 

Research 

hypothesis 

Research 

question Article Section Case study Data type 

A 
A1 to A3 I 4.1 to 4.3 Albertslund & Nordhavn Interviews 

A1 to A3 V 4.1 to 4.3 Albertslund Questionnaire 

B 

B1 VI 5.1 Diverse case studies Research stories 

B2 II 5.2 Albertslund Questionnaire 

B3 III 5.3 ecobee thermostats Smart thermostat data 

C 
C1 VII 6.1 Nordhavn Interviews & sensor data 

C2 IV 6.2 Nordhavn Sensor data 
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Chapter 2. BACKGROUND 

This chapter presents the scientific and technological context in which the present work took place. 

It revolves around a number of intertwined concepts that are particularly relevant when examining 

the performance of low-energy dwellings, and which should be clarified here: occupant satisfaction, 

occupant comfort, indoor environmental quality and occupant behaviour. Occupant satisfaction is 

defined here as occupants’ overall appreciation of their home and of the services it provides. 

Occupant comfort is one aspect of occupant satisfaction. Comfort is a wide construct, which has 

different definitions in different disciplines [40] and is described in more depth in this chapter. The 

definition used in building design and research is that of Indoor Environmental Quality (IEQ), 

which encompasses four dimensions: thermal comfort, indoor air quality (IAQ), acoustic comfort 

and visual comfort. IEQ perception is considered to be one of the main drivers of occupant 

behaviour in buildings, and thereby of building energy consumption [53]. 

Section 2.1 reviews published works on the in-use performance of low-energy dwellings, focusing 

on energy efficiency and occupant satisfaction. Section 2.2 shows the relevance of adopting an 

interdisciplinary approach to examine occupant satisfaction, comfort and behaviour in domestic 

contexts, and exposes the opportunities, barriers and recent trends linked to interdisciplinary 

research. In Section 2.3, theories and models focusing on occupant satisfaction, comfort and 

behaviour coming from a range of different disciplines are reviewed. Finally, two growing fields 

making use of data collected in buildings to improve both occupant comfort and energy use are 

reviewed for their opportunities and challenges: automated control of building installations (Section 

2.4) and fault detection and diagnosis (Section 2.5). 

2.1 Challenges in low-energy dwellings 

Low-energy dwellings are residential buildings that are built after recent energy performance 

standards. In this study, “low-energy dwelling” refers to any dwelling built with a design energy 

consumption for heating, ventilation and domestic hot water under 70 kWh/m2/year, roughly 

corresponding to the 2010 Danish energy performance standard BR10 [54]. 

2.1.1 The energy performance gap 

A large body of research brought into light the existence of a gap between the actual energy 

consumption of a building during its operation and the prediction that was made during the design 

phase based on assumptions and simulations. This “energy performance gap” has been a popular 

research topic in the past decade and has given birth to several reviews [32,34,35,55,56]. Whether 

the difference between predicted and actual energy consumption is positive or negative was shown 

to depend on the energy performance rating. Occupants of low-energy dwellings use on average 

more energy than predicted, while occupants of older dwellings use less energy than anticipated by 

the energy performance rating. This was demonstrated in 2012 by Sunikka-Blank and Galvin [57] 

who compiled results from several studies across 3400 German dwellings. They introduced the term 

“prebound effect” to characterize the fact that older dwellings were less energy-intensive than 

predicted, in opposition to the “rebound effect” defining the tendency of occupants of well-insulated 

dwellings to increase their consumption of energy-related services (for example, by aiming for 

better thermal comfort), and consequently use more energy than anticipated [58,59]. They set the 

limit between prebound and rebound effects around 100 kWh/m2/year (design energy demand). 

This phenomenon was also shown to be true in a study of 964 dwellings in Belgium [60]. It was 

more recently confirmed by Van den Brom [31] based on gas consumption data in 1.4 million Dutch 

social housing dwellings across different energy classes, following earlier work by Majcen et al. 

[61]. Several more studies reaching the same conclusion were reviewed by Mojic et al. [62]. In a 

review of 48 studies by Mahdavi et al. [33], the magnitude of the energy performance gap in 



6 Chapter 2 - Background 

 

 

dwellings, calculated as the ratio of the measured and predicted energy use, was found to range 

from 0.3 (-70%) to 8.0 (+ 700%) with an average of 1.30 and a standard deviation of 0.51. Van den 

Brom found it to be equal to 1.41 in 5,000 Class A dwellings, and 1.14 in 18,000 Class B dwellings 

[31]. 

This literature demonstrates that predicting energy use in dwellings is a very difficult exercise. A 

number of studies showed that identical dwellings had widely different energy consumptions 

[63,64], and that occupant characteristics and behaviours could explain 50% of the variance in 

domestic energy consumption [65,66] – although a recent comprehensive review concluded that the 

role of occupant behaviour in the energy performance gap was overestimated [33]. Besides the 

differences in the way occupants operate the building, issues from the design, construction and 

operational phases are also believed to lead to a performance gap [35]. In one study, different 

modellers given the task of calculating the heat consumption of the same building came up with 

strongly diverging results, showing the difficulty to establish reliable energy performance 

frameworks [64]. Modelling uncertainties are indeed considered one of the main drivers of the 

energy performance gap, both because of the difficulty of representing occupant behaviour [67–69] 

and because of the overall lack of reliable data to make informed assumptions [55]. Moreover, 

energy-efficient building technologies might not perform as designed [35], be operated inefficiently 

[32] or be too complex for the operators [29,70]. The building fabric itself can also perform more 

poorly than predicted [71]. If no thorough commissioning is carried out, these issues may not be 

corrected before move-in, leading to unnecessary energy use [72,73]. 

2.1.2 Occupant satisfaction and comfort 

Beyond energy performance, a number of studies have investigated occupants’ satisfaction in low-

energy dwellings, by means of surveys and interviews, often complemented by IEQ or energy 

consumption monitoring. When asked about their overall satisfaction with their low-energy 

dwellings, whether new or retrofitted, occupants’ response was in large majority very positive 

[25,26,74]. In most studies, occupants’ overall appreciation of the IEQ was also positive, both in 

terms of thermal comfort and indoor air quality [20,21,28,75–77]. Occupants of dwellings with 

mechanical ventilation rated their health as improved more frequently than occupants of naturally 

ventilated dwellings, even though the air was drier, causing eye irritations [22]. Issues linked to 

mould growth were reported to have decreased [75]. As to energy consumption, some dwellings 

offered satisfactory savings [20,28,78] while in other cases occupants were left disappointed [27]. 

Overheating in summer was a common issue to several of the reviewed studies, in particular in 

bedrooms [20,25,27]. Another frequent issue was the presence of noise and draft from the technical 

installations, mainly from mechanical ventilation [18,27,75,78–80], leading some occupants to shut 

ventilation down [18,79] and others to tape diffusers [21]. In general, faults on the heating and 

mechanical ventilation installations and the lack of a proper commissioning process were the main 

reason for occupant dissatisfaction, together with a perceived substandard building quality 

[20,26,81]. The increased complexity of technical installations in low-energy dwellings made 

failures more likely [78]. Finally, the availability of technical information regarding the operation 

of these systems, the presence of user manuals and the organization of occupant training sessions 

were emphasized in a large number of studies as an important condition to achieve occupant 

satisfaction [25–27,74,78,80]. Poor user-friendliness and accessibility of building controls and 

interfaces was highlighted in several studies [25,74,82]. 

2.2 Relevance of interdisciplinary research to understand building occupants 

The previous section showed the difficulty to understand, model and predict occupants’ preferences 

and behaviours in buildings, and particularly in homes. Only a share of the factors influencing 

occupants’ actions can be measured and included in simulation programs – but the others factors 

should be understood too in order to design buildings that work in practice for their occupants. This 
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requires embracing the complex mesh of factors driving human-building interaction and looking at 

building design and operation from the occupants’ point of view. This approach welcomes 

contributions from new fields of study such as psychology, sociology and anthropology, which 

grant particular attention to the context in which comfort perceptions occur and related behaviours 

take place [83,84]. 

Researchers from these fields have also adapted their own theories to energy-related behaviour and 

comfort, as will be shown in Section 2.3. Yet, traditionally, researchers from the building sciences 

and the social sciences rarely read each other’s publications or use each other’s theories and 

methods [85]. This is in part due to large differences in methodology and research traditions. A 

major difference is the preferred use of qualitative research methods in social sciences, as opposed 

to quantitative methods. Qualitative research relies on non-quantifiable data such as conversations, 

text documents or images, gathered for example during interviews or observation sessions. 

Contrarily to most quantitative research, the value of qualitative case studies does not reside in the 

representativeness of the chosen sample in the general population, and they should never aim at 

statistical generalization [86]. Instead, they permit to propose an in-depth explanation of the 

phenomena at play in a given setting, which can, if the cases are chosen appropriately, contribute 

to building a theory or drawing learnings applicable to other cases [87], what Yin calls analytical 

generalization [86]. The “thickness” of qualitative data and the statistical representativeness of 

quantitative data should be seen as complementary instead of mutually exclusive [88]. 

In a review that became a major reference for interdisciplinary energy-related research, Sovacool 

[89] highlighted the lack of social science methodologies and theories in articles published in 

leading energy research journals, and suggested a series of gaps that could be addressed by 

interdisciplinary research. Since then, a larger number of research projects have been initiated that 

relied on the strengths from both engineering disciplines, economics, and the social sciences. 

Several research methods most often used in the social sciences, reviewed by Bavaresco et al. [90], 

are particularly useful to describe the human-related aspects of comfort and behaviour in buildings, 

among which questionnaires, interviews, personal diaries or ethnographic fieldwork. Recently, a 

full chapter of the reference book by Wagner et al. entitled “Exploring occupant behaviour in 

buildings: methods and challenges” [91] was devoted to surveys and interviews [92]. 

Among recent interdisciplinary projects on energy- and comfort-related behaviour in buildings, one 

can cite the Danish eFlex project [93], where the analysis of residential heat pump energy use during 

a demand response experiment was completed by an in-depth anthropological study, highlighting 

different user types and suggesting differentiated incentives to participate in such programmes [94]. 

Addressing the same theme of flexible energy use in buildings, the InterHub project [95] gathers 

researchers from the building sciences and sociology to analyse the interplay between building 

design, household practices and energy provision. One can also cite several interdisciplinary 

collaborative projects on smart building controls and indoor climate monitoring, such as the H2020 

Mobistyle project [96], skoleklima.dk [97], the Sunde Boliger project [98] and the performance 

assessment of the UN City in Copenhagen [99], which all included an anthropological field study. 

The qualitative insights permitted for instance to highlight the importance of organizational factors 

in the success of energy and indoor climate monitoring, to identify relevant information to be 

displayed on energy dashboards, to draw recommendations in terms of usability of control 

interfaces, and ultimately, to reduce energy use (in the case of the UN City) and improve indoor 

comfort and well-being (in the Mobistyle project). 

Larger research collaborations on occupant behaviour in buildings are increasingly opening up to 

contributions from the social sciences. The IEA EBC Annex 66 collaboration entitled “Definition 

and simulation of occupant behaviour in buildings” [100] made use of on theories from both 

building physics and social psychology, which led to the creation of a holistic framework to depict 
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occupant behaviour in office buildings [84]. Taking over from Annex 66, IEA EBC Annex 79 

continues this work with the aim of suggesting ways to include these learnings into building design 

and operation. It argues for integrating social science theories of human behaviour into future design 

standards and guidelines [68], and produced a comprehensive review of such theories applied to 

occupant behaviour [101]. The next section presents an overview of theories and frameworks from 

both engineering and social sciences depicting occupant satisfaction, comfort and behaviour in 

buildings. 

2.3 Interdisciplinary views on occupant satisfaction, comfort and behaviour 

2.3.1 IEQ: the comfort metric in building standards and practice 

As mentioned in the introduction to this chapter, indoor environmental quality (IEQ) is the 

engineering definition of comfort, describing the conditions that indoor spaces should be able to 

provide. The present work focuses on the first two dimensions of IEQ: thermal comfort and indoor 

air quality (IAQ). 

For the purposes of building design, attempts were made to define “good IEQ” at the scale of a 

population via statistical models. Povl Ole Fanger [102] defined thermal comfort as the state where 

the body’s heat balance is neutral, and his thermal comfort model made it possible to predict the 

mean thermal sensation vote (PMV) of a population in given conditions based on six measurable 

variables. This statistical model was derived from a series of climate chamber experiments, and has 

since then been applied and largely validated in many different contexts [103]. This model still 

forms the basis of current building standards. It was then demonstrated that occupants’ thermal 

comfort perception varied as they adapted to outdoor conditions: this led to the establishment of the 

adaptive comfort theory [104], which was also translated into building standards [105,106]. The 

underlying argument behind this theory was that the occupant was not “a passive recipient of the 

given thermal environment […] but instead [was] an active agent interacting with and adjusting to 

the person-environment system via multiple feedback loops” [107]. Brager and de Dear [107] 

distinguished three forms of adaptation: behavioural thermoregulation, physiological 

acclimatization, and psychological adaptation. In particular, behavioural thermoregulation includes 

personal adjustments such as clothing, as well as use of building controls such as windows, heating 

or blinds, which makes it a determining driver of energy-related occupant behaviour in buildings. 

As to IAQ, it is often evaluated in terms of its impacts on occupants’ health. A number of pollutants 

present in indoor environments indeed represent a threat for health, for example fine particles from 

cooking or cleaning, volatile organic compounds from consumer products and construction 

materials, or biological pollutants such as mould deriving from excessive humidity [108]. 

Bioeffluents from humans are also one of the main sources of indoor pollution. International 

regulations and guidelines include thresholds for the concentration of different substances (for 

example, the WHO guideline on indoor air quality [109]). However, most of them are difficult and 

costly to measure, and therefore air change rate is often used as an indicator for healthy IAQ; this 

is for example the case in the Danish building code [110]. Air change rate can be quantified as such 

or by measuring CO2 concentration, which is often used as a proxy for the concentration of other 

indoor pollutants. Occupants’ perception of IAQ was also studied by Fanger, who introduced new 

units to measure it [111] and proposed a comfort equation to define it [112], even though it did not 

receive the same echo as his thermal comfort model. Although the presence of some pollutants is 

not detected by human senses [98], others can be perceived via e.g. irritations or odour annoyance. 

It was shown that satisfaction with IAQ was correlated to the concentration of certain pollutants 

[113]. Research showed that high CO2 concentrations (corresponding to low air change rates) were 

associated with low perceived IAQ and risks of sick building syndrome, with symptoms such as 
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skin and eye irritation, headache, difficulty to concentrate or dizziness [114]. High air change rates 

were associated with increased productivity and cognitive performance [115].  

However, it is widely recognized that perception of IEQ largely varies from person to person, which 

statistical models at the scale of a population are not able to represent [116]. Satisfaction with IAQ 

was for instance found to depend on the information received on the source of odours [117]. Even 

advanced models integrating adaptive components via empirically determined coefficients did not 

manage to predict more than 50% of thermal sensation votes in a given dataset [118]. Indeed, a 

number of factors, which are not easily reducible to coefficients in an equation, impact occupants’ 

perception of the indoor environmental quality. 

2.3.2 Contextual and personal drivers of IEQ perception and occupant behaviour 

In a comprehensive review, Schweiker et al. [41] examined published evidence of the influence of 

contextual and personal factors on different IEQ components and on occupant behaviour in 

buildings. Contextual factors include geographic location, building design features (envelope U-

value, views, layout, etc.), and system design characteristics (among which availability and 

usability of control interfaces). Personal factors include psychological elements such as perceived 

control over the environment, personal sensitivity to different stimuli (e.g. noise), personality traits 

or stress level, as well as physiological features, economic group or home ownership status. Some 

of the contextual and personal factors that showed an impact on IEQ perception and occupant 

behaviour are reviewed here. 

Thermal history and expectations 

The adaptive comfort theory included psychological adaptation [107], which relates to the fact that 

“a person’s reaction to a temperature which is less than perfect will depend very much on his 

expectations, personality and what else he is doing at the time” [119]. This implies that one’s 

expectations towards the thermal environment influence one’s thermal comfort [120], which 

according to some scholars can be a barrier to energy conservation in buildings [121–123]. A study 

of residential building occupants who had moved between different regions of China with different 

climates and district heating coverage showed that occupants’ acceptability of cold conditions in 

winter decreased after they had moved to a place with warmer conditions [124,125]. Another study 

in a student residence showed that students whose hometown was located in a warm climate kept 

their room temperature significantly higher than students coming from colder climates [126]. Just 

like a change in climate, moving into a low-energy home can also entail a modification of thermal 

expectations. In a review, Malik et al. [127] interrogated the link between rebound effect in low-

energy buildings and thermal comfort within the framework of the adaptive comfort theory; they 

concluded that the rebound effect was a consequence of a change in thermal expectations. 

Occupants indeed expect an increase in thermal comfort after a retrofit [128], and several studies 

showed that this materialized in the form of higher indoor temperatures [59,129], suggesting that 

the improved energy efficiency of the building stock entailed “a new normal for comfort 

expectations towards higher indoor temperatures” [130] (p.96). 

Personal control over the indoor environment 

This personal factor is one of the most studied in literature. Occupants’ ability to affect the indoor 

environment is often studied under two angles: actual personal control, provided by e.g. building 

interfaces, and perceived personal control, which is the level of control that occupants believe or 

feel that they have. There is a difference between these two constructs: for example, sharing an 

office with more people was shown to decrease occupants’ perceived control, while the availability 

of control interfaces remained the same [131]. 

The feeling of not being in control over one’s environment was shown to engender stress and a 

number of related health problems [40]. The creators of the adaptive comfort theory showed that 
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occupants of naturally ventilated buildings accepted a wider range of indoor conditions due to their 

ability to open windows and thereby act on their thermal comfort [104,132]. A large body of 

literature, mostly focusing on office buildings, confirmed that occupants’ satisfaction with a given 

indoor environment increased with their perceived control over it [48,133–136]. The PROBE post-

occupancy evaluation studies [137] showed that the possibility of control was deemed necessary by 

occupants, not so much to optimize and fine-tune the indoor environment but to make local sources 

of discomfort tolerable. The question of the “adequate” level of personal control in office buildings 

is complex: while the prevailing rationale in many office buildings is that occupant-building 

interactions represent a threat to energy efficiency, a growing amount of research shows that 

excessive automation is detrimental to occupant satisfaction [138]. According to Povl Ole Fanger 

himself, building operation should aim at excellence instead of simply trying to minimize 

complaints, and this paradigm shift entails providing occupants with individual control options 

[139]. 

Less work on perceived control has been done in residential buildings. Exceptions include 

intervention studies showing the impact of available heating control options on the neutral 

temperature [140,141]. It is often assumed that occupants have full control over their indoor 

environment in homes; however, it was shown that what occupants truly valued was the 

effectiveness of the available controls. This was demonstrated in investigations of dummy [142] or 

ineffective [143] interfaces that occupants could operate but that did not affect the indoor 

environment: far from increasing occupants’ perceived control, these aggravated occupant 

dissatisfaction and complaints. In low-energy homes, the malfunctions and the complexity 

discussed in Section 2.1 might undermine the effectiveness of available control options, thereby 

reducing occupants’ perceived control. This will be investigated further in this thesis. 

Usability and transparency of technical installations 

Karjalainen [51] distinguished a number of features likely to positively influence occupants’ 

satisfaction with the indoor environment in residential buildings with automated HVAC systems, 

among which transparency, feedback and usability. The question of interface usability is linked to 

that of perceived control, in that it enables occupants to effectively control the indoor environment. 

Usability is defined as “the extent to which a system, product or service can be used by specified 

users to achieve specified goals with effectiveness, efficiency and satisfaction in a specified context 

of use” [144]. In an interview study, Karjalainen & Koistinen [145] highlighted a number of barriers 

that prevented office workers from being able to use the available room thermostats: the thermostats 

were located in unpractical locations, their purpose was unclear, they did not give any feedback, or 

their feedback was not understood, among other issues. Meier et al. [146] reviewed literature on 

usability of programmable thermostats in residences, showing that they were often considered to 

be complicated to use, with too small fonts and buttons, improper location, and unintuitive 

functionalities and terminology. This impacted and sometimes prevented occupants’ use of the 

programming features. Similarly, several scholars highlighted the need for transparent operation of 

building systems for occupant satisfaction. The response of the system should be fast and detectable 

[147], and immediate feedback should be provided to occupants [148]. Improvements to control 

interfaces have been suggested, such as displaying the estimated time before the setpoint was 

reached [149,150] or including information about current heating status and schedule [150]. 

Moreover, as already highlighted in Section 2.1, several studies showed that the lack of information 

available to users about the technical systems was one of the reasons for occupant dissatisfaction in 

low-energy dwellings [25,26,74]. Occupants’ knowledge of heating and ventilation systems was 

found to correlate significantly with perceived control, both in homes and in offices [151]. 

Occupants who received training on building systems in high-performance buildings were more 

satisfied with the indoor environmental quality, both in offices [152] and in homes [26]. 
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2.3.3 Comfort and behaviour in homes: insights from the social sciences 

As underlined by Ortiz et al. [40], IEQ is one way of defining and codifying comfort, but several 

other acceptances are found in other disciplines, and particularly when looking at domestic 

environments. Social scientific research has put in the spotlight the concept of “home”, as opposed 

to “house”, which encompasses the physical characteristics of the building but also includes social 

aspects of comfort and behaviour [153]. Domestic comfort can incorporate aspects of security, 

attachment, identification to the space, and be for instance influenced by interior design [154]. 

Based on a field study among occupants of Danish detached houses, Valdorff-Madsen & Gram-

Hanssen [155] highlighted the importance of materiality and senses for comfort in homes, and 

argued that comfort was “bodily sensed and socially interpreted” (p.93). Comfort perception 

depends on the specific social practices being carried out, and it influences them in return. For 

example, opening windows, besides removing pollutants, is also for occupants a way to connect to 

the outdoors [156]. This may sound abstract, but it has very practical consequences on domestic 

behaviours related to airing out, which in turn influence energy use in dwellings. 

More generally, this expanded definition of comfort entails new drivers of occupant behaviour in 

homes. A number of social scientists challenged the notion of homeostatic equilibrium as the main 

driver for comfort-related behaviour in homes, giving instead weight to factors such as values, 

social relationships and everyday practices. For example, Sovacool et al. [157] showed that thermal 

comfort was only one reason for occupants’ operation of heating interfaces, and that personal 

values, linked to one’s tendency to altruism or egoism, had a major role to play, sometimes causing 

“thermal conflicts” between individuals. Scholars such as Kirsten Gram-Hanssen and Elisabeth 

Shove wrote extensively on the way comfort and energy use were conditioned to everyday social 

practices at home [17,158,159]. In a special issue of Building Research and Information named 

“Comfort in a lower carbon society” [123], Shove et al. also showed how the definition of comfort 

was influenced by social norms, and was in this respect likely to change again – hopefully in a more 

sustainable direction. 

In a comparative study of housing retrofits in China and the Netherlands by de Feijter & van Vliet 

[160], the interviewed occupants expressed similar concerns to those listed in Section 2.1.2, linked 

to the excessive complexity of new technical installations and the need to keep the upper hand over 

them. The authors interpreted this as a mismatch between the definition of comfort proposed by 

retrofit packages and the way it was “performed” by occupants on the background of their previous 

habits, cultural preference and know-how. A theory that has been used in several research articles 

to describe these two conflicting definitions of comfort (including Paper I in this thesis) is the 

domestication theory. Originally developed by Silverstone and Haddon [161] to describe the 

adoption of information and communication technology in homes, this theory has been adapted by 

Sørensen [162] to a wider range of technological objects. Sørensen was inspired by earlier work by 

Madeleine Akrich [163] who described the way technology designers encoded their own worldview 

into the specifications of the products they created, and made assumptions regarding future users, 

their needs and their competences. Akrich defined this intended use of technologies as “scripts”. 

Along the same lines, Strengers argued that energy-saving building technology was imagined with 

an ideal user in mind, which she called “Resource Man” [164] and who was interested in saving 

energy, understood his energy consumption and was a super-user of smart technology in his home. 

Real users may be different from this archetype, and interpret the technical objects in unexpected 

ways, creating new ways of using them, which Latour called “anti-programmes” [165]. Sørensen 

defined the domestication of technology in homes as the negotiation between the designers’ scripts 

and the occupants’ anti-programmes. A number of scholars have written about the domestication 

of new heating and ventilations technologies in low-energy homes [166–170]. Leaning on this 

theoretical framework, they highlighted, for instance, the various ways in which different occupants 

used and understood the same technology, and argued that in order for low-energy building 
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technology to reach its goals, designers needed to expand their “scripts” and create technical 

systems that could be used by occupants with different preferences and capabilities. 

2.4 Improving comfort and energy performance with building automation 

After having explored in depth the definition and drivers of comfort and satisfaction in different 

disciplines, the rest of this chapter focuses on technological solutions aiming to improve both 

occupant comfort and energy efficiency in dwellings. 

This section examines solutions relying on the introduction of automation to control the indoor 

environment. Few occupants are interested in manually optimizing the energy consumption of the 

appliances they use. Based on users’ personal comfort preferences, either obtained by direct user 

input or learned using historical data, an intelligent system could balance energy consumption and 

comfort in an optimal way [171]. Moreover, indoor pollutants are often invisible to human senses 

and occupants might not have incentives to eliminate them: relying on building automation could 

permit to maintain a healthy environment at all times.  

2.4.1 Home automation 

The first step of home automation is the possibility to create schedules, for instance via 

programmable thermostats. In theory, the use of programmable thermostats can reduce energy 

consumption significantly [172]; in practice, their installation itself is not a guarantee for energy 

savings [173]. Field studies and surveys in the U.S. showed that between 30 and 50% of 

programmable thermostats were actually manually controlled by or consistently overridden 

[174,175]. Relying on data from 20,000 ecobee smart thermostats in North America, Huchuk et al. 

[176] showed on the contrary that the majority of their owners used programming features, and that 

those who consistently overrode the scheduled setpoints did not necessarily use more energy than 

others. 

Stopps et al. [171] reviewed 39 studies implementing or simulating data-driven HVAC control 

algorithms in residential settings and highlighted a variety of control strategies: some systems 

reacted to measured occupancy or IAQ, others relied on model predictive control or prediction of 

occupancy, and others took occupant feedback as direct input. The largest category of solutions 

were devices offering the possibility of energy savings when occupants were away, by means of 

presence sensing or occupancy prediction. Such solutions existed both for heating systems [177–

179] and ventilation systems [180–182]. The reviewed strategies permitted to reduce energy 

consumption up to 25% (in a simulation study [183]) and 47% [181] for heating and ventilation, 

respectively. Scholars also investigated more advanced control strategies for IEQ in homes, relying 

on algorithms able to learn occupants’ comfort preferences and occupancy patterns and to control 

operation accordingly [184,185]. 

Such technologies have already been commercialized for several years by thermostat manufacturers 

such as ecobee or Honeywell, as well as large technology companies such as Google with the Nest 

learning thermostat, and are gaining in popularity [186]. Just as with programmable thermostats, 

however, occupants may not use the technology in the anticipated way. For example, in a field 

study with users of an early version of the Nest thermostat, occupants did not blindly trust the 

automated schedules, but instead scrutinized the way the thermostat learned their preferences and 

carefully regulated the inputs they gave to the device [187]. Several studies looked into occupants’ 

motivations for adopting such intelligent devices. In a study of more than 26,000 online reviews of 

several commercial smart thermostats, scholars showed that the ease to install and use them was 

one of the most important features of these devices [186]. Control was extensively touched in the 

reviews, but mostly in a positive or neutral way. Comfort was not a dominant topic, although it was 

still mentioned twice as much as energy efficiency. How much occupants valued the technological 
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features of smart thermostats was found to depend on personal characteristics and values [188]. 

Mamonov suggested that the strongest motivation to adopt smart thermostats was not occupants’ 

expectations of its performance, but rather the modern image it reflected on them and their home 

[189]. These studies showed that intelligent thermostats are becoming increasingly popular, but that 

the reasons for this popularity and the way they are used may not be fully in line with design 

expectations. 

2.4.2 Demand response and direct load control 

Besides being used to increase the efficiency of building operation, automation has a large role to 

play in addressing another challenge: energy flexibility in buildings. Roadmaps for the green 

transition predict a substantial increase in the share of renewable energy sources in the electrical 

mix [2]. Yet, these sources of energy are intermittent, which may represent a risk for the stability 

of the electrical grid and security of supply. A solution to this issue is demand response (DR), which 

consists in making energy demand more flexible in order to adapt to the amount of energy generated 

at a given time, or to minimize the CO2 intensity of the energy used [190]. Such strategies entail for 

example reducing peak loads or shifting loads in time. A number of appliances in homes are 

particularly well adapted to such efforts, among which heating and cooling systems – in particular 

in well-insulated dwellings with a large thermal mass [191,192]. A large number of projects have 

demonstrated the technical feasibility and the efficiency of demand response strategies in homes 

[193–197].  

Occupants’ acceptance of such programs is a critical aspect to consider in demand response 

applications. A number of scholars have investigated the willingness of occupants to shift their 

heating and cooling loads in time. In a 2017 survey study carried out in the Netherlands [198], 71% 

of respondents were reportedly unwilling to shift the start time of their heating system more than 

20 minutes, while they showed to be “slightly willing” or “willing” to turn off air conditioners or 

reduce heating setpoints, showing the priority given by most people to preserving comfort. Comfort 

and convenience were indeed highlighted in surveys as key criteria for occupants’ willingness to 

enrol in demand response programs [199]. Other important success criteria included occupants’ 

experience with previous events [199], trust in their local utility [200,201] and the amount of 

information received on energy-related matters and the benefits of demand response [198,202–204]. 

In several survey studies, occupants were asked to state their preference among demand response 

programs based on different incentives and assisted by different automated mechanisms. If price 

signals were implemented as an incentive to reduce consumption during peak hours, occupants 

showed to be more willing to enrol in demand response programs where smart appliances 

automatically responded to energy prices than in programs where they had to manually shift their 

consumption [51,205]. According to Fell et al. [205], automation in the context of demand response 

paradoxically offered more perceived control than manual operation, as it permitted to keep the 

upper hand over energy costs. Direct load control (DLC) is the name given to the strategy consisting 

in letting an energy utility take control over one’s appliances and shut them down during peak 

periods [190]. DLC showed to be an acceptable DR solution on the condition that occupants were 

provided with an option to override it [194,206]. In pilot projects carried out between 2005 and 

2012, the share of participants that overrode DLC was between 1% and 39% [93,196,207,208]. 

Besides survey studies on prospective enrolment, there is, however, virtually no large-scale recent 

research estimating occupants’ acceptance of current demand response programs. 

2.5 Fault detection, diagnosis and continuous commissioning 

Besides being fed into advanced HVAC control algorithms, operational data can also be used to 

detect faults in building installations, which constitute one of the causes of the energy performance 

gap in buildings [209]. Roth et al. [210] identified thirteen typical faults in commercial buildings 
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and estimated that they caused a 4 to 18% increase in energy use. Still in commercial buildings, 

Mills [73] estimated that correcting faults during commissioning could result in energy savings of 

13 to 17%. In residential buildings, where optimizing operation to reduce costs is rarely a priority 

for occupants, faults are mainly noticed when they result in a loss of comfort or a significant 

increase in energy bills [211]. Yet, a number of errors can undermine the operational efficiency 

without significantly affecting comfort. In particular, in buildings supplied by district heating, a 

considerable challenge consists in making sure that the return temperatures at the building or 

apartment level are not too high. Ensuring low temperatures in district heating systems permits to 

improve the efficiency of heat production, to decrease distribution losses, and to integrate low-

carbon heat production sources into the mix [212–214]. Faults in the end-user’s heating installations 

are known to affect return temperatures significantly [215]. These faults include poor balancing 

between the different heating loops, faulty valves and wrongly sized components [214,216–218]. 

Occupants are rarely able to detect these faults as they do not systematically affect comfort; yet, in 

many district heating networks, end-users carry the responsibility for reducing the return 

temperature [217]. Automated fault detection and diagnosis (FDD) based on real-time collection of 

building data, also called continuous commissioning [219], could therefore permit to identify faults 

before indoor comfort is affected, and to detect errors and inefficiencies that occupants would 

otherwise not notice. 

Several categorizations of FDD methods have been proposed [52,220,221], most often separating 

them in three overarching categories: 

• Knowledge-based methods, in some cases called white-box models, where the underlying 

mechanisms of the investigated system are fully known, and are modelled in order to 

compare measured and expected performance. Simple rule-based methods are also part of 

this category. 

• Data-driven methods, or black-box models, where no physical information on the modelled 

system is known or needed, and the diagnosis is carried out based on collected data alone. 

These methods include both supervised and unsupervised learning methods [221,222]. 

• Grey-box models, where the knowledge of the physical system is incomplete, and the 

unknown parameters are estimated using measured data to calibrate the model. This type 

of model combines data-driven insights with some physical knowledge of the system, 

thereby reducing the number of model parameters and improving their validity [223] – but 

grey-box models often yield a lower predictive accuracy than black-box models [224,225]. 

Such methods have been applied to detect faults in air handling units for air conditioning [226–

228], heat pumps [229] or ventilation systems [230]. In district heating systems, most of the 

published fault detection algorithms focus on district heating substations, where heat metering data 

can be used [231–235]. However, sufficient datasets on the end-users’ installations are rare and 

difficult to obtain. Besides a knowledge-based method developed by Østergaard et al. [218] to 

detect faulty radiators using heat cost allocators, current literature does not, to the author’s 

knowledge, address FDD for residential installations in a district heating context. 
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Chapter 3. METHODS OF THE FIELD STUDY: INVESTIGATED 

BUILDINGS AND COLLECTED DATA 

3.1 Research design 

In order to obtain in-depth insights on occupants’ satisfaction with IEQ and the technical 

installations in their low-energy homes, a field study was carried out. The collected data consisted 

of both quantitative and qualitative data, in an explanatory mixed methods study [236]. Unlike in 

exploratory studies, quantitative data was collected first, in the form of a survey, in order to map 

out occupants’ satisfaction with the indoor environment and investigate different tracks related to 

their experience with the building services. Once the insights from the questionnaire were gathered, 

semi-structured interviews were carried out with a sample of the respondents, in order to understand 

in depth the reasons for the opinions and behaviours highlighted in the questionnaire. As the 

interviews yielded new insights, the interview guide was updated. Figure 3.1 illustrates the main 

steps of this methodology, which are described in more detail in this chapter. 

 

 

Figure 3.1: Field study: overview of the methodology 

 

Objective data on indoor environmental quality was also collected in some of the dwellings via 

sensors. As the number of dwellings where this data could be collected was small in comparison to 

the number of households who participated in the questionnaire and interviews, this data was mainly 

used as a point of reference to assess the variability among respondents of the IEQ perception 

expressed in the questionnaire.  
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3.2 Investigated buildings 

The field study targeted two residential areas located in the Copenhagen region, in Denmark. A 

general view of each of the two areas is shown on Figure 3.2. 

 

Figure 3.2: Overall view of the two residential areas used as cases. Sources: [237,238] 

 

Case 1 was a social housing complex consisting of 2007 individual houses located in the suburban 

town of Albertslund. When the data collection in Case 1 took place (between January and May 

2019), the whole area was undergoing a large retrofit effort. 552 of these dwellings were identical 

row houses (Type A), retrofitted between 2014 and 2015, i.e. prior to the study. The remaining 

1455 dwellings were nearly identical L-shaped semi-detached houses, of which approximately half 

had already been retrofitted at the time of the study and handed back to their occupants between 

2016 and 2018 (Type B and Type C). The remaining semi-detached houses were to be retrofitted 

at the latest in 2022 (Type D). The occupants of houses being retrofitted were relocated for the 

duration of the retrofit and were not included in the study. The population consisted mainly of 

families with children or elderly residents (and relatively few students or young couples). The age 

distribution of the whole social housing population, as well as that of the questionnaire respondents 

and the interviewees, is shown on Figure 3.3. One can notice that the study attracted a pool of 

respondents that was on average older than the general population. The reasons for this selection 

bias and its potential implications are discussed in Section 5.2 and in Paper II. 

 

In general, the housing area was very dynamic and the social bonds among households were strong, 

with a large number of activities and organizations internal to the area. Many of the residents had 

lived in this neighbourhood for most of their adult lives. However, the retrofit led to an improvement 

of the quality of the dwellings, but also to an increase in rent, which attracted younger and relatively 
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wealthier households and led other residents to move out. These facts are mentioned here because 

they may have had an influence on occupants’ appreciation of the retrofit result expressed in the 

questionnaire and the interviews [239]. Moreover, as in many Danish social housing complexes, 

the “residents’ democracy” was very important: the residents were closely associated to the retrofit 

process, by forming committees participating to the decisions.  

Case 2 was located in Nordhavn, an artificial peninsula near Copenhagen city centre ongoing 

extensive construction activity, as it is expected to house 40.000 inhabitants and 40.000 workplaces 

by 2050. The vision for Nordhavn is to showcase the sustainable city of the future, through low-

energy architecture, multiple green and blue areas, and dense public transportation [240]. It also 

welcomes experimentation and research, among others on energy production and management 

technologies as well as green transportation. This area was used as a living lab for the EnergyLab 

Nordhavn research project, funded by the Danish Energy Technology Development and 

Demonstration Programme (EUDP) and carried out between 2015 and 2020 [241]. The dwellings 

built in Nordhavn are high-end, owner-occupied houses and apartments; their branding revolves 

around quality of life, sustainability and comfort. Three of these properties, which occupants all 

moved in between 2014 and 2017, were included in the present study: a set of semi-detached houses 

on two or three floors (Type E) and two apartment buildings located by the water (Type F and 

Type G). The study participants were mostly white-collar and working-age, and about half had 

children living at home. 

Figure 3.4 shows typical floor plans for each of the dwellings. 

 

Figure 3.4: Typical floor plans. The drawings are not to scale. Adapted from Papers I and II. 
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Table 3.1 summarizes the main characteristics of the different dwellings, describes their heating 

and mechanical ventilation systems as well as, for the retrofitted houses, the extent of the retrofit.  

Table 3.1: Characteristics of the studied dwellings. A dash in the table signifies that this feature is not 

applicable to the concerned building type. Adapted from Papers I and V 

General properties 
Albertslund (Case 1) Nordhavn (Case 2) 

Type A Type B Type C Type D Type E Type F Type G 

Type of accommodation Row houses 
Semi-

detached 

Semi-

detached 

Semi-

detached 

Semi-

detached 
Apartments Apartments 

Floor area (m2) 106 93 or 108 93 or 108 93 or 108 120-181 85-146 104-135 

Construction end date 1965 1965 1965 1965 2014-15 2016 2017 

Retrofit end date 2014-16 2016-18 2017-18 - - - - 

Building standard BR10 BR10 BR15 unknown BR10 BR15 BR15 

Design energy demand for 

HVAC+DHW (kWh/m2/yr) 
68.01 69.01 40.01 unknown 62.51 37.81 20.22 

Space heating        

Hydronic radiators Bedrooms X X X    

Thermostatic valves  X X X    

Hydronic underfloor heating Liv. room    X X X 

Simple wall thermostats       X 

Programmable thermostats X    X X  

Mechanical ventilation        

Heat recovery X X X - X X X 

Centralized    -  X  

Decentralized X X X - X  X 

Exhaust in wet rooms X X X - X X X 

Supply high on the wall X  X - Liv. room X X 

Supply: grilles on floor  X  - Bedrooms   

Moisture-induced boost X  X -    

Manual boost X   -   X 

Adjustable fan speeds    - X   

Retrofit extent        

Rebuilding of upper floor X   - - - - 

Roof Replaced  Insulated - - - - 

Replacement of windows X X X - - - - 

Insulation of external walls  All Light only Light only - - - - 

Filling of crawl space X X X - - - - 

New heating system X X X - - - - 

New ventilation system X X X - - - - 

 

Heating in all dwellings was provided by district heating. Dwelling types E, F, G as well as A (in 

the living room only) were equipped with hydronic underfloor heating, where pipes were embedded 

into a concrete screed underneath the flooring layer. The other dwellings were equipped with 

hydronic radiators, which were oversized with respect to current district heating temperatures, as 

they were prepared to low temperature district heating. The heating control interfaces varied largely 

from dwelling to dwelling as seen in Table 3.1; several examples of these interfaces are shown in 

Figure 3.5. All studied dwellings, apart from the non-retrofitted Type D houses, were equipped with 

balanced mechanical ventilation with heat recovery – in Albertslund, this was a novelty brought by 

the retrofit. Supply diffusers or grilles were installed in the living room and bedrooms, while 

                                                      
1 As required by the corresponding building standard (average for the different dwelling sizes). 
2 As calculated during the design phase, according to the construction documentation. 
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exhaust terminals were installed in bathrooms, as well as a hood in the kitchen. Occupants’ 

possibility to interact with mechanical ventilation differed from dwelling to dwelling: some of the 

systems operated with constant air volume (B, F), another offered fully adjustable fan speeds (E), 

and the others included a boost mode, which was moisture-induced (A, C) or/and manually 

triggered (A, G). 

 

 

Figure 3.5: Heating and ventilation control interfaces. (a) Central programmable interface for 

heating in Type A, E and F houses. (b) Underfloor heating wall thermostat in Type A, E and F 

houses. (c) Radiator thermostatic valve in Type B, C and D houses. (d) Underfloor heating wall 

thermostat and indoor climate display in Type G houses. (e) Ventilation control interface in Type G 

houses. Sources: [242–244], Paper I. 

3.3 Collected data 

3.3.1 Questionnaire 

In January 2019, a questionnaire was distributed to the 2007 households in Case 1 (social housing 

complex). The same questionnaire was distributed later on to the occupants of the studied dwellings 

in Case 2, but the responses are not presented in this thesis, as the number of participants in Case 2 

was negligible in comparison to Case 1.  

The questionnaire consisted of 113 questions: 15 background questions, 81 closed questions rated 

on a 5-point Likert-type response format, and 17 open questions for comments and precisions. The 

reader can find the full text of the questionnaire on DTU’s data repository [245]. The questionnaire 

was developed in order to evaluate the following seven concepts: 

 thermal comfort in summer and winter 

 respondents’ satisfaction with their possibility to control and interact with the heating 

system  

 satisfaction with indoor air quality 

 satisfaction with the quality of the ventilation supply air  

 respondents’ satisfaction with their possibility to control and interact with the ventilation 

system 

 window opening behaviour in summer and winter 

 interest in diverse proposals regarding information and control on indoor climate. 

a b 

d e 

c 
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In order to define each of these seven notions, most of the questionnaire sections were organized in 

aggregated rating scales [246], which are a list of questions describing a larger, hidden concept, 

called a latent variable. After evaluation of the reliability of the aggregated scale, one can simply 

express the latent variable as the sum of the answers to the individual questions [247]. 

The questionnaire was distributed in paper form. An introductory letter was attached to the 

questionnaire, containing a web address and a QR code for respondents who wished to answer it 

digitally. It was also possible to fill in the paper version and return it in several points located in the 

different neighbourhoods of the area. A lottery was organized as an incentive to participate, with 

four different prizes to win (each had a value of about 100€). Two weeks after the initial distribution 

date, posters were displayed in each neighbourhood with a reminder to participate. The deadline for 

participating was two weeks after the reminder. After collection of the responses, all paper answers 

were digitized. Replies that were less than 70% complete were discarded. 

Of the 2007 households, 344 completed the questionnaire, corresponding to an overall response 

rate of 17.1%. The participation was distributed in the different house types as shown in Table 3.2. 

The higher response rate among occupants of Type C houses can be explained by the particular 

engagement of the housing association personnel, who distributed on their own initiative a note 

encouraging residents to participate. 

Table 3.2: Questionnaire participation 

House type A B C D 

Number of houses 552 495 258 702 

Number of completed questionnaires 69 78 94 103 

Response rate (%) 12.5 15.8 36.4 14.7 

 

3.3.2 Semi-structured interviews 

In the second step of this mixed-methods field study, semi-structured interviews were conducted 

with residents of both Case 1 and Case 2, in their homes. 

In Case 1, residents were given the option to provide their contact information at the end of the 

questionnaire in order to participate in interviews. An interdisciplinary Master’s level course was 

then organized gathering students of the Civil Engineering department at DTU and students of the 

Department of Anthropology at Copenhagen University. Mixed teams of civil engineering and 

anthropology students were dispatched in the social housing complex and interviewed residents. 

The interviews conducted with residents of non-retrofitted houses (Type D) are not presented in 

this thesis. 23 interviews were carried out in retrofitted houses. In Case 2, the prospective 

participants were contacted by e-mail (house types F and G) or by post (Type E) with a one-pager 

describing the focus of the study. Five interviews were carried out by the PhD student alone, and 

nine were conducted together with a PhD student in sociology at Aalborg University. 

Following the insights gathered in the questionnaire study, the interview guide for Case 2 was 

structured around five themes. The main questions addressed in the interviews can be found in 

Table 3.3. In Case 1, similar themes were given as guidelines to the students. Most of the interviews 

were carried out in Danish and a few in English, lasting between thirty minutes and two hours. All 

the interviews were recorded, transcribed and analysed with the qualitative data analysis software 

MaxQDA, adopting an inductive coding approach. The first step of the analysis consisted in reading 

the transcripts in depth, and assigning some keywords, or codes, to particular expressions or 

sentences [248]. The existing codes were arranged into a preliminary thematic structure after the 

first few interviews. The code structure evolved as more interviews were incorporated, until it was 

able to illustrate both the general structure and the details of the respondents’ responses. Moreover, 
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short vignettes were written summarizing the content of each interview, in order to make sure that 

the analysis was consistent with the individual respondents’ stories. 

Table 3.3: Main interview questions. Source: Paper I 

Theme Examples of questions 

General background 

and house history 

 Please introduce yourself (age, family, educational background, job, etc.) 

 Can you tell us about where you lived before? Why did you move here? 

What was important in the choice? 

Comfort practices, 

home activities and 

routines 

 Describe a typical day in this dwelling. Where do you spend most time?  

 How do you feel about being at home in general? How and where do you 

relax? (try to define with the respondent the meaning of “comfort”) 

 What role does heat play in these activities, if any? 

 Do you usually air out? How often and why? For particular activities? 

Home tour 
 What do you use this room for? What do you like and dislike about it? 

 How do you regulate the indoor climate in this room and why?  

Use and perception of 

comfort technologies 

 Can you describe how this technology (heating, ventilation, control interface) 

works? Can you show us how you use it, what for, when? 

 Does anyone at home use it more than the others and why? 

 Have you experimented with it? How did you learn how to use it? 

 How has your experience with the technology been so far? Does the 

technology overall live up to your expectations? 

 If any problems are mentioned: what type of issues? When was the last time 

an issue occurred? What did you do then? Did you get any help, and if so 

whose and how? 

 Have any of your activities changed after you got it installed? How? 

 If you could have any system in the world instead, what would it be? 

Relation to technology 

in general 

 Do you have any “smart” objects in your home? What for? 

 If you have to buy a new technological object (phone etc.), how do you make 

your choice? Do you ask others, do others usually ask you? 

 Does the question of privacy and data security play any role in your 

technology use? Are you concerned about sharing your data, why? 

 

3.3.3 Sensor data 

Some of the respondents from Case 1 who participated in interviews with students also received 

indoor climate sensors. Two types of indoor climate loggers were installed in the living rooms of 

some of the visited houses (one logger per house): IC-meters, measuring indoor air temperature 

(accuracy: ±0.3ºC), relative humidity (accuracy: ±2%) and CO2 concentration (accuracy: ±30 ppm) 

every 5 minutes; and HOBO-loggers, measuring indoor air temperature (accuracy: ±0.35ºC) and 

relative humidity (accuracy: ±3.5%) every 10 minutes. The loggers were installed after the 

questionnaires were returned, and thus did not record the indoor environment during the January 

weeks where the questionnaires were filled out. To compensate, the data was analysed for the 

coldest week in the sensors’ common logging period, namely from April 10th 2019 to April 17th 

2019. The outdoor temperature during that week varied from -1ºC to 11ºC with an average of 4.7ºC, 

which is close to the average temperature during the heating season in Denmark (5.5ºC) [249]. After 

excluding invalid data due to a technical failure of some sensors, 17 living rooms in retrofitted 

houses were monitored for indoor temperature and relative humidity, and 9 of them were also 

monitored for CO2 concentration. 



22 Chapter 3 - Methods of the field study: investigated buildings and collected data 

 

 

As the dwellings in Case 2 were part of the EnergyLab Nordhavn project [241], a number of sensors 

were present in the Type G apartments. The following data was available from January 2018: 

 In each room: indoor temperature, CO2 concentration and relative humidity (logged every 

5 minutes); indoor temperature setpoint, balcony door opening (logged at changes); 

 Heating system: supply and return temperatures, metered water flowrate from risers, 

individual underfloor heating loop valve opening, and circulation pump current (logged 

every 5 minutes). 

The data collected in Case 2 was not analysed in the field study, but it was used to build the fault 

detection and diagnosis method presented in Chapter 6. 

3.3.4 Data summary 

Table 3.4 summarizes the volume of data collected from the two case studies. Data that was 

collected but is not presented in this thesis is marked as non-applicable (“N/A”). 

Table 3.4: Summary of the field data by case and house type 

 Albertslund (Case 1) Nordhavn (Case 2) 
Total 

 A B C D E F G 

Completed questionnaires 69 78 94 103 N/A N/A N/A 344 

Interviews 7 6 10 N/A 3 3 8 37 

Monitored dwellings 4 6 7 N/A 0 0 8 25 
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Chapter 4. OCCUPANTS’ PERSPECTIVES ON THEIR LOW-

ENERGY DWELLINGS 

The present chapter intends to address Research hypothesis A: 

Technical installations such as heating and mechanical ventilation in low-energy dwellings can 

become a source of dissatisfaction and discomfort for their occupants. 

This research hypothesis was tackled by means of the field study described in Chapter 3, designed 

to answer the following research questions: 

Research question A1: How satisfied are occupants with the indoor environmental quality in 

their low-energy homes? – Section 4.1 

Research question A2: How satisfied are occupants with the heating and mechanical 

ventilation systems in their low-energy homes? – Section 4.2 

Research question A3: If occupants’ expectations regarding the heating and mechanical 

ventilation systems are not met, how do they react to them? – Section 4.3 

The findings presented in this chapter have been accepted for publication in a journal and a 

conference. All but one of the figures and quotes in this chapter are taken or adapted from the 

following publications: 

Paper I 

Sarran, L., Lex, S.W., & Wærsted, E.H. (2021). Comfort and technical installations in low-energy 

homes: reconnecting design intention and domestic perceptions. Building Research and 

Information. 1920362. https://doi.org/10.1080/09613218.2021.1920362 

Paper V 

Sarran, L., Rode, C., & Hviid, C.A. (2020). Low-energy retrofitted homes from their occupants’ 

perspectives: indoor environmental quality and satisfaction with heating and mechanical 

ventilation systems. In IAQ 2020. 

(Accepted, conference postponed to May 2022) 

This chapter blends together the main results obtained from the questionnaire answered by 344 

households in Case 1, and the semi-structured interviews conducted with 37 households in both 

Case 1 (retrofitted houses only) and Case 2. IEQ data collected in a few of the Case 1 houses is also 

presented and compared to the questionnaire replies. Each of the main concepts highlighted in the 

interviews is illustrated by one quote (the respondent’s names are all pseudonyms). The reader can 

find more quotes and more detailed analyses in Paper I. 

4.1 Satisfaction with indoor environmental quality 

4.1.1 Comparison of the questionnaire replies with sensor data 

As described in Section 3.3.3, IEQ measurements were carried out in 19 retrofitted houses in Case 

1 during a representative winter week. These measurements were used to evaluate whether the 

respondents’ satisfaction with IEQ was correlated with indoor air temperature, relative humidity 

and CO2 concentration, and to evaluate the variability of the respondents’ preferences. The results 

https://doi.org/10.1080/09613218.2021.1920362
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are shown in Figure 4.1. These results should only be considered indicative, as the sample size was 

too small to reveal any statistically significant correlations between measurements and 

questionnaire replies. As most occupants who received a temperature sensor were largely satisfied 

with the indoor temperature in winter, it is difficult to see any link between measured temperature 

and thermal comfort (Figure 4.1a) – unsurprisingly, mean temperatures considered comfortable 

varied from 20.5 to 24 °C. Excessive air dryness seemed to be relatively accurately perceived by 

occupants (Figure 4.1c). However, because of the insufficient sample size, it is overall not possible 

to link the perceived IEQ as expressed in the questionnaire with measurable indoor conditions. 

4.1.2 Thermal comfort 

The first section of the questionnaire distributed in Case 1 addressed thermal comfort, both in terms 

of temperature level and in terms of temperature fluctuations in space (temperature asymmetry) and 

in time (temperature swings). Occupants’ answers are represented in Figure 4.2, where each stacked 

bar corresponds to a house type (A, B, C and D). The large majority of occupants of the three 

retrofitted house types A, B and C reported comfortable indoor temperatures in winter, while only 

half of the occupants of the non-retrofitted houses (Type D) did. The reported frequency of 

temperature swings and asymmetry was also significantly lower in retrofitted houses than in older 

houses. Differences in winter thermal comfort between retrofitted house types were small. In 

summer (Figure 4.2c and d), overheating issues were reported in all house types, all rooms and 

across the day, and in particular in the retrofitted house types A and B. Occupants of retrofitted 

houses overall reported more occurrences of excessive temperature fluctuations in summer than in 

winter, which they explained by larger solar gains. 

In general, cold discomfort and excessive temperature swings were less frequent in bedrooms than 

in living rooms, while overheating problems were more frequent in bedrooms. This points at a need 

for lower temperatures at night: this preference was indeed expressed in the open questions of the 

survey and in the interviews, and is also seen in literature [250]. Several of the respondents reported 

having issues sleeping as temperature was too high and they did not dare keeping windows open all 

night out of safety concerns. 

 “There is the same heat everywhere. And the fact of going around in the evening in a T-shirt 

and barefoot, I think it is really nice. It is quite different from some of the previous apartments 

where I have lived, where you always needed your warm sweater.” (Jesper, E) 

During the interviews, occupants reported a very satisfactory thermal comfort, both in terms of 

temperature level and of stability throughout the day and the space. Occupants of the retrofitted 

houses greatly enjoyed the absence of draft from the windows and from leaky facades – some of 

            a                                        b                                       c                                      d  

Figure 4.1: Measured and perceived IEQ in the living rooms of the monitored houses 

Normalized mean winter 

temperature satisfaction 

(1 = most comfortable) 
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them even joked that it used to rain and snow inside before the retrofit. Several respondents 

indicated that they got used to wearing less clothes indoor, or acknowledged that they had higher 

thermal comfort expectations since they moved in their new homes. Moreover, in the dwellings 

equipped with underfloor heating, temperature was often perceived as more constant and better 

distributed in space, as expressed in the quote above. The presence of a warm surface in contact 

with one’s feet, and the possibility of walking barefoot all day long, were also largely appreciated 

by respondents. 

“It was really hot last summer. In the summer period, upstairs, it’s better in the morning. And 

in the evening it’s better here, downstairs. So when it’s really hot we’re just looking for the coolest 

part of the house.” (Lisa, A) 

Because of the large windows and because of warm air rising to the first floor, Type A houses were 

the dwelling type where most occupants complained about overheating – an example is given in 

the quote above. While respondents perceived they could achieve thermal comfort in winter, they 

were upset about the physical impossibility to sink the temperature in summer when airing out was 

not sufficient. This was particularly problematic in the bedrooms. Several of them, both in Case 1 

and Case 2, thought that such well-insulated dwellings should be equipped with air conditioning, 

which is not part of the design practices and building standards for residential buildings in Denmark. 

Some were also disappointed with the fact that the mechanical ventilation system was not equipped 

with a cooling coil. 

4.1.3 Indoor air quality 

Figure 4.3 shows the questionnaire respondents’ evaluation of indoor air quality in their houses. 

Here, the question was asked only once and was not declined by season or location in the house. 

The air in retrofitted houses was perceived as significantly less humid than in the older houses, 

thanks to the envelop retrofit and the installation of mechanical ventilation. Air heaviness and smell 

were also seemingly reduced. For these three indoor climate issues, the satisfaction level was high 
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Figure 4.2: Thermal comfort: (a) in the living room in winter, (b) in the master bedroom in winter, 

(c) in the living room in summer, (d) in the master bedroom in summer. 
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in the retrofitted houses: on average, more than 80% of the respondents never or rarely experienced 

them. On the contrary, excessive air dryness was experienced more frequently in retrofitted houses, 

arguably because of the presence of mechanical ventilation. Occupants’ concern over the presence 

of dust in the air was comparable in all four house types, probably due to the ongoing retrofit works 

in the area. 

 

Figure 4.3: Indoor air quality perception 

 “We can feel such a large difference in terms of indoor climate, it is almost impossible to 

describe. You almost can’t understand anymore how you could live in the old houses. The air is just 

completely different.” (Rune, B) 

Indoor air quality in the retrofitted houses (Case 1) was perceived as greatly improved by a majority 

of the respondents, due to the sanitation of the walls and roofs, addition of insulation and a moisture 

barrier, and installation of mechanical ventilation. They mentioned the disappearance of unpleasant 

smells even when the house was not aired out for a long time, the absence of fog on the bathroom 

mirror, and noticed that their clothes dried faster than before. Some respondents mentioned previous 

issues with mould that also disappeared with the retrofit. In the new dwellings (Case 2), the 

occupants that had lived in older dwellings before made similar observations. 

“The air humidity becomes extremely low when [the outdoor temperature] is close to zero, and 

you can almost not sleep at night.” (Lars, B) 

Air dryness due to mechanical ventilation was also mentioned as an issue by occupants of different 

dwellings. Coping strategies against air dryness included turning off ventilation at night (Lars, B), 

drying clothes indoors to add some moisture (Tina and Hans, C), using an air humidifier (Louise, 

F), or using expensive eye drops (Gitte and Henrik, C). 

4.1.4 IEQ as a secondary concern 

While discussing thermal comfort and indoor air quality with occupants during the interviews, it 

also became clear that IEQ was not something most of them gave a lot of thought to, or considered 

a priority, in particular when the technical installations were working as intended. 

“It’s funny to be talking about [heating and warmth]. Because you don’t really think about it. It 

is just a part of the house.” (Cecilie, E) 

Talking about IEQ and the technical installations was new to this respondent, who had to express 

preferences and habits that she had never given much thought to. For her as for a number of others, 

heat and fresh air were not something they had to make a conscious effort to obtain. Among those 

who had underfloor heating, several chose the temperature setpoint in the beginning of the heating 

season and barely changed it at all during the winter. The temperature was almost always 

comfortable, and because the reaction time of the floor was very slow, many respondents quickly 

learned that they should wear an extra clothing layer if they temporarily felt cold – which for most 

of them was not an issue. As to ventilation, a few were not aware of its operation before the 

interview, while others expressed satisfaction with the fact that they did not have to air out as much 
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as before, and that the air always felt fresh. In these dwellings, heating and ventilation functioned 

as intended and were almost invisible to the occupants. 

 [After discussing issues with overheating in summer] “These shutters actually work very well, 

they actually keep a lot of the heat out in summer. But then, I keep them open because the cat has 

to sit and look out. [laughs] Yeah, she sits here in the sun and looks outside, she likes it and I think 

it is really sweet, and the shutters take the sun away.” (Birgitte, E) 

This quote is one example among many of the diversity of reasons behind people’s behaviours and 

preferences in homes. Striving for thermal comfort and indoor air quality was not a conscious 

everyday priority for most respondents: the most important role of the dwelling was to provide a 

safe and “cosy” space for their family to grow, to host friends, or to show their own personality via 

decoration and home arrangement. Often, as in the quote above, comfort- and energy-related 

behaviours were actually driven by personal, social or cultural preferences instead of the search for 

thermal equilibrium. All of these diverse preferences are not, and cannot really be, anticipated in 

the design phase of dwellings – they should however be enabled by flexible and controllable 

building design features. 

4.2 Satisfaction with space heating and mechanical ventilation 

”Some things are good, and some things are not so good. Honestly, ventilation and heating are 

one of the things that create irritation in the everyday life.” (Mette, G)  

The overall experience of living in low-energy dwellings was very positive for the large majority 

of respondents, in part because of the improved indoor environmental quality with respect to what 

they were used to, and in part because of a range of factors linked to well-being but not to IEQ: 

pleasant location, high level of finish of the materials and appliances, practical aspects such as 

presence of elevators or ease to clean, aesthetics, feeling of pride towards the dwelling. The 

technical installations, when they worked as intended, were nearly invisible to occupants. Yet, in 

other cases, issues related to these systems created irritation, as expressed in the quote above, as the 

technical systems manifested their presence and disturbed the everyday routines. Occupants 

mentioned for example experiencing draft from ventilation when sitting and watching TV, 

difficulties to regulate the indoor temperature when receiving guests, cooking smells lingering on 

for several hours or being transported from another apartment. More examples are given in the 

following sub-sections. 

4.2.1 Shortcomings of heating and ventilation systems 

Figure 4.4 shows the respondents’ evaluation of the ventilation air supply in retrofitted houses. 

Type D houses did not have mechanical ventilation and their occupants were therefore not asked 

these questions, hence the grey bars. Occupants responded similarly when asked if the ventilation 

air was too cold or if ventilation created draft; these issues were the least frequent in house type B, 

where air supply occurred at floor level. In house type C, some respondents commented on 

inappropriate diffuser placement (above the sofa area, where it caused draft nuisances). About 25% 

of respondents indicated frequent problems with dusty ventilation air, and close to 20% experienced 

frequent noise from the ventilation system. 

“[Ventilation was] noisier than a vacuum cleaner. […] I went on Internet and I found this 

guidance brochure on ventilation, and it said that there should be a silencer before each diffuser, 

and it turns out it was only installed on three of the five diffusers.” (Lars, B) 

In both the retrofitted social housing complex and the new, high-standard houses and apartments, 

occupants moved into dwellings that suffered from a number of faults. Some ventilation systems 

were missing parts (silencers for example), dust filters were clogged by the construction side dust, 

fans were incorrectly sized, or ventilation ran in emergency mode or in fire mode. As a 

consequence, residents experienced draft, high noise levels, excessive air dryness, transport of smell 
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from an apartment to another, or large energy bills. As to heating, some thermostats were 

disconnected, others placed in one room and controlling heat in another; balancing issues caused 

too high or too low heat output from the floors. When these problems resulted in acute discomfort 

or a large increase in energy use, occupants identified them and could access help. As suggested by 

the quote above, some respondents also did some research themselves to find out where the issue 

came from. However, other issues were only noticed after a year or two, often by chance, which 

suggests that other faults or inefficiencies probably persisted and were not corrected at all. These 

examples show the importance of a thorough control and commissioning process, which was 

missing or incomplete in the studied cases. 

4.2.2 Ease of use and knowledge 

Figure 4.5 reports respondents’ perception of the usability of the technical installations in their 

homes. As seen on Figure 4.5a, radiators in the non-retrofitted houses (Type D) were perceived as 

more difficult to use than radiators in retrofitted houses (Types B and C), even though they were 

very similar from a technological point of view: this perceived difficulty to obtain the desired effect 

may be due to the difference in envelope quality rather than to the radiators themselves, or to faulty 

components. Underfloor heating in Type A houses was perceived as more difficult to use than 

radiators in house types B and C, and its reaction time was judged as severely as that of radiators 

in the old houses. 25% of occupants stated lacking knowledge to operate the underfloor heating; 

however, interest in its operation was large. 

Occupants perceived their ventilation system more negatively than their heating system (Figure 

4.5b). Lack of sufficient knowledge to operate it was very strongly expressed in house types B and 

C, where the change to ventilation was done the most recently and where ventilation was not user-

controlled. The overall interest in the system was however large in all three house types. In the 

comments section, several occupants regretted a lack of detailed information and guidance on 

heating and ventilation operation after move-in. 

b) VENTILATION a) HEATING 

Figure 4.5: Perceived usability of (a) space heating and (b) mechanical ventilation 

Figure 4.4: Satisfaction with ventilation air supply. 
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 “When we came back from the renovation, they just took a few minutes, ten minutes, clicking 

through the menus [of the central heating control panel] to show it. And I understood it, but after 

one month I don’t think anyone remembers.” (Janne, A) 

The information received at move-in differed from building to building. In Case 1, occupants 

received brochures and a technician showed them how to use the new systems, as expressed in the 

quote above. In Case 2, occupants also received user guides and manuals, and in some buildings 

they were invited to meetings where technicians could answer their questions. Respondents had 

very different ways to relate to the information they received, which depended on how much they 

knew the technology beforehand, and how much they were willing to engage with it. The quote 

above shows that even personalized advice was not always sufficient, as some users were too new 

to the technology. Many respondents criticized the format of the received information, in particular 

user guides, perceived as too difficult to read. Some suggested that videos might have been more 

effective, others would have liked to have all the technical information available on a mobile 

application. Facebook groups were instead spontaneously created in both Case 1 and Case 2, where 

residents exchanged experience and asked each other for help. 

 “I don’t know what I am up against. When I don’t have all the information, and I am not sure 

if I understand it all, it is very difficult to ask somebody: “can you change it like this?”” (Lone, C) 

This lack of available technical guidance made it difficult for occupants to obtain the help they 

needed concerning heating and ventilation, and some of them simply did not feel qualified enough 

to ask. Some respondents also expressed uncertainty about whether the air change rate was 

sufficient, as they did not have enough information to evaluate it. In Type G apartments, a display 

provided information on the CO2 concentration and relative humidity, but most of the interviewed 

respondents were unsure as to what healthy levels were. Occupants carried the responsibility for 

making sure that heating and ventilation functioned properly, but many did not have the necessary 

technical understanding to do so. 

4.2.3 Control over the technical installations 

Figure 4.6 shows respondents’ reported satisfaction with the level of automation or manual control 

over heating and mechanical ventilation. Occupants of retrofitted houses were generally in favour 

of unchanged or more manual heating control, while opinions on control were uniformly distributed 

in the older houses. This was interesting, as occupants had complete manual control over their 

heating systems – perhaps their answer referred to difficulties to achieve the temperature they 

desired due to lack of guidance or technical faults. The setpoint control system in place in Type A 

houses, offering setpoint scheduling together with manual adjustments centrally or at room level, 

was the one giving the largest share of satisfied occupants. As to mechanical ventilation, the 

moisture-controlled turbo mode with a possibility of manual activation present in Type A houses 

was the most satisfactory. Type B houses, with a simple CAV system, presented the largest share 

of residents who wished more automation (maybe automated moisture control), while in Type C 

Preferred 

control over 

heating 

Preferred 

control over 

ventilation 

Figure 4.6: Preferred control over heating and mechanical ventilation 
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houses, which had CAV ventilation with automatic moisture control in the bathroom, over 75% of 

respondents wished more manual control on ventilation. A combination of automatic pollutant 

removal and manual user control thus seemed to satisfy occupants the most. 

 “They told me, you must never touch it, and that’s the way it is.” (Søren, C) 

This quote relates to the mechanical ventilation system, which in Types B and C houses was locked 

in a technical closet outside the houses, and to which the occupants had no access. Mechanical 

ventilation is often seen as a system that is too complex for occupants, and on which they should 

have little or no control [68,137]. In reality, the interviews highlighted a large variety in occupants’ 

needs and preferences related to ventilation control. While many of them indeed perceived it as a 

complex black box and were satisfied with the high degree of automation, others regretted not 

having any option to interact with it. This was in particular the case when issues occurred, for 

instance in case of noise, draft or excessive air dryness, as expressed in earlier quotes. Some also 

expressed the wish to turn ventilation off in summer to save energy, but were not given the 

possibility to do so. In general, the households who had the possibility to change the fan speed, or 

to activate a boost mode for a short period of time, were satisfied with this option and incorporated 

it in their daily practices (for example in connection to cooking or bathing). 

“I understand that if we close the diffuser completely, then the whole balance is gone. But who 

knows what position it has to be in? I mean, if we turn it half a centimetre inwards or outwards, is 

the balance still good, or did they adjust it once, and then hoped that nobody would touch it?” 

(Ulrik, F) 

Besides information on how to use the systems, several occupants expressed a wish for more 

transparency about the way the systems operated. In particular, ventilation in one of the multi-

family apartment buildings was balanced for an entire staircase at a time, and therefore occupants 

were told not to touch the diffuser plates. However, when discomfort arose – most often noise and 

draft issues – some were tempted to try and fix the issue by adjusting the diffusers, and were unsure 

about the consequences for air balance in their apartment and in their neighbours’. Some occupants 

also wondered about the consequences for energy use of adjusting the heating supply temperature 

locally in their apartment. In both cases, some control options were available to occupants, but their 

use was discouraged without them really knowing why. Some easily understandable guidance 

material, for instance in the form of videos, could help occupants make informed decisions. 

4.2.4 Indoor environmental information and control 

The last section of the questionnaire contained a set of proposals for services aiming at providing 

occupants with information, control and diagnosis tools regarding their heating and mechanical 

ventilation systems. The proposals are shown in Table 4.1. The occupants were asked to what extent 

they were interested in such proposals; their responses are shown in Figure 4.7. 

Table 4.1: Five proposals on information, diagnosis and control 

Proposal 1 To receive advice regarding the control of the indoor climate 

Proposal 2 To be able to visualize the temperature and air quality in your home 

Proposal 3 To be able to control heating and ventilation via an app 

Proposal 4 To have a system that automatically identifies operational errors in heating and ventilation 

Proposal 5 To know how much energy you use in comparison to your neighbours 

 



Chapter 4 - Occupants’ perspectives on their low-energy dwellings 31 

 

 

 

All of the proposals were overall met positively. The most popular proposal overall was Proposal 

4, related to automatic fault detection and diagnosis, possibly highlighting the lack of confidence 

occupants had in the good operation of the building services. The proposal gathering the most 

disinterest was Proposal 3, offering control of heating and ventilation systems via a mobile 

application. A large share of the respondents being elderly, it is possible that the proposal would 

have gathered a larger interest if made to a younger, more digital audience – but the collected data 

did not permit to verify this hypothesis. For all of the proposals, occupants of the non-retrofitted 

houses (Type D) were among those showing the least interest in the proposed tools. An explanation 

was given in the occupants’ comments: they knew that their houses were about to be retrofitted and 

did not see any advantage in obtaining new tools to handle the indoor climate before the retrofit. 

4.3 Consequences on occupant behaviour 

4.3.1 Window opening frequency 

Mechanical ventilation with heat recovery is often seen as an energy-efficient way of renewing the 

air that should partly or completely replace window opening. Respondents were asked in the 

questionnaire how often they aired out by opening windows in winter and in summer (Figure 4.8). 

Over 90% of all occupants aired out several times a day in summer (most probably keeping 

windows and doors open a large share of the day). Airing out in winter was also a daily practice for 

most respondents, even though the improved indoor climate after the retrofit and the installation of 

ventilation made airing out practically unnecessary for about 15% of respondents in retrofitted 

houses (which they explicitly said in the comments section). Meanwhile, 35 to 50% of the 

respondents in retrofitted houses aired out several times a day in winter in spite of the presence of 

mechanical ventilation, possibly indicating some routines that were independent from the actual air 

quality. 

Are you potentially interested in: 

Figure 4.7: Interest in the five proposals 

How often do you open 

windows to air out? 

Figure 4.8: Frequency of airing out in different house types 
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“I don’t think so much about the fact that there comes fresh air from the ventilation. I rather 

think: well there comes some fresh air inside if I open the balcony door.” (Christine, G) 

Several respondents were asked to avoid opening windows when they moved in, in order to preserve 

the ventilation balance or avoid energy waste, which they found difficult to live up to. While, as 

seen in Section 4.1, some occupants appreciated not having to air out as much as before, another 

group, gathering many of the elderly respondents, had a habit of airing out several times a day and 

kept doing it after the installation of mechanical ventilation. Besides pure habit, respondents 

formulated a definition for “fresh air” that differed from the one used by the HVAC industry and 

the research community. While mechanical ventilation is meant to provide air that is free from 

excessive humidity and pollutants, occupants perceived as “fresh” air that came from outside, was 

colder, and with a higher velocity. This “refreshing” effect was not achieved via mechanical 

ventilation, which led most occupants to keep airing out, even in winter. 

4.3.2 Hacks and workarounds 

“So I went to a shop that makes signs for learner cars and they cut me a magnet. What I do is, 

when I get up in the morning I stick [the magnet on the air inlet], so this way I don’t get draft and 

there is still some air in the rest of the rooms.” (Henrik, C) 

Annoyance towards faulty operation of mechanical ventilation, coupled with a perceived lack of 

control over it in the dwellings where it was fully automated, led a number of respondents to adopt 

alternative control strategies, as for example expressed in the quote above. Several respondents 

acknowledged taping the ventilation inlets in case of draft or noise (both in Case 1 and Case 2), or 

adjusting the diffuser plates, even though they were told not to. In Case 1, others simply 

disconnected the power switch corresponding to ventilation for parts of the day or the year to avoid 

eye irritations due to air dryness, to limit draft, or to save energy. Some noticed that the indoor air 

quality worsened, but preferred to have the upper hand on ventilation operation and complement 

with natural ventilation. This way, they could decide what factor to prioritize (indoor air quality, 

thermal comfort, energy use, or other factors such as their guests’ satisfaction) in relation to 

different everyday life activities. These examples showed that in spite of the lack of proper 

ventilation control interfaces, occupants found alternative ways to avoid discomfort. These ad-hoc 

strategies could be detrimental to indoor air quality and in some cases create risks for e.g. mould 

growth; in other cases, one occupant’s action led to system unbalance and was likely to create 

discomfort in other apartments. 

4.4 Conclusions of Chapter 4 and recommendations 

A field study was carried out in two different locations, consisting of a questionnaire answered by 

344 respondents and 37 semi-structured interviews. Based on the insights from this field study, the 

three research questions related to Research hypothesis A were answered as follows: 

Research question A1: How satisfied are occupants with the indoor environmental quality in their 

low-energy homes? 

 The studied low-energy homes provided occupants with a very satisfactory IEQ overall, 

with high perceived air quality and thermal comfort, which represented a large 

improvement with respect to older houses. 

 Occupants of retrofitted houses suffered more often from overheating in summer due to the 

larger windows and better insulation. They also reported more frequent issues linked to 

excessive air dryness, due to mechanical ventilation. 

Research question A2: How satisfied are occupants with the heating and mechanical ventilation 

systems in their low-energy homes?  
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 Heating and ventilation systems in both new and retrofitted dwellings, whether social 

housing or high-end apartments, suffered from a range of faults. These affected occupants’ 

comfort (in particular because of noise or draft from ventilation) and in some cases their 

energy bill. Draft and noise issues from ventilation were less frequent when ventilation was 

provided from the floor via grilles under the radiators. 

 Many occupants did not have the necessary knowledge to diagnose these faults, and to 

make sure they were corrected. They also lacked guidance on how to operate the systems. 

 This lack of guidance was combined with a perceived lack of transparency and control 

options regarding technical installations, in particular in case of faults. Programmable 

thermostats were the most popular heating control option (even though the programming 

option may not have been used by all occupants), while for ventilation the preferred option 

was the combination of automated moisture control and a manual turbo mode. 

 Occupants of retrofitted houses expressed a large interest in receiving more information 

and advice about indoor environment and energy use. They showed particular interest in 

an automated fault detection tool for heating and mechanical ventilation. 

Research question A3: If occupants’ expectations regarding the heating and mechanical ventilation 

systems are not met, how do they react to them? 

 While a share of respondents started airing out less after moving into a retrofitted house, 

most of them kept airing out at least once a day in winter, because they valued fresh air 

from outside, while mechanical ventilation could “only” provide clean and unpolluted air. 

 The combination of faulty installations, lack of information and guidance, and lack of 

control options led a share of occupants to take control over mechanical ventilation in 

alternative ways (taping diffusers or disconnecting the system for example). 

A number of recommendations can be made as to how to address the observed challenges. Firstly, 

it seems like there is no incentive for building designers, neither in the building regulations nor in 

the way the construction industry assesses the value of a building, to address non-IEQ drivers of 

occupant comfort and satisfaction, such as perceived control over the indoor climate, information 

and technical knowledge, and interface usability. The present work suggests that clear metrics 

should be developed to evaluate these concepts, and that corresponding requirements should make 

their way into regulatory frameworks for building design and operation. Some certification 

schemes, such as the WELL Building Standard [251], include such requirements, but they remain 

voluntary schemes with limited outreach. Chapter 5 sets out to investigate the importance of these 

factors and their relevance for future building design and operation. 

The field study also highlighted the presence of a large number of faults in technical installations 

that were not corrected before move-in. Regulation could play an important role in addressing this 

issue, for example by conditioning the compliance with the latest building class to the execution of 

thorough commissioning. Another avenue that seems promising is that of automated fault detection 

and diagnosis, where operational data of HVAC systems is constantly collected and analysed in 

order to detect deviations from normal operation. Such a solution is proposed in Chapter 6. Based 

on this diagnosis, occupants or the facility manager could be informed of the steps to follow to 

correct the fault. Offering occupants information and guidance backed by real-time building data 

would permit to place end-users back into the control loop. 
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Chapter 5. PERSONAL AND CONTEXTUAL DRIVERS OF 

OCCUPANT COMFORT AND SATISFACTION 

The present chapter intends to address Research hypothesis B: 

A number of personal and contextual factors affect occupant comfort, satisfaction and the proper 

functioning of technical installations.    

This research hypothesis was first addressed by investigating personal and contextual drivers of 

comfort and satisfaction in an international collaboration across research projects in different 

countries and building types. In a second phase, the impact of some of these drivers on the success 

of newly implemented building systems or control strategies was examined in depth. Two particular 

cases were investigated: the relationship between IEQ perception and the usability of buildings 

controls and interfaces; and the different deterrents of occupants’ acceptance of automation. Three 

research articles were written, each answering a distinct research question: 

Research question B1: Which human-related factors play a role in the success of building 

controls and interfaces, and what can we learn for future occupant-centric controls? – Paper 

VI, Section 5.1 

Research question B2: Does occupants’ perception of the usability of their heating and 

ventilation systems affect their satisfaction with the indoor environmental quality in their 

dwellings? – Paper II, Section 5.2 

Research question B3: Which factors affect occupants’ likelihood to reject an automated 

control of thermostat setpoints in the context of demand response? – Paper III, Section 5.3 

5.1 Real-life successes and failures of building controls and interfaces 

The goal of the study presented in this section was to address Research Question B1: 

Which human-related factors play a role in the success of building controls and interfaces, and 

what can we learn for future occupant-centric controls? 

The findings have been submitted to the IAQ 2020 conference. Some of the figures and tables in 

this section are taken or adapted from the following article: 

Paper VI 

Sarran, L., Brackley, C., Day, J.K., Bandurski, K., André, M., Spigliantini, G., Roetzel, A., 

Gauthier, S., Stopps, H., Agee, P., Crosby, S., & Lingua, C. Untold Stories from the Field: a 

Novel Platform for Collecting Practical Learnings on Human-Building Interactions. 

(Submitted to IAQ 2020 in April 2021, under review) 

5.1.1 Rationale and objective 

This project was born from discussions between researchers belonging to different disciplines in 

the context of the IEA EBC Annex 79 programme [68]. A work package of Annex 79 (Subtask 1) 

aims at expanding the existing knowledge on occupant comfort and behaviour in buildings: focus 

is on the way the different IEQ dimensions interact with each other, and on the contributions 

different disciplines (building science, psychology, sociology, economy, anthropology) can make 

to the topics of comfort and behaviour. Subtask 1 also aims at understanding the impact of building 

interface design on occupants. Another work package (Subtask 4) tries to demonstrate the potential 

to achieve both occupant comfort and energy performance by developing advanced data-driven 

building controls (occupant-centric controls, or OCCs) based on occupancy and behaviour sensing 

[42]. Conversations between researchers enrolled in both subtasks made it clear that building 
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controls can only be truly “occupant-centric” if they also consider and integrate the interdisciplinary 

drivers of occupant comfort and behaviour uncovered in Subtask 1. The author of this thesis 

therefore initiated a cross-subtask activity with the goal to map these drivers and assess their impact 

on the success of building controls in real-life implementations. 

The hypothesis behind this work was that many of the occupant behaviours observed by researchers 

in case studies, which do not fit into existing representations of IEQ satisfaction and occupant-

building interactions, are not reported in building science research articles, or solely as anecdotes – 

in particular when they affect the success of the research. Gathering these anecdotes could permit 

to bring into light some of the real-life barriers to the implementation of novel building controls 

and interfaces, and provide inputs to the design of more robust solutions. 

5.1.2 Methods 

A survey was created, with the aim to collect stories from researchers around the world about 

unexpected occupant behaviours in the buildings they studied. Studies implementing new building 

systems or interfaces, as well as studies focused on existing systems, were both accepted. Drawing 

from research methodologies based on storytelling [252,253], the following prompts were 

proposed: 

 “My story takes place in...”: building-related information (type, number of buildings, 

location)  

 “The technology or building system...”: e.g., ventilation, smart thermostats, new controls 

 “Was this an existing system or did you implement it?”  

 “The goal with the technology/building system was to...” original aim of the technology 

 “In real conditions, what happened was...”- the unexpected human-building interaction 

 “Because...” – researcher’s interpretation of the events 

 “What is this interpretation based on?...” - e.g. sensor data, observations, personal experience  

 “What we can learn from this story, and what should be done...” - lessons learned and best 

practice suggestions. 

A collaborative platform called Miro, which is dedicated to teamwork and brainstorming, was used 

to gather the stories. By letting researchers see other respondents’ stories (all the stories were 

however anonymous), the intention was to remind them of related anecdotes from their own 

research. A space was also provided for general reflections and comments on their and others’ 

contributions. An overview of the board is shown in Figure 5.1. The reader can find the board and 

the collected stories on DTU’s data repository: [254].  

 

Figure 5.1: Overview of the story collection board.  

In a first phase, stories from interested researchers in Annex 79 Subtasks 1 and 4 were gathered to 

test the method. The results of this pilot study are presented in this thesis. In a second phase, more 
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stories will be gathered from a more varied group of researchers, and completed with semi-

structured interviews in order to gain deeper insights into the observed behaviours and the 

researchers’ interpretations of them. 

Once the stories were gathered, the project group (made of a dozen of researchers in the fields of 

Civil Engineering, Mechanical/HVAC Engineering, Industrial and Systems Engineering, 

Architecture, Human Factors, Interior Design, Education, and Construction Management) 

participated in a series of collaborative data analysis sessions on the Miro platform. In a first phase, 

participants read through the stories and engaged in a qualitative coding process, where codes were 

written on sticky notes around each story. Figure 5.2 is an annotated screen capture from that phase 

of the analysis, showing the different participants simultaneously reading the stories, adding sticky 

notes and noting down possible analysis keys on the left side. In a second phase, a number of team 

members each arranged the sticky notes (containing the corresponding story ID) in a framework 

that they thought permitted to let the general meaning of the story collection emerge. In a third 

phase, the different frameworks were compared, discussed, and combined into one, which is 

presented in the next section. 

 

Figure 5.2: Collaborative analysis of the stories 

5.1.3 Results and discussion 

Eighteen stories were collected in this pilot study, mostly featuring buildings in Europe and North 

America (Figure 5.3). Almost half of the stories were related to occupants’ interactions with 

ventilation systems. All but one of the stories depicted a situation where the technology failed to 

meet its goal, while only one reported a temperature control strategy that successfully balanced 

energy efficiency and occupant comfort. The qualitative coding process and subsequent analysis 

resulted in a visual representation of the main themes touched in the data, shown in Figure 5.4. 
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Most of the stories depicted situations where the researcher, or the building operator, encountered 

a gap between expected and actual performance of building technology (in terms of energy 

efficiency and IEQ), or between expected and actual priorities and needs of building occupants. 

Three main reasons for these discrepancies were uncovered in the stories. The first reason was the 

inadequacy of building systems, controls and interfaces with respect to their purpose: this could be 

Figure 5.3: Characteristics of the collected stories (the x-axis shows the number of stories 

pertaining to each category) 

Figure 5.4: Visual representation of the insights from the collected research stories 
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because their function did not fulfil any actual need, because their features were not adapted to the 

context (too complex or too automated for example), or simply because they suffered from faults 

from the design or operation phase. For example, in Story n.14, the mechanical ventilation in a 

retrofitted conservatory was dimensioned for an occupancy level that was not realistic and was 

often exceeded. In the same building, the design team planned to install ventilation grilles in the 

doors to enable air circulation between rooms – but as this was a music school and the doors should 

be soundproof, the idea was abandoned without being replaced by any alternative solution, which 

led to poor ventilation and IAQ complaints. 

The second reason for issues was the difficulty to provide satisfactory IEQ to all occupants in 

diverse contexts. In offices in particular, it could prove difficult to satisfy each occupant’s IEQ 

preferences when the space was centrally conditioned. In some stories, meeting occupants’ needs 

in one IEQ dimension could be detrimental to another dimension. For instance, in Story n.13, users 

of an open plan office were provided with desk fans to improve local thermal comfort – but they 

rarely used them, as it created acoustic discomfort for them and their neighbours. 

The third explanation to the observed gaps came from a range of non-physical factors that had an 

impact on occupant IEQ perception and general satisfaction. The factor most often encountered was 

occupants’ lack of knowledge and lack of information related to the technical installations. This 

was shown in a few examples where occupants were provided with energy feedback displays, smart 

thermostats or other IEQ control interfaces, and did not use them – or not in the expected way – 

due to a lack of guidance. Interestingly, this explanation to the observed discrepancy sometimes 

reflected the researcher’s own point of view and could be interpreted differently. For example, in 

Story n.7, the researcher observed that occupants used thermostatic radiator valves as on-off devices 

instead of choosing a setpoint and letting the thermostatic control adjust the radiator operation. The 

researcher concluded that occupants lacked knowledge about how to operate these valves, while a 

concurrent interpretation could be that they simply valued the possibility to choose when the 

radiator was active and to adjust it depending on their daily activities and needs. Besides occupant 

knowledge and information, dissatisfaction could be due to other non-physical reasons, for example 

a lack of perceived control over the indoor environment (as in Story n.4 where researchers 

implemented automated lighting control based on occupants’ preferred illuminance levels), 

occupants’ previous experiences, habits and expectations, and their level of trust in the researchers 

implementing new control systems and strategies. 

Finally, researchers made proposals for solutions to these issues. As only one contribution was a 

success story, these solutions were not validated by any data and should be investigated further. 

Recurrent themes were improving the usability of building interfaces, in particular to solve issues 

linked to poor information provision and design, and engaging occupants in the design and 

operation of building controls and interfaces. 

Besides the findings from the stories depicted in the mind map (Figure 5.4), a major learning from 

this activity was the omnipresence of a range of biases and subjective points of views in building 

research and practice. Occupants’ view of the technical installations was influenced by their 

previous experiences and sometimes biased by their opinion of the researchers or personnel who 

operated them. Designers created buildings based on their own representation of occupants and 

their needs (the technical “scripting” suggested by Akrich [163]); building technology researchers 

and operators had their view on what was important (energy efficiency, IEQ, minimizing 

complaints) and a codified taxonomy on what users wanted (IEQ dimensions). The researchers who 

told the stories had their own reading lens for the observed behaviours linked to their research 

traditions; and the researchers who carried out the analysis also had their own way of seeing the 

findings. Being a group of researchers with a large variety of backgrounds was instrumental in the 
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analysis phase, as each member became aware of their own biases and the combination of points of 

view made it possible to bring into light this subjectivity, and hopefully to erase it. 

5.1.4 Main findings and conclusion 

This article intended to address Research question B1: Which human-related factors play a role in 

the success of building controls and interfaces, and what can we learn for future occupant-centric 

controls? To do so, research stories from around the world about real-life successes and failures in 

the implementation of building controls and interfaces were collected. 

 Three main reasons for the failure of building controls and interfaces were highlighted: (1) 

faults in the building systems, both because of inadequate functions and poor quality of the 

final product; (2) the complexity of IEQ perception due to interpersonal variation and the 

interplay between different IEQ dimensions; and (3) non-physical reasons for occupant 

dissatisfaction, linked to their perception of the building systems’ complexity and 

automation, their previous habits and experiences, and their sometimes conflicting 

relationship with the researchers. In the reported stories, these human-related factors could 

play a large role in the success or failure of building technologies.  

 A number of these unexpected occupant-building interactions were not reported in research 

outputs as they were perceived as anecdotal; yet, they permitted to better understand drivers 

of behaviour and to evaluate to what extent the proposed technologies worked in practice. 

 Large biases about occupants and building operation were found among building 

researchers and practitioners, linked to training and traditions. These biases participate in 

creating technical solutions that overlook human-related factors, which suggests the need 

for an interdisciplinary approach in research and practice. 
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5.2 Link between perceived IEQ and usability of heating and ventilation systems 

The goal of the study presented in this section was to address Research question B2: Does 

occupants’ perception of the usability of their heating and ventilation systems affect their 

satisfaction with the indoor environmental quality in their dwellings? 

The findings have been published in Building and Environment. All figures and tables in this 

section are taken or adapted from the following publication: 

Paper II 

Sarran, L., Hviid, C.A., & Rode, C. (2020). Correlation between perceived usability of building 

services and indoor environmental satisfaction in retrofitted low-energy homes. Building and 

Environment, 179, 106946. https://doi.org/10.1016/j.buildenv.2020.106946 

5.2.1 Methods 

In order to address the research question, occupants’ answers to a selection of questions from the 

questionnaire distributed in Case 1 were analysed. The overall method was the following: 

 From the 113 questions asked in the questionnaire, isolate the most relevant questions 

related to IEQ satisfaction and the most relevant questions related to satisfaction with 

heating and ventilation systems’ usability (24 questions were selected) 

 Using these 24 individual questions, identify a smaller number of latent variables, which 

represent hidden concepts and are best described as a sum of questions: for example, winter 

thermal comfort, or heating system usability (as explained in Section 3.3.1) 

 Evaluate the correlation between IEQ-related and usability-related latent variables. 

This study only considered the retrofitted houses in Case 1 (Types A, B and C). Moreover, in order 

to be able to assess the presence of a correlation between thermal comfort and heating system 

usability, only winter thermal comfort was considered (as heating is not used in Denmark in 

summer). The study focused on the conditions in the living room. 

The individual questions were aggregated to reflect the underlying latent variables, through a factor 

analysis. The internal consistency of the groups of questions resulting from that process was 

evaluated with Cronbach’s alpha test. The items belonging to rating scales that proved a good 

reliability were aggregated and converted to an overall score. The aggregation was carried out by 

summing up the score of each of the individual questions, and normalizing the sum to obtain an 

indicator between 0 and 1. 

The original survey data consisted of 5-point response formats, which are ordinal data by nature. 

According to Likert [247], latent variables emerging from aggregated rating scales can be 

considered interval data, which makes it possible in theory to analyse them using parametric 

statistical tools such as Pearson’s product-moment correlation. Yet, the studied latent variables did 

not fulfil the necessary requirements of normality for these tools; therefore, the correlation study 

was carried out using the non-parametric Spearman rank-order correlation. 

As is well known, two variables can be correlated even though they are not linked by a causal 

relationship: often, this is due to the presence of confounders [255]. Confounders’ influence on both 

variables, if not uncovered, can lead to misinterpretation of the correlation between dependent and 

independent variable. In the present case, confounders were variables that could influence both IEQ 

satisfaction and usability satisfaction, without the two being actually causally related. The following 

possible confounders were identified and controlled for statistically: (1) the type of heating and 

ventilation systems, (2) the respondent’s age, and (3) the time spent in the retrofitted house at the 

time of the study. The respondent’s gender was not found to be a significant confounder.  

https://doi.org/10.1016/j.buildenv.2020.106946
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5.2.2 Results and discussion 

Latent variable identification 

The identification of latent variables was carried out on two separated sets of variables: the first set 

gathered the survey questions related to thermal comfort and space heating, and the second set was 

made of the survey questions related to indoor air quality and mechanical ventilation. All the latent 

variables and the corresponding individual questions are shown in Table 5.1. 

Four latent variables related to heating and thermal conditions were identified and used in the 

correlation study. Two of them were related to thermal comfort (IT and TF) and the other two were 

related to occupants’ satisfaction with the space heating system usability and control options (HSU 

and HC). Five latent variables were related to air and ventilation: four of them were related to indoor 

environmental quality (IAQ, ASP, D and AD), and one to the satisfaction with the ventilation 

system usability and control options (VUC). 

Table 5.1: Latent variables and corresponding survey questions used in the correlation study. The 

question numbers correspond to the original numbering (for the full questionnaire text: [245]) 

Latent variable Question 
See figure 

(Chapter 4) 

TEMPERATURE AND HEATING SYSTEM 

Indoor Temperature (IT) 

Q. 12 (morning temperature satisfaction) Figure 4.2a 

Q. 13 (day temperature satisfaction) Figure 4.2a 

Q. 14 (evening temperature satisfaction) Figure 4.2a 

Temperature Fluctuations (TF) 
Q. 15 (temperature swings) Figure 4.2a 

Q. 16 (temperature asymmetry) Figure 4.2a 

Perception of  Heating System   

Usability (HSU) 

Q. 61 (easy to achieve desired temperature by using heating) Figure 4.5a 

Q. 62 (satisfaction with heating reaction time) Figure 4.5a 

Q. 63 (sufficient knowledge of the heating system) Figure 4.5a 

Preferred heating control (HC) Q. 67 (satisfaction with level of control on heating system) Figure 4.6 

AIR QUALITY AND VENTILATION SYSTEM 

Satisfaction with Indoor Air 

Quality (IAQ) 

Q. 76 (air is too heavy) Figure 4.3 

Q. 78 (air is too humid) Figure 4.3 

Q. 79 (air smells bad) Figure 4.3 

Q. 87 (ventilation air is too warm) Figure 4.4 

Q. 88 (ventilation air smells bad) Figure 4.4 

Satisfaction with Air Supply 

Process (ASP) 

Q. 86 (ventilation air is too cold) Figure 4.4 

Q. 90 (ventilation creates draft) Figure 4.4 

Q. 91 (ventilation is noisy) Figure 4.4 

Dust (D) 
Q. 80 (too much dust in the air) Figure 4.3 

Q. 89 (too much dust in the ventilation air) Figure 4.4 

Air dryness (AD) Q. 77 (air is too dry) Figure 4.3 

Perception of Usability and 

Control over Ventilation system 

(VUC) 

Q. 95 (easy to get fresh air by using the vent. system) Figure 4.5b 

Q. 96 (sufficient knowledge of the vent. system) Figure 4.5b 

Q. 100 (general satisfaction with vent. system) Figure 4.5b 

Q. 101 (satisfaction with level of control on the vent. system) Figure 4.6 
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Correlation study 

The correlation between IEQ-related variables and variables related to building services’ usability 

and control options is examined in the present section. Some more correlations and a wider set of 

heat maps are presented in Paper II. The correlation coefficients and associated p-values for the 

three house types are presented in Table 5.2. When studying variables representing human 

behaviour, one can consider that a Spearman coefficient between 0.3 and 0.5 corresponds to a 

relatively strong correlation, while coefficients above 0.5 denote a very strong correlation [256]. 

In house types A and C, satisfaction with indoor temperature showed a medium to strong correlation 

with heating system usability and control, with very high statistical significance (p<0.001). 

Moreover, satisfaction with temperature fluctuations in space and time (TF) showed a strong 

correlation with the heating system usability satisfaction (HSU), but was only marginally related to 

occupants’ satisfaction with their control options. Overall, the correlation between indoor 

temperature satisfaction (IT) and heating system usability and control (HSU and HC) was poorer 

in Type B houses than in the others. This is due to the very large satisfaction with thermal comfort 

expressed by occupants of Type B houses, making the corresponding variable skewed towards high 

satisfaction levels, and thereby making a high correlation with other variables less likely to arise. 

Occupants’ satisfaction with the indoor air quality (IAQ) and with the air supply process (ASP, 

corresponding to draft and noise nuisances) showed a medium to strong correlation with their 

evaluation of the usability and control options of their mechanical ventilation system (VUC). The 

latter was also strongly correlated with occupants’ satisfaction with the dryness of the air (except 

for occupants of Type C houses). Dust-related nuisances did not show a notable correlation with 

occupants’ evaluation of the ventilation system’s usability. 

Table 5.2: Spearman correlation coefficients for the three house types 

Variable related to IEQ 
Variable related to usability 

and control of building services 

Spearman’s rs 

All house 

types 
Type A Type B Type C 

Temperature and heating system 

Indoor Temperature (IT) Heating System Usability (HSU) 0.493*** 0.510*** 0.222* 0.616*** 

Indoor Temperature (IT) Heating Control (HC) 0.356*** 0.413*** -0.079 0.365*** 

Temperature Fluctuations (TF) Heating System Usability (HSU) 0.430*** 0.410*** 0.434*** 0.499*** 

Temperature Fluctuations (TF) Heating Control (HC) 0.184** 0.346** 0.074 0.203* 

Air quality and ventilation system 

Indoor Air Quality (IAQ) Vent. Usability and Control (VUC) 0.359*** 0.391** 0.376** 0.330** 

Air Supply Process (ASP) Vent. Usability and Control (VUC) 0.312*** 0.478*** 0.351** 0.480*** 

Dust (D) Vent. Usability and Control (VUC) 0.176* 0.281* 0.263* 0.071 

Air Dryness (AD) Vent. Usability and Control (VUC) 0.322*** 0.447*** 0.477*** 0.162 

*** p<0.001   ** p<0.01 * p<0.05 

|rs|  
 0 0.25 0.5 0.75 1 

 

In order to be able to interpret these correlations, one should know more about the nature of the link 

between the correlated variables. Figure 5.5 illustrates via heat maps the relationship between some 

of the variables showing a strong correlation in Table 5.2. The heat maps represent all house types 

together. The Spearman correlation coefficient represents the degree to which a variable increases 

when the other one increases – but it does not say anything about the linearity of this relationship. 

This is clear when looking at Figure 5.5a, which represents the relationship between occupants’ 
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satisfaction with the indoor temperature in their homes and their satisfaction with the usability of 

their heating system. Occupants were mostly extremely satisfied with the winter indoor 

temperature, as already shown in Section 4.1.2 and Paper V, while opinions on heating system 

usability were more spread. As a result, 92% of respondents rated their IT satisfaction strictly higher 

than their HSU satisfaction (points above the identity line). When looking at the correlation between 

indoor air quality and ventilation usability and control (Figure 5.5c), the same phenomenon was 

seen, with 94% of respondents rating IAQ strictly better than VUC. This percentage for Figure 5.5b 

and Figure 5.5d was equal to 66% and 65%, respectively. 

 

Figure 5.5: Illustration as heat maps of the relationship between correlated latent variables 

The goal of the present study was to assess whether occupants’ perception of the usability of the 

building services could have an effect on the perceived IEQ. Thus, the intention was to draw causal 

implications from correlation results. In order to do so thoroughly, one must be aware of potential 

biases, and examine all alternative explanations to the findings. 

Firstly, some factors related to the participants’ decision to answer the questionnaire may have 

biased the results: 

 The response rate of the survey was relatively low: 17.1%. Therefore, it was difficult to 

know whether the results could be generalized to a larger population, or whether the sample 

only consisted of the most satisfied residents, or the most dissatisfied – even though the 

lottery may have reduced this bias by attracting a varied range of residents. 

 Older age classes were overrepresented in the population that answered the questionnaire 

(see Figure 3.3). Moreover, older respondents were more satisfied with both IEQ and the 

technical installations than the younger ones. It is possible that the younger, working-age 

occupants who used some of their time to answer the questionnaire did so because they 

wanted to express their dissatisfaction, therefore creating a selection bias. 

Because of these possible biases, the results should be interpreted cautiously. Moreover, in order to 

conclude on the causal relationship between two variables, one must make sure to eliminate all 

alternative hypotheses that could explain the correlation without implying causation. By identifying 

                                  a b 

c d 
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and controlling for confounding variables such as age, gender, type of systems and time since move-

in, it was possible to make sure that the observed correlations were not influenced by these external 

variables. Some alternative hypotheses, linked to confounding variables that are difficult to 

measure, still remain. For example, occupants’ expectations towards their retrofitted house, if very 

high, may have led to a limited willingness to adapt changes in indoor environment, potentially 

leading to a low appreciation of both IEQ and building services’ usability – without the first being 

caused by the second. 

As shown in Figure 5.5, a share of respondents rated their satisfaction with heating and ventilation 

usability as average or even low, while at the same time being very satisfied with the indoor 

environment provided by these systems. This finding highlights the importance for IEQ satisfaction 

of a series of factors that are independent from the building services, such as building envelope 

quality, solar and internal heat gains, and occupants’ own ability to adapt their environment. 

Occupants in well-functioning dwellings may have rated the usability of their heating and 

ventilation systems as being poor, but actually seldom had to operate them, as the default settings 

provided satisfactory comfort. 

Thus, one cannot conclude that building services with a high degree of usability are a necessary 

condition to achieve a good perceived IEQ. But in light of the qualitative insights gathered in Paper 

I and described in Chapter 4, it is possible to formulate and examine the opposite causal relationship 

to the original research question: the occupants’ reported satisfaction with the systems’ usability 

may be conditioned to some extent to the quality of the indoor environment. In many houses, the 

quality of the building envelope coupled with occupants’ adaptive behaviour provided a very 

satisfactory IEQ without occupants having to control heating or ventilation beyond the simplest 

interaction. On the contrary, when IEQ problems occurred due to e.g. malfunctions of the building 

systems or envelope failures, occupants were forced to try to understand and operate the technical 

installations. This may have proven to be difficult and resulted in a low satisfaction with both IEQ 

and the installations. Indeed, nearly all the occupants who did not achieve a satisfactory IEQ gave 

the systems a low usability score in the questionnaire. 

5.2.3 Main findings and conclusion 

Using 24 questions from the questionnaire distributed in Case 1, and focusing on retrofitted houses, 

this study intended to address Research question B2: Does occupants’ perception of the usability of 

their heating and ventilation systems affect their satisfaction with the indoor environmental quality 

in their dwellings? 

 It was possible to group the 24 questions into 9 latent variables with acceptable internal 

consistency, related either to IEQ or to building systems’ usability and control. 

 The analysis highlighted a strong correlation between the perceived usability of the heating 

system and thermal comfort in winter, both in houses equipped with underfloor heating and 

radiators. 

 The analysis also showed a correlation between the perceived usability of the ventilation 

system and both the indoor air quality and the frequency of nuisances from ventilation 

operation (noise and draft). 

 Yet, many respondents were satisfied with IEQ while being dissatisfied with the usability 

of the building systems. Therefore, usable systems were not a necessary condition for 

comfort.  

 This is possibly because, in well-functioning houses, users rarely had to interact in depth 

with the technical installations. On the contrary, when indoor environmental issues 

occurred (due to failing technical installations or building envelope, for example), the poor 

usability of building systems may have made it difficult for users to diagnose and fix the 

issues.  
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5.3 Acceptance of automated demand response strategies 

The goal of the study presented in this section was to address Research Question B3: 

Which factors affect occupants’ likelihood to reject an automated control of thermostat setpoints 

in the context of demand response? 

The findings have been published in Energy Policy. All figures and tables in this section are taken 

or adapted from the following publication: 

Paper III 

Sarran, L., Gunay, H.B., O’Brien, W., Hviid, C.A., Rode, C., 2021. A data-driven study of 

thermostat overrides during demand response events. Energy Policy 153. 

https://doi.org/10.1016/j.enpol.2021.112290 

5.3.1 Objective and methods 

The objectives of the work presented in this section were the following: 

(1) Quantify the acceptability of residential demand response by calculating the override rate 

for a number of summer solicitations 

(2) Quantify the impact of overrides on energy use during a demand response event 

(3) Identify the main drivers of demand response rejection by overrides. 

In order to do so, a dataset provided by the Canadian thermostat company “ecobee” was used. Since 

2016, ecobee has been offering their customers the option to donate their thermostat data to research 

institutions around the world [257]. As of June 2020, the dataset consisted of data gathered in more 

than 100,000 homes, most of them in North America. ecobee thermostats control air-based 

residential heating, ventilation and air-conditioning systems (HVAC), most often an air conditioner 

and a furnace (natural gas or electricity-based). Users are encouraged to set schedules for the heating 

and cooling setpoints, but they can always override these schedules by manually choosing the 

setpoint: such overriding actions are called “holds”. 

ecobee thermostats owners can enrol in demand response (DR) programmes with their electrical 

utility company via their thermostats. In exchange for a one-time financial reward, they agree to the 

utility altering their heating or cooling setpoint in periods of high strain on the grid. In the present 

case, the focus was on summer DR events (as winter DR was rare in the dataset). Such events 

happened in two phases: a short pre-cooling period where the customer’s cooling setpoint was 

decreased, followed by a longer setback period where the cooling setpoint increased. Customers 

could choose between five ambition levels (called “eco+ slider levels”) corresponding to a different 

setpoint change amplitude in these two phases. When a DR event started, customers had the option 

to reject it at any time by overriding the imposed cooling setpoint. These DR overrides are the object 

of the present study. 

The dataset made available to researchers consisted of 5-minute data for: indoor temperature (in 

diverse rooms, though unnamed), heating and cooling setpoints, motion in diverse rooms, outdoor 

temperature, indoor and outdoor relative humidity, fan runtime, thermostat operating mode 

(schedule, manual setpoint, demand response, etc.), among other variables. 

Demand response events triggered during August and September 2019 in the United States and 

Canada were identified. The final dataset consisted of 6,389 dwellings scattered across 21 U.S. 

states and one Canadian province (Ontario). As most dwellings were solicited more than once, 

23,352 occurrences of DR events were registered. Overrides were detected by comparing the event 

duration in a given household to the planned duration of that event (defined by comparing similar 

events starting at the same time in the same state). 

https://doi.org/10.1016/j.enpol.2021.112290
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Twenty-one features that could potentially affect participants’ decision to override a given demand 

response event were computed from the dataset and are presented in Table 5.3. The features 

indicated with an asterisk (*) were based on a personal comfort range computed for each household 

based on historical indoor temperature, presence and setpoint data during the summer 2019. 

Table 5.3: Features investigated for their impact on demand response overrides 

Category Feature description 

Event characteristics 

Amplitude of the setpoint change during precooling (ºC) 

Amplitude of the setpoint change during setback (ºC) 

Duration of the precooling (h) 

Planned duration of the setback (h) 

Dwelling and location 

characteristics 

ASHRAE climate zone [258] 

Number of anterior DR events in that dwelling 

Temperature and 

humidity conditions 

at event start 

Indoor temperature at DR event start relatively to comfort range (percentile)* 

Indoor relative humidity at DR event start (%) 

Outdoor temperature at DR event start (ºC) 

Outdoor relative humidity at DR event start (%) 

Average indoor temperature slope during the 3h before DR event (ºC/h) 

Average outdoor temperature slope during the 3h before DR event (ºC/h) 

Air-conditioning 

settings at event start 

Original cool. setpoint at DR event start relatively to comfort range (percentile)* 

Event/schedule the original setpoint came from 

Air conditioner’s operational status at DR event start (on or off, Boolean) 

Thermal preferences 
Width of the comfort range (90% inter-percentile range) (ºC)* 

eco+ slider level (1 to 5) 

Thermostat use 

patterns 

Average weekly number of holds during the DR event period over summer 

Share of time overall spent in a hold over summer (%) 

Occupancy 
Presence at DR event start (Boolean) 

Share of time dwelling is occupied during the DR event period over summer (%) 

 

The influence of the different features on the occupants’ decision to override an event was 

investigated by means of a decision tree. The tree was limited to a minimum of 200 samples per 

leaf node (about 1% of the data). The criterion for node splitting was Gini impurity, and the relative 

explanatory power of each feature was calculated by means of the Gini importance factor, which is 

the normalized sum of the decrease in impurity resulting from splits on that feature along the tree 

[259]. 

5.3.2 Results and discussion 

This section is presented in three parts, corresponding to the three objectives of this study. 

Demand response and overrides 

On average, each household in the dataset participated in 3.7 DR events during August and 

September 2019. 95% of the households participated in at least two events, and 43% in at least five. 

Table 5.4 gathers key figures for the studied demand response events. A typical event was triggered 

on a warm day, started around 3 pm and lasted about three hours. A demand response event resulted 

on average in a 1.07ºC indoor temperature increase. Yet, it was also shown that the median indoor 

temperature at the end of a demand response event in a given household was within the 4% warmest 

temperatures tolerated by that household during the entire summer (when counting hours of 

occupancy with the air conditioner off). Therefore, demand response events often resulted in indoor 

conditions that were significantly warmer than what was usually accepted. 
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Table 5.4: Characteristics of the studied demand response events 

Characteristics Mean St. dev. 

Number of participants 296 288 

Time of day when the event started 14:56 1.88 h 

Precooling duration - h 0.51 0.58 

Setback duration - h 2.62 1.1 

Outdoor temperature at event start - ºC 29.8 4.7 

Indoor temperature variation during event - ºC 1.07 0.96 

Override rate (by setpoint decrease) - % 11.8 7.4 

Override rate (by setpoint increase) - % 1.1 2.1 

The total average override rate, calculated as the ratio of overridden individual DR solicitations to 

the total number of DR solicitations, was 12.9%, of which 11.8% were overrides by cooling setpoint 

decrease and the rest by cooling setpoint increase. The latter happened at 85% during the first half 

an hour, as seen in Figure 5.6a, which corresponds to the precooling phase. On the contrary, 75% 

of overrides by cooling setpoint decrease happened after the first hour, and about 40% after the 

second hour. Figure 5.6b shows that 45% of the observed overrides happened while the indoor 

temperature had increased by less 1ºC or less, and 85% of them happened while the indoor 

temperature increase was under 2ºC. 

 

Figure 5.6: (a) Tolerated demand response event duration and (b) indoor temperature change 

depending on indoor relative humidity, among overriding households 

Impact of overrides on energy use during DR events 

This section focuses on the 65 largest events in the dataset, each gathering more than 50 participants. 

The override rate among participants of each of these events was calculated. The objective was to 

estimate the consequences of these overrides for the utility, in terms of power consumption during 

the event period. For each of these 65 events, three samples of equal size were formed: 

 A random sample of households participating in the event, called representative sample 

 A sample consisting of all the households who participated in the event and did not override 

it, called ideal sample 

 A random sample of households who lived in the state where the event occurred, but who 

did not participate, called reference sample. 
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The average power consumption of these three samples during the DR event period (excluding 

precooling) was calculated. The difference between the mean power usage of the reference sample 

and that of the ideal sample corresponded to the ideal power saving that the utility hoped to realize 

during the event. The difference between the mean power usage of the reference sample and that of 

the representative sample was instead the power saving actually realized during the event. The 

difference between the two, or Missed Power Saving (MPS) was used as an indicator of the impact 

of overrides on the utility’s load shedding objective. 

An example of the MPS calculation is shown on Figure 5.7 for a DR event triggered in Texas with 

an override rate of 27%. On average, the power saving per household during the event with respect 

to non-participants was 0.52 kW, while it was 0.72 kW for participants who did not override the 

event. The Missed Power Saving (MPS) was 27.4% of the expected (ideal) power saving. One could 

also choose to look at the maximum power usage during the event period instead of the average 

power usage, as the goal with a demand response event is often to reduce the peak load during a 

period. In that case, one could see that the power used by the representative sample (blue curve) 

almost reached the reference consumption (orange curve) at the end of the event, as air conditioners 

in overriding households had to operate at full runtime to reach the lowered setpoint. Therefore, the 

27% of occupants overriding the event almost cancelled out the benefit for peak power reduction 

of the entire group of homes. 

 

Figure 5.7: Impact of overrides on power consumption during a DR event on August 23, 2019, in 

Texas (override rate: 27%, n=510 in each sample) 

Figure 5.8 shows the relationship between the MPS and override rate for all 65 large events. A 

linear regression gave a coefficient of 1.22 and a R2 of 0.27. The fit was too poor to be able to 

accurately predict the MPS based on the override rate, but this result nonetheless gave a strong 

indication that overrides directly translated into a missed opportunity for the utility, of the same 

order of magnitude as the override rate. 



50 Chapter 5 - Personal and contextual drivers of occupant comfort and satisfaction 

 

 

 

Figure 5.8: Relationship between Missed Power Savings (MPS) and override rate for 65 large events 

Features affecting the override rate 

The last part of this work set out to investigate the impact of a diverse range of features on 

occupants’ decision to override a demand response event. The features shown in Table 5.3 were 

used to build a decision tree, with the overriding decision (binary) as outcome variable. The first 

three levels of the decision tree are shown in Figure 5.9, where the colour of the boxes represents 

the override rate in each sample. Moreover, Figure 5.10 shows the relationship between the nine 

individual variables with the highest Gini importance in building the decision tree and the override 

rate. 

 

Figure 5.9: Decision tree: override rate depending on different features 

The tree showed that the variable with the largest ability to split between overridden and non-

overridden events was occupants’ habitual usage of holds (manual setpoint changes). DR events 

triggered in households that used on average less than 1.2 holds per week (when only counting the 

holds happening during the period of the day where the DR event was triggered, for instance 

between 3 pm and 6 pm) had a 9.2% chance of being overridden, while it was 24.6% if the targeted 

household used more than 1.2 holds per week – and 33.4% if they used more than 2.4 holds per 

week. When looking at Figure 5.10a and converting the number of weekly holds into a probability 

for a hold to happen on a given day, one can actually see that occupants using less than one hold a 

week (14% chance on a given day), corresponding to 76% of the dataset, overrode demand response 
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events significantly more often than they used holds. On the contrary, frequent users of holds had 

a similar probability to override demand response events and other thermostat settings (through 

holds). This shows the large impact of habits and personal thermostat use logics on the success of 

demand response. This could potentially be solved by more visible communication around such 

programmes. 

The second most important feature was the outdoor temperature at the start of the event (Figure 

5.10b), with events starting at outdoor temperatures higher than 28ºC being overridden 1.5 to 2 

times more often than the others. Interestingly, this feature was more influential than the indoor 

temperature at event start (Figure 5.10h). Moreover, as already seen in Figure 5.6a, shorter events 

had a smaller chance to be overridden than longer events (Figure 5.10d). Another important feature 

was the number of DR events previously carried out in the same household (Figure 5.9 and Figure 

5.10e): occupants who had already participated in several events were significantly less likely to 

override the next. 

 

Figure 5.10: Impact of individual features on the override rate 
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5.3.3 Main findings and conclusion 

This paper addressed Research question B3: Which factors affect occupants’ likelihood to reject an 

automated control of thermostat setpoints in the context of demand response? Thermostat data 

during 23,352 summer demand response events triggered in 6,389 North American dwellings were 

analysed to understand the extent, the impact, and the drivers of DR rejection by occupants. 

 On average, 12.9% of these events were rejected by the residents via a setpoint override. 

 Demand response had a large impact on thermal comfort in homes. 

 Overrides directly translated into an increase in power use during the event period, of the 

same order of magnitude as the override rate. Demand response rejection is therefore a 

serious threat to the ability of such events to reduce peak loads. 

 40% of the overrides happened after more than two hours while the average event was three 

hours long, which suggests that slightly reducing the duration of demand response events 

could improve their acceptance rate. 

 The most important predictor of overrides was occupants’ habitual setpoint change 

behaviour at the time of day where the event happened, showing the importance of routines 

and habits. Overrides may be avoided by a better communication around these events. 

 Overall, the decision tree showed that one could separate likely overriders and unlikely 

overriders with knowledge of four variables: usual manual setpoint change frequency, 

outdoor temperature, setback duration, and number of demand response events previously 

carried out in the same dwelling. 

 Utilities could receive from thermostat companies individual load flexibility profiles for 

each household based on setpoint usage patterns, in order to design tailored demand 

response events with a better efficiency and a smaller impact on occupants’ comfort. 

5.4 Conclusions of Chapter 5 and recommendations 

In this chapter, the existence of personal and contextual drivers of occupant comfort and behaviour 

was highlighted, and their impact on building operation and performance was investigated. Among 

these drivers can be cited occupants’ habits, their expectations towards the indoor environment, 

their knowledge and understanding of technical installations, the usability of such installations and 

occupants’ perceived control over them. This work is in line with the existing literature, and brings 

a particular focus to the presence of such factors in residential buildings, which are less often 

studied. 

Moreover, this work showed the importance of considering these factors when designing new 

technical installations or control strategies. Section 5.1 showed several examples of situations 

where building controls or interfaces were not used or failed to deliver improved comfort, for 

instance because they were not usable enough or because occupants did not have enough 

information or knowledge to operate them. Section 5.2 showed a correlation between the perceived 

usability of technical installations in homes and occupants’ satisfaction with IEQ, even though it 

was difficult to confirm the presence of a clear causal relationship. Finally, Section 5.3 showed that 

the power savings achieved by utility companies during demand response events targeting air 

conditioners were directed affected by factors such as occupants’ thermostat use habits and their 

previous experience with demand response. 

More attention should be brought to these personal and contextual factors in the design and 

operation of heating and mechanical ventilation systems in buildings. New criteria related to these 

factors could make their way into building regulations. As these topics are not well understood and 

considered by current industry players, this work suggests that social scientists could bring a real 

value to the construction industry by advising practitioners and policymakers on the human 

dimensions of building design and operation.
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Chapter 6. FAULT DETECTION AND DIAGNOSIS TOOLS FOR 

COMFORT AND ENERGY PERFORMANCE 

The present chapter intends to address Research hypothesis C: 

Sub-optimal heating system operation could be detected based on common sensors in order to 

inform the residents of energy waste or faulty operation. 

This research hypothesis was addressed through the development of a data-driven fault detection 

and diagnosis method for underfloor heating systems. This method was tested in the apartment 

building G pertaining to Case 2, in Nordhavn (see Chapter 3). Two articles were written based on 

this work, each answering a distinct research question: 

Research question C1: Is it possible, by using indoor temperature and heating setpoint data 

matched with occupant interviews, to identify occupants’ difficulties to operate underfloor 

heating? – Paper VII, Section 6.1 

Research question C2: Is it possible, by using data from sensors that are often installed in 

dwellings, to create a grey-box model of an apartment’s heating system and detect sub-

optimal operation? – Paper IV, Section 6.2 

6.1 Detecting occupants’ difficulties in using underfloor heating 

The goal of the study presented in this section was to address Research question C1: 

Is it possible, by using indoor temperature and heating setpoint data matched with occupant 

interviews, to identify occupants’ difficulties to operate underfloor heating? 

The findings have been presented at the CLIMA 2019 conference. All figures and tables in this 

section are taken or adapted from the following publication: 

Paper VII 

Sarran, L., Christensen, M.H., Hviid, C.A., Radoszynski, A.M., Rode, C., & Pinson, P. (2019). 

Data-driven study on individual occupant comfort using heating setpoints and window openings 

in new low-energy apartments - preliminary insights. In Proceedings of CLIMA 2019. 

https://doi.org/10.1051/e3sconf/201911104063  

6.1.1 Objective and methods 

This section presents some of the results of a preliminary study carried out in the beginning of the 

data collection in Nordhavn. Thermostat data were collected in eight apartments of building G (as 

described in Chapter 3), and analysed together with qualitative data from interviews in five of these 

dwellings. The original goal of this preliminary study was to understand drivers for setpoint 

adjustments in these dwellings, and evaluate to what extent occupants’ neutral temperature was 

predictable based on indoor temperature and heating setpoint records. Paper VII presents a 

simplified neutral temperature model and its application on the eight apartments. The model is not 

described in this thesis, as it was a very preliminary and simplified attempt to represent personal 

comfort, and it was not possible to validate it based on the interviews or by collecting thermal 

sensation votes. However, while applying the simple model to the eight apartments, it became clear 

that occupants’ drivers for setpoint adjustments were very diverse. Looking at indoor temperature 

and heating setpoint data permitted to distinguish several occupant profiles with different 

expectations towards the heating system and different abilities to use it. This section summarizes 

and discusses these findings. 

https://doi.org/10.1051/e3sconf/201911104063
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Indoor air temperature and heating setpoint data were collected in eight apartments equipped with 

underfloor heating. The data was collected in the living room only during part of the 2017/2018 

heating season (January 18th to April 30th 2018). In parallel, semi-structured interviews were 

conducted in five of these dwellings, following the protocol described in Section 3.3.2. For this 

work, it is worthy to precise that during that period, the living room thermostat was faulty: each 

time occupants opened the balcony door and closed it again, the heating setpoint was reset to 21 

ºC. 

6.1.2 Results and discussion 

Figure 6.1 shows the amplitude of the recorded setpoint changes in the eight investigated 

apartments, together with the indoor temperature at the time of the change (black dots). The shaded 

areas correspond to the central 90% range of the data distributions, and Tn is the estimated neutral 

temperature (the method is detailed in Paper VII). Two indicators permitted to describe the 

occupants’ setpoint change behaviour: the total number of setpoint changes during the period, and 

the indoor temperature variation range. The following patterns were identified: 

 Pattern 1: Many setpoint changes and a large indoor temperature variation range (Apt. A) 

 Pattern 2: Many setpoint changes and a narrow indoor temperature variation range (Apts. 

C and H) 

 Pattern 3: Few setpoint changes and a medium to large indoor temperature variation range 

(Apts. B, D, E, F and G). 

 

Figure 6.1: Setpoint changes and corresponding indoor temperature in eight apartments with 

underfloor heating 

These underfloor heating systems had a long response time due to their high thermal mass: 

therefore, occupants were not expected to change the heating setpoint very often, and the system 

was expected to be able to provide a nearly constant indoor temperature throughout the heating 

season. Interviews were carried out in Apartments A, B, C, G and H in order to elucidate the drivers 

behind these setpoint change behaviours. 

 Pattern 1: Christine (Apt. A) had at the time of the interview difficulties controlling the 

underfloor heating. She often opened the balcony door, and because of the programming 

error resetting the heating setpoint to 21 ºC, the underfloor heating turned off – which she 

often only noticed after a few hours. As she liked to keep the indoor temperature high 
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(around 24 to 25 ºC), this resulted in important temperature swings, and made it difficult 

for her to achieve comfort due to the slow behaviour of the underfloor heating. Possibly 

because of this faulty setpoint reset, she used underfloor heating as an on-off device, and 

referred to it as such. Therefore, many setpoint changes and a large indoor temperature 

variation range could here be interpreted as a sign of difficulties to operate the system and 

potential faults in the heating control logic. 

 Pattern 2: Mette (Apt. C) also had issues regulating the underfloor heating, and reported 

temperature asymmetry in the living room. She tried to change the setpoint incrementally 

to find a comfortable temperature, without success. Her interpretation was that the 

temperature sensor controlling the underfloor heating was located in the back of the living 

room, while most heat losses were by the windows. Anders (Apt. H), on the contrary, was 

very satisfied with the thermal comfort provided by the underfloor heating. He also enjoyed 

having warm floors and sometimes increased the setpoint just to activate the floor. He was 

very interested in understanding how the system worked; he had a good idea of what 

temperature he was trying to achieve while operating the thermostat; and it was important 

for him to have the upper hand on it. Based on these two interviews alone, Pattern 2 was 

difficult to interpret. If Mette’s assumption was correct, the sensor location created a gap 

between the indoor temperature readings and the experienced indoor temperature, and Apt. 

C may fit better in Pattern 1. Apt. H, instead, was characterized by precise expectations of 

the indoor temperature and a large willingness to be in control. 

 Pattern 3: Jeppe (Apt. B) had a clear understanding of thermostatic heating control. He 

thought that a downside was the fact that the floor stopped being warm when the 

temperature reached the setpoint – which sometimes pushed him to increase the setpoint a 

bit higher than usual to activate the floor. Thomas (Apt. G) expressed the same opinion. 

They were both overall satisfied with the way underfloor heating operated (apart from some 

errors in the start), and did not need to pay much attention to it. Jeppe noticed the thermostat 

faulty setpoint reset shortly after move-in and had an electrician fix it for him. Thomas did 

not think that the response time of the system was an issue, as long as it ran with a constant 

comfortable temperature. Pattern 3 corresponds to the expected use of underfloor heating: 

heat operates in the background with little interaction from the occupants. 

As these patterns were based on a small number of occupants, this categorization remains 

unreliable. This preliminary investigation mainly provides an indication that setpoint data should 

be further investigated as they contain rich information on occupant behaviours. The examples 

provided here also showed that faults on the heating system, or occupants’ difficulty to operate it, 

could to some extent be reflected in occupants’ setpoint adjustments. 

6.1.3 Main findings and conclusion 

This small study of occupant thermostat adjustment behaviour intended to address Research 

question C1: Is it possible, by using indoor temperature and heating setpoint data matched with 

occupant interviews, to identify occupants’ difficulties to operate underfloor heating? Indoor 

temperature and heating setpoint data in eight apartments were analysed and compared to the 

insights from semi-structured interviews carried out in five of them. 

 In three of the eight apartments, occupants operated the thermostat often, which is not the 

expected behaviour due to the large response time of underfloor heating. 

 Three different thermostat use patterns were highlighted. One of them corresponded to the 

expected use of underfloor heating (few setpoint changes). Another one (many setpoint 

changes and a wide indoor temperature variation range) corresponded to an occupant who 

had difficulties operating the system due to a thermostat programming error. The third one 
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(many setpoint changes and a narrow indoor temperature variation range) was more 

difficult to interpret. 

 This is only a preliminary study with a limited dataset. Yet, these examples showed that it 

might be possible to detect occupants’ difficulties to operate underfloor heating based on 

simple thermostat data. 

 It could be used for example as a rule-based fault detection method, and complemented 

with a more advanced data-driven fault diagnosis algorithm. 

6.2 Grey-box modelling to detect inefficient underfloor heating operation  

The goal of the study presented in this section was to address Research question C2: 

Is it possible, by using data from sensors that are often installed in dwellings, to create a grey-box 

model of an apartment’s heating system and detect sub-optimal operation? 

The findings have been collected into a journal article submitted to Applied Energy. All figures 

and tables in this section are taken or adapted from the following article: 

Paper IV 

Sarran, L., Smith, K.M., Hviid, C.A., & Rode, C. Diagnosing inefficient operation of hydronic 

floor heating using grey-box modelling and virtual sensors. 

(Submitted to Applied Energy in May 2021) 

This section presents a data-driven method to automatically detect faults and inefficiencies in a 

residential underfloor heating system. Faults in end-user heating installations have been shown to 

be one of the barriers to the adoption of low temperature district heating on a large scale [215,260]. 

The focus is here on pre-setting errors and hydronic balancing faults that lead to high system 

temperatures. 

6.2.1 Methods 

Data from a number of sensors was collected, and used to create a model of the dwelling’s heating 

system. The model was built as a grey-box model: a physical representation of the heating system 

was built using the Dymola software [261], where a number of parameters of the system were 

unknown. Both the model inputs and outputs were measured variables, and the model parameters 

were estimated in several iterations aimed at matching modelled and measured model outputs. After 

this process, the calibrated model permitted to create a set of virtual sensors that “measured” key 

variables for which no physical sensor was available, and which were used to make a diagnosis of 

the system operation. The entire process is shown in Figure 6.2. 

Modelled system, model variables and parameters 

The modelled heating system was that of an 85-m2 apartment with three bedrooms in building type 

G (in Nordhavn), where each room was equipped with hydronic underfloor heating. A diagram of 

the system is shown in Figure 6.3. A circulation pump transported warm water from the supply riser 

pipe to a supply manifold, where the water was distributed to the different underfloor heating loops 

(one loop per room except for the kitchen / living room, which had two parallel loops). Control 

valves located on the return manifold opened or closed the different loops depending on the indoor 

air temperature in the corresponding room and the heating setpoint chosen by the occupant (on-off 

control with a 1 ºC dead-band). A share of the return water from the loops was recirculated through 

a mixing shunt and mixed with supply water in order to lower the water temperature in the floors. 

The amount of recirculated water was controlled by a motorized valve (MV) located on the pipe 

leading to the return riser, based on a mixed supply temperature setpoint. 
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Figure 6.2: Modelling process 
 

 

Figure 6.3: Modelled heating system 
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As also shown in Figure 6.3, the collected data came from the room thermostats (from which were 

obtained the indoor air temperature and control valve signals for each room), the heat meter (which 

provided the supply and return temperatures, as well as the metered flow to the return riser), and 

the circulation pump (the current drawn by the pump was read). Data was collected from December 

30th 2018 to January 30th 2019, which was the coldest month of the year with an average outdoor 

temperature around 3 ºC. The bathroom and toilet underfloor heating loops were not modelled in 

this study, as they were never active during that period. 

In order to detect hydronic balancing errors, it was necessary to virtually sense a number of non-

measured variables via the model, among which the water flows in the individual loops, the return 

temperatures from each of them, and the mixed supply temperature. In order to calibrate the model, 

a number of unknown parameters were iteratively estimated. Among them were the hydraulic 

resistances of the different underfloor heating loops, which were necessary to calculate the water 

flows in the loops. The pressure drop ∆𝑝 in a given section of pipe due to friction and local losses 

(because of e.g. bends and valves) was expressed with the following equation: 

∆𝑝 = (
𝑚

𝐾

̇
)
2

 

Where �̇� was the mass flowrate through that section in kg/s, and 𝐾 the equivalent flow coefficient 

corresponding to the mass flowrate in kg/s circulating through the pipe section with a pressure 

difference of one bar. 𝐾 encompassed both friction and local losses. This notation and unit were 

inspired by a notation typically used by manufacturers to report the pressure drops through valves. 

The flow coefficients of the different loops, as well as that of the mixing shunt and that of the return 

pipe (where the motorized valve MV was located) were model parameters to be estimated. The 

parameters of the shunt control (MV controller gain and mixed supply temperature setpoint) were 

also estimated, as well as the pressure difference between supply and return riser. 

The parameters were estimated using ModestPy, an open-source Python tool developed by Arendt 

et al. [262]. The Dymola model was exported using the FMI standard [263], and read by the Python 

script together with the estimation bounds of the parameters and the model input and output data. 

The parameter estimation carried out by ModestPy relied on a genetic algorithm. The model was 

run with an initial guess for the model parameters, and the obtained time series of the model outputs 

were compared to the measured time series of these variables. The model was trained on the first 

14 days of the studied period and evaluated on the subsequent 17 days, using the NRMSE 

(Normalized Root Mean Square Error) as an indicator of model fitness. Several generations made 

of variations over the initial model parameters were successively created and tested, each of them 

giving a better model fitness than the previous one, until the reduction in NRMSE from one 

generation to the next stayed below a threshold (0.001) for ten generations or the maximum number 

of generations was reached (40 in the present case). 

Fault detection, diagnosis and recommendations for improved operation 

Once the parameters giving the best model fit were found, data from the virtual sensors was 

retrieved from the calibrated model. The analysis was carried out in several phases: 

 The data from the virtual sensors was first compared to best practice and to the design 

requirements of that building. This permitted to detect possible faults and their causes. 

 The possibility to decrease the mixed supply temperature setpoint without any further 

adjustment on the system was then evaluated. The goas was to find the minimum mixed 

supply temperature setpoint that was able to meet the heat demand. The heat output 

delivered by the floors with different mixed supply temperature setpoints was calculated, 
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considering that all floor loops were constantly active. This was compared to the heat 

demand, i.e. the heat output delivered by the floors in the original model. 

 Finally, different adjustments were made to the system, aiming at improving the hydronic 

balance in the floors. Again, different mixed supply temperature setpoints were tested for 

each improvement scenario. The decrease in return temperature following these 

improvements was calculated. 

6.2.2 Results and discussion 

Parameter estimation 

The time series of the modelled outputs of the calibrated model are shown in Figure 6.4 and 

compared to measured data. An overview of the model parameters and their estimated values is 

shown in Table 6.1. 

The model succeeded in representing the metered flow with good accuracy, including the variations 

in flow due to the opening and closing of the shunt. The pump current, which was via the pump 

curve directly linked to the total flow circulated by the pump in the system, was also represented 

with a good fit, with occasional errors. As to the return riser temperature, the dynamics were well 

Figure 6.4: Modelled and measured outputs of the calibrated grey-box model 
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represented but it was systematically underestimated: this bias was at maximum equal to -3 ºC, and 

when calculating the energy-weighted average return riser temperature during the entire estimation 

period, the average bias was -1.4 ºC. The fit could not be improved further without reducing the 

accuracy on the other two output variables, which suggests that the way the physical system was 

represented suffered from faulty assumptions. However, the good performance on the metered flow 

and the pump current suggested that the modelled flows may be relatively accurate, which made 

this model valuable to diagnose hydronic balancing issues. 

Table 6.1: Model parameters 

Parameter Description Unit 
Estimation bounds 

[guess, min, max] 

Estimated 

value 

K_checkvalve Flow coef. of the shunt kg/s at 1 bar [2.2, 0.4, 7.0] 2.88 

K_motorvalve Flow coef. of the return pipe kg/s at 1 bar [0.6, 0.4, 1.4] 0.44 

K_kitchen Flow coef. of each kitchen loop kg/s at 1 bar [0.18, 0.07, 10] 0.17 

K_room1 Flow coef. of Room 1 loop kg/s at 1 bar [0.18, 0.07, 10] 0.22 

K_room2 Flow coef. of Room 2 loop kg/s at 1 bar [0.18, 0.07, 10] 0.20 

K_room3 Flow coef. of Room 3 loop  kg/s at 1 bar [0.18, 0.07, 10] 0.22 

gain MV controller gain - [0.15, 0.1, 0.25] 0.18 

T_set_mixed Mixed supply T setpoint ºC [45, 32, 50] 45.6 

dp_riser Riser differential pressure Pa [10, 0, 40] × 103 2,051 

   NRMSE 0.171 

 

Comparison to best practice 

Using this calibrated model, data from the virtual sensors was read and compared to design 

guidelines and dimensioning values for the studied building. A summary is shown in Table 6.2. 

Table 6.2: Comparison of virtually sensed variables with reference values 

Variable Modelled values Reference values Reference source 

Mixed supply 

T setpoint 
45.6 ºC 35 ºC 

Design values (construction 

project documentation) 

Cooling in the 

loops 

bedrooms: around 2 ºC 

living room: 5 ºC  
5 ºC Industry guidelines [264] 

Water flows in 

the loops 
0.08 to 0.13 kg/s 0.01 to 0.03 kg/s Industry sizing tool [265] 

Heat output 

from the floor 

bedrooms : 400-600 W peak, 

400 W in avg. when active 

living room: 500-750 W peak, 

360 W in avg. when active 

bedrooms : 250-350 W 

living room: 460 W 

Design values (construction 

project documentation) 

Floor 

temperature 
26 to 29 ºC 

19 to 29 ºC for comfort 

27 ºC for wooden floor 

REHVA guidebook [266] 

Floor manufacturer [267] 

 

Assuming that the model was accurate, the operation of the system suffered from a number of 

issues. Firstly, the mixed supply temperature setpoint was much larger than the design value, and 

in general larger than what is recommended in underfloor heating systems. A deeper analysis into 

the thermal response of the heating system (not shown here but detailed in Paper IV) showed that 

this high setpoint and the subsequent high intensity of the heat injections in the floor were not 

justified by large thermal losses or high temperature setpoints. In two of the bedrooms, where the 

heating setpoint was kept constant, the floor was only active six to twelve hours every second day: 

air temperature increased relatively fast when the floor was active, sometimes with a small 
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overshoot. Anecdotal insights on occupant comfort can be added here: the occupants of this 

apartment were interviewed as part of the field study presented in Chapter 4, and reported the 

following: 

“It is really difficult to regulate the temperature. It is a bit as if there was an on-off button. 

[…] We have tried to increase the setpoint half a degree at a time, every few days. And then 

suddenly it turns on, and it gets really warm in the apartment.” 

A lower water temperature in the loops would spread the periods with active floors in time, thus 

avoiding excessive temperature swings. Moreover, the analysis of indoor conditions also showed 

that during some periods of time, one of the bedrooms (Room 3) was providing heat to the living 

room through the open door: the heating setpoint was lower in the living room than in the bedroom, 

but the air temperatures in both rooms followed each other closely for several days when the 

bedroom loop was active. This led to a very large heat output and high return temperatures in that 

bedroom, which could again be avoided with a lower mixed supply temperature. 

The second issue seen in Table 6.2 was that the flows in the individual loops were much larger than 

design values. The combination of this and the high mixed supply temperature led to a poor cooling 

in the loops, in particular in the bedrooms. The high flows in the loops were a result of poor pre-

setting of the underfloor heating control valves, which could be corrected by adjusting these valves. 

Investigation of lower mixed supply temperature setpoints 

Following this diagnosis, the model was run with different mixed supply temperature setpoints, and 

the ability of the model to meet the heat demand was assessed. Figure 6.5 shows the heat delivered 

by the floor in the individual rooms in these different scenarios, compared to the actual heat demand 

Figure 6.5: Floor heat output delivered with different mixed supply temperatures, compared to the 

actual and design head demand, in the individual rooms and for the entire apartment. 
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and to the design heat demand from the construction documentation. As it was found that the floors 

were overall only active a few hours every second day, the heat demand and outputs were 

smoothened: they were calculated as moving averages over two days instead of instant values. In 

the kitchen / living room, a mixed supply temperature setpoint of 33 ºC would be sufficient to 

satisfy the heat demand. In Room 3 instead, lowering the mixed supply temperature setpoint would 

make it impossible to meet the demand. However, as shown earlier, Room 3 sometimes provided 

heat for the living room, which explained why the heat demand in Room 3 significantly exceeded 

the design heat demand (black dashed line). In order to account for these heat transfers through 

doors, the analysis was repeated at the apartment scale by combining the heat demand and supply 

from all the rooms (right-side plot in Figure 6.5). The overall heat demand could be satisfied with 

a mixed supply temperature setpoint of 33 ºC or at maximum 35 ºC, which represents a sizeable 

reduction in comparison to the current estimated setpoint (45.6 ºC). 

Hydronic balancing improvements 

As the water flows in the loops were estimated to be several times larger than the recommended 

values, two successive strategies were applied to reduce these flows: (1) changing the circulation 

pump settings by choosing a pump curve with a lower head, thereby reducing the water flowrates 

in the entire system, and (2) choosing lower flow coefficients for the different underfloor heating 

loops, which in practice corresponded to adjusting the control valves on the return manifold 

regulating the flows in the loops. In this second strategy, the flow coefficients were lowered until 

the flowrates in each room matched the values suggested by the Danfoss underfloor heating sizing 

tool [265]. In both these scenarios, the same range of mixed supply temperature setpoints were 

tested, this time at the apartment scale only. The corresponding energy-weighted mean return 

temperature was calculated in each case; the results are shown in Figure 6.6. 

 
Figure 6.6: Comparison of energy-weighted mean return temperatures in different scenarios 

Using a different pump curve did not seem to greatly reduce the return riser temperature. As to the 

control valve adjustment simulated by lowering the flow coefficients of the different loops, it 

showed an important effect on the energy-weighted return temperature, as cooling in the loops was 

greatly improved. With this adjustment, the energy-weighted mean return temperature could 

become as low as 31 ºC, against 37.5 ºC in the reference scenario. 

Practical application 

The ultimate goal with this method was to be integrated into a fault detection tool for either building 

occupants or operators. The suggested method required a small amount of data on the targeted 
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heating system, and that data came from mainstream devices such as thermostats, heat meters, and 

the circulation pump. Other necessary knowledge on the system included floor areas of the different 

rooms, the pump operating mode, and information on the floor construction and piping layout. 

While the first two could easily be inputted by the users of the tool, the last piece of required 

information may be more difficult to obtain, and assumptions could be made instead. Simpler 

systems could also be modelled and the same method could be applied. Moreover, in a future 

commercial application, the grey-box model could be built on an open-source software compatible 

with the FMI standard, instead of Dymola which is a proprietary software. 

The reliability of the diagnosis and of the improvement suggestions was conditioned to the model 

accuracy. The main limitation of this model was that it systematically underestimated the return 

riser temperature, as seen in Figure 6.4. This bias likely came from inexact assumptions concerning 

the architecture and control logic of the heating system. More advanced shunt controller types were 

investigated but did not succeed in representing the flow control dynamics. This model inaccuracy 

could potentially be reduced with more information on the specific system. For example, if the 

method presented here was to be used in a commercial fault detection tool for building operators or 

occupants, the latter could read the mixed supply temperature setpoint directly on the installation 

and add it to the model inputs, thereby reducing the model uncertainty. 

6.2.3 Main findings and conclusion 

This study intended to address Research Question C2: Is it possible, by using data from sensors that 

are often installed in dwellings, to create a grey-box model of an apartment’s heating system and 

detect sub-optimal operation? Such a model was built based on data from common sensors in a low-

energy apartment in Nordhavn (Type G). The aim was to detect faulty or inefficient operation 

preventing the system from operating at low supply and return temperatures. 

 The grey-box model managed to give an accurate representation of two of its three output 

variables, while the third (the system’s return temperature) was underestimated by an 

average of 1.4 ºC. 

 The model permitted to create virtual sensors measuring key variables of the system. In the 

tested apartment, the setpoint regulating the temperature in the floors was estimated to be 

largely above the design value (45.6 ºC instead of 35 ºC), and the flowrates in the individual 

underfloor heating loops were also significantly larger than recommended values. This led 

the heating system to operate at a high intensity, which was unnecessary (and even 

detrimental) for comfort. 

 The model showed that the supply temperature setpoint could be reduced to the design 

value and still meet the apartment’s heat demand. Moreover, changing the pump curve and 

adjusting the underfloor heating control valves to reduce the water flows in the loops would 

permit to decrease the return temperature further. 

 If completed with a small number of easily obtainable inputs, this model could possibly 

reach a better accuracy and be integrated into a fault detection and diagnosis tool for 

residential systems, assisting occupants and operators to optimize the operation of their 

installations. 

6.3 Conclusions of Chapter 6 and recommendations 

The two studies described in this chapter illustrated the potential of using data that is mostly already 

collected in buildings to detect faults and inefficiencies in residential heating installations. As 

described in Section 6.1, monitoring thermostat use patterns could permit to identify households 

who had difficulties operating underfloor heating, with the end goal to provide assistance to them. 

Moreover, in the study reported in Section 6.2, data from a small number of common sensors was 

sufficient to create a grey-box model of a residential heating system, allowing to simulate other 



64  Chapter 6 - Fault detection and diagnosis tools for comfort and energy performance 

 

 

variables in the system for which there was no sensor available. The method needs to be perfected, 

but it showed potential to detect excessive water temperature and flowrates in the underfloor heating 

loops, and to simulate scenarios for improved operation without affecting comfort. 

In order to translate this experimental work into a commercially viable tool, such a data collection 

should be systematic. Even though the sensors used were relatively common, a data infrastructure 

built for research made it easy to retrieve this data, which may not be the case in most buildings. 

The insights from the two articles presented in this chapter could serve as a motivation to make 

such data easier to collect and to access in newly built or retrofitted dwellings. 
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Chapter 7. CONCLUSION AND OUTLOOK 

7.1 Conclusion on the research hypotheses 

This section summarizes the findings from this PhD thesis. The three research hypotheses were 

addressed as follows:  

Research hypothesis A: Technical installations such as heating and mechanical ventilation in low-

energy dwellings can become a source of dissatisfaction and discomfort for their occupants. 

To address this hypothesis, an interdisciplinary field study was carried out in a retrofitted social 

housing complex and in new, owner-occupied low-energy apartments in the Copenhagen area, 

consisting of a questionnaire and semi-structured interviews conducted together with social 

scientists. Occupants perceived the IEQ to have greatly improved in comparison to their previous 

dwellings. Both thermal comfort and indoor air quality were overall very satisfactory, with the 

exception of overheating issues in summer and excessive air dryness due to the installation of 

mechanical ventilation. However, space heating and mechanical ventilation in these dwellings 

suffered from a large number of faults related to installation and pre-settings, which disturbed 

everyday routines, affected occupant comfort and in some cases energy use. Occupants bore the 

responsibility to detect these faults, but they lacked technical understanding and interest to do so. 

Heating and mechanical ventilation were often perceived as complex and opaque, and guidance on 

how to operate them was missing. When faults occurred, the lack of personal control over 

automated mechanical ventilation was perceived as problematic: in these situations, a number of 

occupants resorted to alternative control strategies such as taping or disconnecting the system, with 

possible negative consequences on IEQ and health. The research hypothesis could therefore not be 

rejected. 

Research hypothesis B: A number of personal and contextual factors affect occupant comfort, 

satisfaction and the proper functioning of technical installations.    

The findings of the field study were complemented by a smaller investigation of real-life successes 

and failures of a variety of building controls and interfaces in research projects around the world. It 

was shown that occupant satisfaction and comfort were conditioned to aspects such as occupants’ 

previous habits and experiences, the complexity of the building systems and occupants’ perceived 

personal control. These factors are rarely represented in building standards, and are still not fully 

taken into consideration in research practice on new building systems and controls, which led a 

number of the investigated technical solutions to fail or be misused. A deeper analysis of the 

questionnaire results showed that occupants’ satisfaction with IEQ in their homes was correlated to 

their perception of the usability of the heating and ventilation installations. However, these two 

variables were decoupled for high IEQ satisfaction levels, confirming the findings from the field 

study that lack of usability was mainly an issue when technical installations suffered from faults 

and were not able to provide satisfactory IEQ. This showed the combined importance of checking 

installations for faults and of making sure that occupants were able to use them and understand 

them. Finally, occupants’ acceptance of automated indoor environmental control in homes was 

investigated, in the context of residential demand response. Data from over 6,000 smart thermostats 

controlled by electric utilities during demand response events was analysed, showing that 13% of 

these events were rejected by occupants via setpoint overrides. The main predictor of overrides was 

occupants’ usual daily pattern of setpoint change, showing the importance to consider domestic 

temperature adjustment routines when implementing smart IEQ control algorithms. Thermal 

discomfort due to high outdoor temperatures came second. It was also demonstrated that occupants 

who participated in several demand response events were less likely to override the next. The study 

showed that overrides had a direct negative impact on the power savings achieved by utilities during 
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demand response events. Therefore, based on these three studies in different contexts, the research 

hypothesis could not be rejected. 

Research hypothesis C: Sub-optimal heating system operation could be detected based on common 

sensors in order to inform the residents of energy waste or faulty operation. 

The presented work showed that data retrieved from room thermostats, such as air temperature and 

heating setpoint data, together with data collected by mainstream devices such as heat meters, 

carried a large potential to reveal the actual operating conditions of buildings in use, and to identify 

faults or inefficiencies. By using only indoor air temperature and heating setpoint data, and 

developing very simple indicators such as number of interactions and indoor temperature range, it 

was possible to observe a variety of thermostat use patterns in apartments equipped with underfloor 

heating. The data suggested that some occupants may have difficulties using underfloor heating, 

which could be confirmed during interviews. Second, by complementing this dataset with data from 

the heat meter and the heating system circulation pump, it was possible to create a complete model 

of the apartment’s heating system. This way, internal variables of the system could be measured, 

and the installation could be screened for faults. Applied to a test apartment, this method permitted 

to detect sub-optimal pre-settings making it difficult for the apartment to deliver low return 

temperatures, and to suggest ways to improve operation while still meeting the heat demand. The 

research hypothesis could therefore not be rejected; however, the integration of such a method into 

a building control interface could not be investigated, therefore the part of the hypothesis related to 

informing occupants was not addressed. 

The overall conclusion of this PhD is the following. Space heating and mechanical ventilation in 

low-energy dwellings are often complex and opaque, making it difficult for occupants to 

understand and operate them. Personal and contextual factors such as the availability of information 

on the technical installations, occupants’ perceived control over them, or occupants’ habits and 

routines, have a significant impact on occupants’ satisfaction with these systems, and ultimately on 

the ability of the installations to deliver energy savings and comfortable indoor 

conditions. Moreover, these installations frequently suffer from faults that occupants are not 

equipped to diagnose, which sometimes pushes them to find workarounds or disable the 

systems. By using data from common sensors, it is possible to automatically detect faults in 

residential space heating installations and to suggest operational improvements.  

7.2 Outlook 

This work suggests that the everyday reality of occupant-building interactions is currently a mystery 

for most of the building industry, and that issues with space heating and mechanical ventilation in 

homes are not recorded and reported in a systematic way, thereby making it impossible to improve 

the offer for future buildings. Measuring performance and user satisfaction in use implies taking 

responsibility for potential malfunctions – however, taking this risk is not currently rewarded by 

any sizeable competitive advantage on the market [268,269]. In order for post-occupancy 

evaluations to become a mainstream practice, it may be necessary to make them a requirement in 

building regulations. Moreover, the investigated contextual and personal factors, such as the access 

to understandable information and guidance about the technical installations, are not part of 

building regulations in spite of their impact on occupant comfort and satisfaction in homes. As these 

can be difficult to measure and quantify, this work advocates for an increased use of methods and 

knowledge from the social sciences, which constitute a powerful tool to uncover the complex mesh 

of drivers that ultimately condition the success or the failure of building systems in use. Moreover, 

the in-use performance of heating and ventilation systems often differs from their theoretical 

performance, due to a number of installation and operational faults that are not controlled for and 

fixed before move-in. Whereas energy performance and occupant comfort are often presented as 
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contradicting goals – as occupants’ comfort demands may be energy-intensive – improved 

commissioning and fault detection instead represent a win-win solution: correcting faults would 

permit to improve the operational efficiency while avoiding future comfort complaints. 

The gap between predicted and real building performance, in terms of occupant satisfaction and 

energy use, is sometimes considered to be a technical problem with technical solutions. This work 

suggests that the solution might be two-fold. Technological progress and the growing amount of 

data collected in buildings could permit to monitor in-use performance, to deliver feedback to the 

construction industry in order to inform better building design and operation, and to assist end-users 

in detecting and correcting operational faults. However, improving occupant satisfaction in 

buildings also entails a change in the way end-users are considered in the building design and 

operation process. This study showed that even though all occupants did not have technical 

knowledge nor interest in the way heating and ventilation operated, they needed to be informed and 

given the possibility to act on their indoor environment. Excluding them from the decision loop 

only pushed them to find alternative ways to regain control, and created dissatisfaction and distrust. 

An effort from HVAC manufacturers and building operators on communication, information and 

user-friendliness is therefore necessary, and should be combined with a systematic collection of 

occupant feedback via post-occupancy evaluations. These changes are needed to effectively reduce 

the building performance gap, thereby enabling the building sector to deliver its CO2 emission 

reduction promises. 
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Chapter 8. FUTURE RESEARCH 

A number of research activities could be carried out to complete the present work. 

The field study conducted during this PhD project was only targeting occupants and was focused 

on their own experience related to comfort and the technical installations in their homes. However, 

in order to understand in depth the barriers to the improvement of residential technical installations, 

it would be very valuable to complete the present work with a similar investigation among different 

players of the residential construction value chain. Representatives of the housing association could 

be interviewed, as well as, for instance, mechanical ventilation designers and installers, consulting 

engineers and contractors. This would permit to understand the constraints they are facing and the 

incentives they receive to provide quality installations and services. 

One of the conclusions of this work is that personal and contextual drivers of occupant satisfaction 

and comfort in buildings should be better integrated in building regulations and practice. This is a 

difficult task that requires a better overview over existing evidence. An extensive compilation of 

the impacts of these factors on occupant satisfaction and eventually on the success of building 

technology could be carried out – the activity described in Section 5.1 within IEA EBC Annex 79 

will contribute to this effort in the next phase of its investigations. Targeted interventions, for 

example training occupants and operators to use the available interfaces, or particular design efforts 

on usability, could be implemented, and existing such studies could be reviewed. The learnings 

could then be used to create guidelines for future building controls and interfaces. 

The fault detection algorithm described in Section 6.2 suffered from a number of inaccuracies, that 

future work could set out to tackle. This field is extremely promising and there is potential to 

develop such a model further to make it more reliable, faster and more versatile. The next phase of 

that work would then be to convert the diagnosis made via the model into a number of targeted 

indicators, and to imagine an interface able to communicate them to occupants and assist them in 

improving the system operation – or in getting a professional to help them. 

Finally, a large field of study that this work showed to be very relevant is that of post-occupancy 

evaluations. New ways of carrying them out could be imagined, partly relying on digital technology 

in buildings to continuously monitor IEQ and energy performance. What POEs should encompass, 

how this feedback could be delivered to different players upstream in the construction value chain, 

and how to make in-use performance a successful business model for these players, are compelling 

questions to be tackled by future interdisciplinary research.
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ABSTRACT
In order to reduce energy use and improve indoor environmental quality (IEQ), new and
retrofitted dwellings are increasingly equipped with complex heating and mechanical
ventilation solutions, which occupants have to learn to use and live with. This work
investigates the different ways in which occupants integrate these technologies into daily
domestic practices, the associated difficulties and their potential consequences on comfort
and building performance. Semi-structured interviews were carried out with occupants of 37
new and retrofitted low-energy dwellings around Copenhagen (Denmark), focusing on
occupants’ domestication of underfloor heating and mechanical ventilation. While most
respondents were largely satisfied with the IEQ in their homes, the interviews highlighted a
disconnection between expected and real uses and perceptions of these technologies. The
design assumptions were sometimes unable to reflect occupants’ expectations, including
regarding personal control needs. Moreover, installation and operational failures were
frequent and difficult for users to diagnose and correct, as they lacked relatable technical
guidance. Consequently, occupants often resorted to alternative ways of taking control, which
could prove detrimental for energy use and IEQ. The findings highlight the need for
incorporating interdisciplinary insights on in-use performance in the design and installation of
building systems, making them more robust, reliable and transparent.
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Introduction

Energy efficiency in buildings is recognized as a key
component of the global green transition, and particular
efforts are made in this direction in Europe (European
Commission, 2019). In Denmark, building standards
have become stricter, leading new and retrofitted con-
structions to feature tighter envelopes and higher insu-
lation levels (Danish Ministry of Transport Buildings
and Housing, 2018). Aiming to deliver heat and fresh
air with minimal energy use, complex technologies
such as underfloor heating and mechanical ventilation
with heat recovery are also making their way into pri-
vate homes. However, many low-energy dwellings
across the world do not live up to expectations in
terms of energy efficiency. Measured residential energy
consumption was shown to vary largely between similar
buildings (IPEEC, 2019; van den Brom et al., 2019; Yan
et al., 2015), at times being two to three times higher
than the forecasted use (de Wilde, 2014; Hong et al.,
2017; Shi et al., 2019; Zero Carbon Hub, 2010). Often
cited as causes for the energy performance gap are
model imprecisions, implementation failures, and

unexpected occupant behaviour (Hong et al., 2017;
van den Brom et al., 2019, 2018).

A large part of the energy demand in homes comes
from the use of Heating, Ventilation and Air Condition-
ing (HVAC) systems (Eurostat, 2018), as occupants use
energy as a means to achieve indoor comfort (Chappells
& Shove, 2005; Madsen, 2018; Wagner et al., 2018).
While building design and operation are based on a stat-
istical definition of thermal comfort grounded in mea-
surable physical variables (Fanger, 1970), the concept
of indoor comfort is being challenged and complemen-
ted with perspectives coming from social sciences such
as psychology, sociology and anthropology (Madsen &
Gram-Hanssen, 2017; Ortiz et al., 2017; Shove et al.,
2008). These works highlight the diverse, changing
and socially dependent meanings of comfort for indi-
vidual building occupants, thereby making it difficult
to quantitatively define and predict comfort-driven
energy use. The complexity and stochasticity of
energy-related occupant behaviours are increasingly
acknowledged (Yan et al., 2015), leading many large
related research initiatives to adopt an interdisciplinary
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approach mixing building engineering with psychology
and sociology (Hong et al., 2017; Wagner et al., 2018;
Yan et al., 2017).

Representing and predicting occupants’ comfort
wishes and actions is also difficult because many occu-
pants are new users of residential comfort technology
and need to go through a learning process. Contrarily
to the representation of building occupants as
‘Resource Man’ (Strengers, 2014) often implicit to
design processes, occupants approach the systems
based on their previous experiences and accumulated
competences (Larsen & Gram-Hanssen, 2020). More-
over, technical installations in homes face criticism
linked to frequent failures (Berry et al., 2014; Mlecnik,
2013), comfort issues such as draught from ventilation
(Thomsen et al., 2016), and lack of usability (Berry
et al., 2014; Sarran et al., 2020; Stevenson et al.,
2013), making it more difficult for occupants to achieve
satisfactory conditions in their homes. The process of
adopting technical installations into daily practices
may thus be long and conflicting; yet, it is often
taken for granted and not extensively studied in spite
of its potential impact on energy performance and
indoor comfort.

This article explores this process in depth by means
of anthropological fieldwork, consisting of semi-struc-
tured interviews with occupants in two residential
areas in Greater Copenhagen, in Denmark. The aim of
this empirical work was to shed light on: (1) how people
in these private homes experienced and interacted with
their newly installed heating and mechanical ventilation
technologies, (2) how this compared to the design
assumptions and usage recommendations from the
HVAC industry, and (3) what the consequences were
for user satisfaction, and to some extent for energy
use and indoor environmental quality. The findings
were analysed and discussed through the medium of
the domestication theory, which provides a useful fra-
mework to describe the process of appropriation of a
new technology in the domestic sphere.

Theoretical background

Comfort perception and indoor climate control

Povl Ole Fanger’s thermal comfort model (Fanger,
1970) established the basis for modern indoor climate
control, by making it possible to predict the mean ther-
mal sensation of occupants at given indoor conditions
based on six main input parameters. This statistical
model has since then been applied and largely vali-
dated in many different contexts (Van Hoof, 2008).
However, as later highlighted in the adaptive comfort

theory (de Dear et al., 1998), occupants’ thermal com-
fort perception varies as they adapt to outdoor con-
ditions. In residential buildings in particular,
occupants have many adaptive opportunities available
to them, which makes the classical Fanger model less
reliable, as highlighted by Peeters et al. (2009). Brager
and de Dear (1998) distinguished three forms of adap-
tation: behavioural thermoregulation, physiological
acclimatization (less relevant in the mild conditions
experienced in most buildings), and psychological
adaptation.

Behavioural thermoregulation includes personal
adjustments such as clothing, as well as use of building
controls such as windows, heating or blinds. A large
body of literature showed that access to such adaptive
devices affects indoor comfort, and that there is a corre-
lation between occupants’ perceived control over the
indoor environment and their satisfaction with the
indoor conditions, both in offices (Boerstra et al.,
2013; Brager et al., 2004; de Dear et al., 1998; Tamas
et al., 2020) and in residential settings (Cao et al.,
2014; Luo et al., 2014). Psychological adaptation or
habituation relates to the fact that ‘a person’s reaction
to a temperature which is less than perfect will depend
very much on his expectations, personality and what
else he is doing at the time.’ (McIntyre, 1981) One’s
expectations towards indoor climate control have an
impact on one’s satisfaction with it (Fountain et al.,
1996; Luo et al., 2018), which according to some scho-
lars can be a barrier to energy conservation in buildings
(Cooper, 1982; Mahdavi & Kumar, 1996; Shove et al.,
2008). The question of personality and practices has
mainly been explored by social scientists, who chal-
lenged the notion of homeostatic equilibrium as the
main driver for comfort-related behaviour, giving
instead weight to factors such as æsthetics and liveability
(Castaldo et al., 2018), social relationships (Sovacool
et al., 2020) and everyday practices (Gram-Hanssen,
2010; Korsnes et al., 2018; Madsen & Gram-Hanssen,
2017).

Technology adoption in buildings

Advanced space conditioning systems such as underfl-
oor heating and mechanical ventilation intend to pro-
vide satisfactory indoor comfort to all occupants.
Besides the abovementioned complexity of comfort per-
ception making this task difficult, challenges also lie in
the adoption of new technologies and the related adap-
tation process, which have been addressed by a large
body of literature (Hillmer, 2009). Looking at how a
given innovation spreads into society, the Diffusion of
Innovation theory (Rogers, 1962) highlighted important
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success factors such as the compatibility of the technol-
ogy with the user’s values, experience and needs, and the
ease to understand and use it. Looking at technology
adoption from the user’s point of view, the Technology
Acceptance Model (Davis, 1989) distinguished two
main factors influencing one’s use of a new technology:
perceived usefulness and perceived ease of use. Per-
ceived ease of use of residential building systems, and
the need for training and information about them,
was highlighted in several case studies (Hauge et al.,
2011; Huebner et al., 2013; van der Grijp et al., 2019;
Sarran et al., 2020). Several studies also raised issues
related to perceived usefulness of these technologies
(Cherry et al., 2017), in particular due to technology
not matching user’s actual needs and expectations
(Day & O’Brien, 2017; Karjalainen, 2013).

Domesticating residential heating and
ventilation technologies

The domestication theory takes a deeper dive into the
process of integrating and adapting technical devices
to domestic everyday life (Berker et al., 2006). Its
authors, Silverstone and Haddon, suggested that
rather than being ‘simply a matter of purchase’ (Sil-
verstone & Haddon, 1996, p. 45), new devices were
interpreted and adopted into dynamic and changing
everyday practices. With a similar socio-technical
approach, Sørensen (2006) described three dimen-
sions of the domestication process: practical, as
users adopt new practices and routines around the
use of the technology; symbolic, through the construc-
tion of meanings for the technology and its place in
the home; and cognitive, through the process of learn-
ing about the technology’s attributes and possibilities.
Sørensen was inspired by the Actor Network Theory
and the concept of ‘scripts’, developed by Akrich,
who suggested that new technologies were designed
according to certain assumptions regarding the future
users’ ‘tastes, competences, motives, aspirations, [and]
political prejudice’ (Akrich, 1992, p. 208). Akrich
called ‘scripts’ these assumptions about the future
users of the technology and the context in which
they will use it. She argued that the scripts, which
she compared to movie screenplays, contained an
intended course of action, most often reproducing
the designers’ own worldview, which they ‘inscribed’
in the technical object. Yet, she noted that technol-
ogies were often perceived differently than expected
when integrated in private homes, leading to alterna-
tive uses, what Latour defined as ‘anti-programmes’
(Latour, 1992). Accordingly, Sørensen described the
three dimensions of the domestication process as a

continuing negotiation between the anticipated
scripts and the unfolding anti-programmes (Sørensen,
2006) – in other words, between assumptions about
intended use and actual use.

The domestication theory is particularly useful to
describe the adoption of new heating and ventilation
technologies in homes, as these technologies are
‘scripted’ by the statistical definition of comfort pre-
sent in the building standards, and by the assumptions
regarding occupant behaviour necessary to run the
simulation programmes used to design and dimension
them (Hong et al., 2017). Their users may then
develop alternative practices – anti-programmes –
according to existing habits, perceptions and infor-
mation levels. Hargreaves et al. (2018) explored the
process of domesticating smart home technologies in
a field study with ten households. They noticed large
differences in the way households adopted the tech-
nology, which led them to suggest three domestication
categories: successful, precarious and pure rejection,
and to recommend a diversification of the user scen-
arios in the design process. In a controlled experiment
in a zero-emission house equipped with diverse low-
energy technical installations, Korsnes et al. (2018)
observed that families reacted differently to the same
technologies. They highlighted the importance of
understanding particular ways of being at home,
thereby rejecting the idea of the accuracy and applica-
bility of one single script (i.e. one way of using the
technology). In a mixed-methods study among resi-
dents of new low-energy dwellings in the U.K.,
Andreassen (2014) concluded that in order to achieve
the expected CO2 emission reduction through instal-
lation of energy-efficient technology in homes, it was
necessary to acknowledge the social, technical and
organizational factors that influenced occupants’
domestication of the technology. She also noted that
information provided to the occupants regarding
operation and maintenance of the systems was sparse
and incomplete (Andreassen, 2014).

In Denmark, while underfloor heating and mechan-
ical ventilation with heat recovery are becoming main-
stream in new housing developments and retrofit
projects, few in-depth studies have been carried out
investigating how these technologies are adopted in
homes (Frontczak et al., 2012; Gram-Hanssen, 2010;
Madsen, 2018). Potential dysfunctions may thus not
be identified and corrected by the relevant construction
industry stakeholders (engineering consultants,
designers and installers). Therefore, resting on the dom-
estication theory, the present work explores how occu-
pants perceive and interact with these newly installed
technologies in their homes.
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Methodology

Case study design and studied dwellings

This work is a multiple-case study consisting of two
main cases with each three different types of dwellings,
all located near Copenhagen, Denmark. Semi-struc-
tured interviews were conducted with a total of 37
households.

Case A was a new district of central Copenhagen with
a vision to showcase the sustainable city of the future,
through low-energy architecture, multiple green and
blue areas and a dense public transportation network.
The dwellings were high-end, owner-occupied houses
and apartments. Interviews were carried out with resi-
dents of three properties: semi-detached houses on
two or three floors (A1), and two multi-family apart-
ment buildings located on the waterfront (A2 and
A3), both consisting of around 85 dwellings. Case A
constitutes a critical case, as the quality of the dwellings
in this neighbourhood was considered to be among the
highest in Copenhagen. The user experience provided
by these homes was thus expected to be very positive:
therefore, if their occupants experienced issues of tech-
nical nature, similar or worse issues were also likely to
be found in the average Danish low-energy dwelling.
Thus, the case was chosen according to Flyvbjerg’s criti-
cal case principle: ‘If it is valid for this case, it is valid for
all (or many) cases’ (Flyvbjerg, 2006).

Case B was a social housing complex located in a sub-
urban town, about 15 kilometres from Copenhagen. The
complex was made of nearly identical single-family row
houses and semi-detached houses, originally built in
1965 from light materials and mainly rented by med-
ium- or low-income households, a large part of them
being elderly residents having lived in that area most
of their adult lives. In the early 2010s, an extensive ret-
rofit work was initiated and the residents were closely
associated to the process, by forming committees parti-
cipating in the decisions. The first dwellings to be ret-
rofitted were row houses on two floors (B1), followed
by the semi-detached houses (B2 and B3), in two differ-
ent waves.

The occupants in the two cases differed on various
levels. While the occupants in Case A had lived only
a few years in their newly built homes, most of the
occupants in Case B had lived in the same place for
many years, experiencing the house before and after
the retrofit. Furthermore, the occupants in Case A
were middle-aged homeowners from a high socio-
economic group, while the occupants in Case B were
primarily elderly tenants from a lower socio-economic
group. This two-tail case study design (Yin, 2017)

aimed at obtaining varied qualitative insights about
occupant´s domestication of underfloor heating and
mechanical ventilation in different types of dwellings
in two neighbourhoods. This engendered the opportu-
nity, on a micro-social level, to describe and analyse
the use of the technologies from the occupant´s point
of view. Moreover, if such different tenants in such
different buildings experienced similar issues, it may
constitute a stronger indication that these issues were
present in many housing projects (Flyvbjerg, 2006;
Yin, 2017). Furthermore, within each case, several
buildings built or retrofitted in different years by differ-
ent companies were selected, for literal replication
(Yin, 2017). The goal of this strategy was to increase
the robustness of the conclusions and avoid giving dis-
proportionate attention to successes or issues specific
to one building.

Table 1 summarizes the characteristics of the six
building types, while Figure 1 shows typical floor
plans. All dwellings had operable windows of diverse
sizes and, for some of them, larger balcony doors. Smal-
ler vents were located in the window frames in Case A
dwellings, for natural ventilation purposes. Electricity
was provided by the main grid (no photovoltaic gener-
ation was present in any of the studied cases), while
heating was provided to all dwellings by district heating,
as in the vast majority of buildings in the Greater
Copenhagen area. Dwellings A1, A2, A3 as well as B1
(in the living room only) were equipped with water-
based underfloor heating, where hot water pipes are
embedded into a concrete screed underneath the floor-
ing layer. The other dwellings were equipped with
water-based radiators, of larger dimensions than the
average in prevision of an upcoming switch to low-
temperature district heating (Averfalk et al., 2017).
The heating control interfaces varied largely from dwell-
ing to dwelling as seen in Table 1; several examples of
these interfaces are shown in Figure 2. In A3 apart-
ments, underfloor heating in the living room turned
off when the balcony door was open. All studied dwell-
ings were equipped with balanced mechanical venti-
lation with heat recovery – in Case B, this was a
novelty brought by the retrofit. Supply diffusers or
grilles were installed in the living room and bedrooms,
while exhaust appliances were installed in bathrooms,
as well as a hood in the kitchen. Occupants’ possibility
to interact with mechanical ventilation differed from
dwelling to dwelling as seen in Table 1: some of the sys-
tems operated with constant air volume (A2, B2),
another offered fully adjustable fan speeds (A1), and
the others included a booster mode, either moisture-
induced (B1, B3) or manually triggered (A3, B1).
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Data collection and analysis

The researchers tried to reach out to the largest possible
number of occupants in order to obtain richer and more
diverse insights; therefore, no particular interviewee
selection strategy was adopted. A detailed list of the

interviewees can be found in Table 2. Their names
were modified for confidentiality purposes.

In Case A, the prospective participants were con-
tacted by e-mail (A2 and A3) or by post (A1) with a
one-pager describing the focus of the study. Almost all

Table 1. Technical characteristics of the six dwelling types.
Properties A1 A2 A3 B1 B2 B3

Geometry Semi-detached Apartments Apartments Row houses Semi-detached Semi-detached
Floor area (m2) 120–181 85–146 104–135 106 93 or 108 93 or 108
Construction end date 2014–15 2016 2017 1965 1965 1965
Retrofit end date 2014–16 2016–18 2017–18
Building standard BR10 BR15 BK2020 BR10 BR10 BR15
Energy performance framework1 (kWh/m2/yr) 62.5 37.8 20.0 68.0 69.0 40.0
Space heating
Water-based radiators Bedrooms X X
Thermostatic valve Bedrooms X X
Water-based under floor heating X X X Living room
Simple wall thermostat X
Programmable thermostat X X Living room
Mechanical ventilation
Heat recovery X X X X X X
Centralized X
Decentralized X X X X X
Exhaust in wet rooms X X X X X X
Supply high on the wall Living room X X X X
Supply: grilles on floor Bedrooms X
Moisture-induced booster X X
Manual booster X X
Adjustable fan speeds X

Figure 1. Examples of floor plans of the six different dwelling types. The scales are different from dwelling to dwelling and should not
be compared.
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the interviews were carried out by two interviewers: one
engineer (also an author of this article) and one

sociologist. Case B was chosen as a case for a prelimi-
nary survey study carried out in January 2019 (Sarran
et al., 2020), after which respondents who wished to par-
ticipate in an interview gave their contact information.
A multidisciplinary Master’s level course was then orga-
nized where mixed teams of civil engineering and
anthropology students were dispatched in the social
housing complex and interviewed residents.

Most of the interviews were carried out in Danish and
a few in English, lasting between thirty minutes and two
hours. The interview guide for Case A was structured
around five themes: general background and house his-
tory; comfort practices, home activities and routines; a
tour of the home; use and perception of comfort technol-
ogies; and relation to technology in general. In Case B,
similar themes were given as guidelines to the students.
Table 3 presents the main questions addressed during
the interviews. Even though the interviewers sought
answers to each of these questions, they also tried to har-
ness the most possible details on the respondents’ experi-
ences, concerns or points of views. This sometimes
required simply letting the conversation unfold and

Figure 2. Heating and ventilation control interfaces. (a) Central
programmable interface for heating in A1, A2 and B1 dwellings.
(b) Underfloor heating wall thermostat in A1, A2 and B1 dwell-
ings. (c) Radiator thermostatic valve in B1, B2 and B3 dwellings.
(d) Underfloor heating wall thermostat and indoor climate dis-
play in A3 dwellings. (e) Ventilation control interface in A3
dwellings.

Table 2. List of interviewees.
Dwelling type Interviewees Age class Household structure

Semi-detached houses, Case A (A1) Jesper 46–55 Couple with 3 children
Birgitte and Peter 46–55 Couple with 1 child
Cecilie and William 31–45 Couple with 2 children

Apartments, Case A (A2) Ulrik and Jette 46–55 Couple with 1 child
Arne 56–70 Lives alone
Louise 31–45 Couple with 2 children

Apartments, Case A (A3) Jeppe 31–45 Couple with 2 children
Lisbeth 46–55 Lives alone
Line and Casper 20–30 Brother and sister
Benjamin 20–30 2 housemates
Mette 31–45 Couple with 1 child
Christine 46–55 Lives alone
Thomas 31–45 Couple with 2 children
Anders 46–55 Couple

Row houses, Case B (B1) Marius 56–70 Couple with 2 children
Kim over 71 Retired couple
Janne and Toke 46–55 Couple
Charlotte 46–55 Lives alone
Lisa and Tom 31–45 Couple with 1 child
Jørgen 56–70 Lives alone
Karen 46–55 Lives alone

Semi-detached houses, Case B (B2) Niels 56–70 Lives alone
Jytte 56–70 Retired, lives alone
Anne and Rune 56–70 Retired couple
Susanne and Lars over 71 Retired couple
Lene and Jan over 71 Retired couple
Bente and Jens over 71 Retired couple

Semi-detached houses, Case B (B3) Søren 56–70 Couple
Kirsten and Mads 46–55 Couple with 2 children
Ole over 71 Retired couple
Tina and Hans 56–70 Retired couple
Marianne and Morten 46–55 Couple with 2 children
Helle and Michael over 71 Retired couple
Lone and Christian over 71 Retired couple
Gitte and Henrik 56–70 Retired couple
Camilla and Rasmus 56–70 Couple
Pia and Martin over 71 Retired couple
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giving more or less weight to some parts of the interview
guide (Kvale & Brinkmann, 2009).

All the interviews were recorded and transcribed, and
analysed using the German qualitative data analysis
software MaxQDA (version 12.3.6), adopting an induc-
tive coding approach. The first step of the analysis con-
sisted in reading the transcripts in depth, and assigning
some keywords, or codes, to particular expressions or
sentences (Saldaña, 2013). The existing codes were
arranged into a preliminary thematic structure after
the first few interviews. The code structure evolved as
more interviews were incorporated, until it was able to
illustrate both the general picture and the details of
the respondents’ expectations, practices, topics of satis-
faction and frustration. Moreover, short vignettes were
written summarizing the content of each interview, in
order to make sure that the analysis was consistent
with the individual respondents’ stories.

Results

Findings from the interviews regarding occupants’ per-
ceptions and uses of heating and mechanical ventilation
systems are presented in this section, where they are
compared to the ‘scripts’ (Akrich, 1992), i.e. the
assumptions made by designers about future users’
needs and ways of interacting with the technology.
Therefore, this results section is organized in three
levels. After an introduction of the scripts embedded
in the investigated heating and ventilation systems, situ-
ations will be described where the technology was dom-
esticated in the expected (scripted) manner and was

seen by residents as a valuable help in the home. The
last three sub-sections describe practices and percep-
tions that diverged from design expectations, together
with possible reasons for these divergences. When
appropriate, the findings are linked to the practical,
symbolic and cognitive dimensions of domestication
(Sørensen, 2006).

The scripts: expected uses of mechanical
ventilation and underfloor heating

The scripts, or intended uses of the technologies, could
be identified by looking at the technical specifications of
the heating and mechanical ventilation systems, as well
as the advice that was reportedly given to occupants at
move-in.

In three of the six house types, the ventilation system
was fully automatic, as seen in Table 1. In two others,
occupants could activate a booster mode; in the last
house type, they could choose between four fan speeds.
Occupants were not expected to interfere further with
the air circulation, but simply to let it run constantly in
the background. Moreover, the practice of airing out
was envisioned to become mostly unnecessary, as air
renewal and pollutant removal happened through mech-
anical ventilation – and in a more energy-efficient way.
Indeed, in order to limit the heat losses created by air
renewal, all mechanical ventilation systems were equipped
with heat recovery, which permitted to preheat the supply
air at no extra energy cost using heat from the exhaust air.

The underfloor heating system installed in the inves-
tigated dwellings had a large response time, due to the

Table 3. Main interview questions.
Theme Examples of questions

General background and house
history

• Please introduce yourself (age, family, educational background, job, etc.)
• Can you tell us about where you lived before? Why did you move here? What was important in the choice?

Comfort practices, home activities
and routines

• Describe a typical day in this house. Where do you spend most time?
• How do you feel about being at home in general? How and where do you relax? (try to define with the respondent
the meaning of ‘comfort’)

• What role does heat play in these activities, if any?
• Do you usually air out? How often and why? For particular activities?

Home tour • What do you use this room for? What do you like and dislike about it?
• How do you regulate the indoor climate in this room and why?

Use and perception of comfort
technologies

• Can you describe how this technology (heating, ventilation, control interface) works? Can you show us how you use
it, what for, when?

• Does anyone at home use it more than the others and why?
• Have you experimented with it? How did you learn how to use it?
• How has your experience with the technology been so far? Does the technology overall live up to your expectations?
• If any problems are mentioned: what type of issues? When was the last time an issue occurred? What did you do
then? Did you get any help, and if so whose and how?

• Have any of your activities changed after you got it installed? How?
• If you could have any system in the world instead, what would it be?

Relation to technology in general • Do you have any ‘smart’ objects in your home? What for?
• If you have to buy a new technological object (phone etc.), how do you make your choice? Do you ask others, do
others usually ask you?

• Does the question of privacy and data security play any role in your technology use? Are you concerned about
sharing your data, why?
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thickness of the concrete layer in which the water pipes
were embedded. This setup aimed at providing a more
constant indoor temperature without potentially
uncomfortable fluctuations. Consequently, occupants
were expected to adjust the heating setpoints less often
than they were used to with radiators, and should not
expect to feel the effect immediately.

Successes of the technology

Indoor environmental benefits
The large majority of the interviewees, in particular in the
retrofitted houses, reported perceiving a significant
improvement in indoor air quality after moving into
their mechanically ventilated homes. For instance, they
noticed the absence of stale air smells, the disappearance
of fog on the bathroom mirror, and no more humidity
and mould issues. For some, like Rune (B2), the change
felt radical: ‘We can feel such a large difference in terms
of indoor climate, it is almost impossible to describe.
You almost can’t understand anymore how you could
live in the old houses. The air is just completely different.’
A large share of the occupants did not feel the need for
airing out as often as previously. When asked if he
often aired out in his bedroom, Niels (B2) replied: ‘I
want to say, this ventilation is so good that I don’t feel
the need as much as in the old days. I actually feel that
I come home to a fresh house every day when I get
back from work’. This was the case even in rooms
where airing out used to be necessary, like in Marianne’s
teenage son’s room (B3): ‘You don’t experience anymore
this teenager environment where it smells like wildebeest
– it is fantastic, we actually never open a window in there’.

Similarly, many respondents were largely satisfied
with the heat delivered by underfloor heating. An adjec-
tive that was often used to characterize it was ‘lækker’,
which can be translated as ‘delicious’ and is used to
describe pleasant sensations, beautiful things or people,
and tasty meals. The comfortable sensory feeling of hav-
ing heat under the feet was for instance highlighted by
Jesper (A1): ‘It is really pleasant to be able to walk in
your socks without freezing. I just think that having a
heat source close to your toes is really nice.’ Underfloor
heating also enabled heat to be distributed all across the
room, in contrast to radiators and fireplaces: ‘It is not
this very direct radiator heat that makes you sweat,
where if you sit here you are cooking, and if you sit
there you are freezing. Now the temperature is even,
and you can regulate it.’ (Jesper, A1)

Aesthetics and convenience
Furthermore, several respondents pointed out the aes-
thetic and practical advantages of underfloor heating

compared to the radiators they used to have: the radia-
tors were ‘as ugly as can be’ (Niels, B2), ‘it always gets so
dusty behind them’ (Lisbeth, A3), ‘they take space in
front of the windows’ (Thomas, A3). All of these issues
disappeared with underfloor heating. When asked what
heating system they would ideally like to have in their
homes, even the respondents who were not fully sat-
isfied with the performance of underfloor heating
agreed that they did not wish another source of heat.

The implementation of the new heating system also
led to changes in the way respondents used the floor
space. Cecilie (A1), who had two young children,
explained for example: ‘We spend a lot of time on the
floor, that’s where we sit and play. On the floor. And
build trains. It is really nice to be able to do it, without
having cold feet’. The same point was made by Louise
(A2). The presence of underfloor heating thus engen-
dered new social practices in the home: the floor,
which used to be a cold, inhospitable surface, became
a warm and pleasant playground.

Successful negotiations with the technology
In the dwellings where some manual control of venti-
lation was possible, different strategies were adopted.
Jesper (A1) tried to find a balance between good air
renewal and acceptable noise level when choosing the
fan speed: ‘I have experimented a little, but primarily
because of the noise level. I would like to have good
air change, but I don’t want too much noise either.
[…] There is a clear difference regarding the noise if I
have it on level 1 or level 4.’ Peter and Birgitte (A1)
had a similar strategy, trying to optimize air change in
winter, and acoustic comfort in summer on the terrace,
where the mechanical installation could be heard the
most. William (A1) instead used the higher speed as a
booster to quickly get rid of cooking smells. Others
made the use of the booster button a routine, just like
airing out may have been previously: both Mette and
Line (A3) declared pressing the button ‘every time I
take a shower and every time I cook’. Overall, this possi-
bility to adjust the ventilation airflow to their daily and
yearly routines offered a satisfactory solution to the
respondents, enabling a successful practical domesti-
cation of the systems. Having manual control allowed
them, after some experimentation, to reach an equili-
brium where they achieved good indoor climate and
limited nuisances such as noise and draft.

Technology as an invisible helper
The presence of ventilation enabled a certain peace of
mind among some of the occupants, as for example
expressed by Thomas (A3): ‘The air quality is good.
Because there is such a large air circulation here, there
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is nothing to think about.’ Similarly, underfloor heating
was often perceived as stable and reliable, therefore
occupants did not need to worry about heating in
their daily lives, as affirmed by Casper (A3): ‘When
I’m sitting doing something, I think much less often
‘now I have to go and turn it up’, because it’s just
even, comfortable.’ Several occupants merely adjusted
the thermostat in the beginning and in the end of the
heating season, thus, most of the time, relegating heat-
ing to the background (Jesper, Peter and Birgitte, A1).
After discussing how often they adjusted thermostats,
Cecilie (A1) noted: ‘It’s funny to be talking about it.
Because you don’t really think about it. It is just a part
of the house.’ Others were not even aware of the
effects of the mechanical ventilation systems before
being interviewed: ‘I think there is a very good climate
in here. I can feel the difference. I had actually not rea-
lized that it was the ventilation, but you are right’ (Ben-
jamin, A3). In this sense, thanks to the introduction of
mechanical ventilation and underfloor heating, fresh
air and warmth turned into natural attributes of the
home, which the occupants did not have to think
about or act upon.

Remodelling meanings and expectations

Mechanical ventilation and underfloor heating technol-
ogies provided the expected benefits in terms of indoor
climate, aesthetics and convenience to many of the
respondents, with little or no effort on their side. This
section looks into the symbolic component of the dom-
estication process, centred on the construction of mean-
ing around the device and its implications in the home.
Indeed, the integration of new technologies entailed a
necessary change in the way some respondents thought
of air renewal and heating, contradicting previously
constructed meanings and challenging expectations.

Different definitions of fresh air
In the engineering literature and ventilation sales narra-
tives, ventilation is meant as a way to provide fresh air
(‘fresh’ meaning pollutant-free), to the home without
wasting much energy, as opposed to manually airing
out. This was naturally assimilated by a share of the
respondents, who explained that they aired out less fre-
quently. However, for others, that habit was too deeply
rooted: as Anne (B2) explained,

it has just always been a habit for us, in the morning we
open here and there, we have always done that. And
then we do it also just before going to bed, right, and
then often during the day we open a little, like
5 minutes.

According to Jesper (A1), there is ‘something psycho-
logical about the feeling of fresh air’, a need which
was not met by the ventilation system, as expressed by
Christine (A3): ‘I don’t think so much about the fact
that there comes fresh air from the ventilation. I rather
think: well there comes some fresh air inside if I open
the balcony door’. Here, freshness was associated to
colder temperatures: with heat recovery, the air coming
into the home was thus clean but not ‘fresh’ in the same
way as outdoor air. As explained by Jeppe (A3), this
notion could lead to a certain antagonistic perception
of the heat recovery: ‘Some [guests] said that they felt
oxygen was missing. And maybe it is because they are
used to having air coming in and out, while this is recy-
cling of old air, one may say.’ Yet, as supply air comes
directly from outside, and is pre-heated but not
recycled, the sense of not being able to breathe might
come from a distrust in the mechanical system’s ability
to produce fresh and ‘natural’ air. This might also relate
to the fact that ventilation sometimes made the air feel
so dry that it paradoxically created an incentive to airing
out – as pointed out by Jytte (B2): ‘I think it is very dry
here. There are some days where I think, now I really
need to get some air otherwise it feels like it is too
tight, so I open the windows and doors’. For a range
of reasons related to senses, habits, and previously con-
structed meanings around the concept of fresh air, the
practice of manually airing out did not systematically
change as scripted.

The disappearance of immediate heat
While respondents appreciated the moderate and com-
fortable temperature provided by underfloor heating
during the winter, the system reduced the resident´s
possibility of heating up clothing or hands, for instance,
on a constantly warm surface. Immediate warmth was
something Louise (A2) sometimes missed:

You know, it’s funny because I said to my husband –
sometimes I miss just being able to take a dial and do
this [mimics turning a knob]. I mean, it’s cold, let’s
turn the heat up. It’s hot, let’s turn the heat down.
And it kicks in pretty fast and you can feel it on your
hands half an hour after you’ve put it up. Of course
here you can’t.

Similarly, when the floor stopped being warm, respon-
dents expressed feeling cold, although the air tempera-
ture had not changed. Thomas (A3) said: ‘The funny
thing with underfloor heating is that you start thinking
that it is cold in here, when you get up in the morning
and the floor is not warm, even though there are more
than 23 degrees’. The sensation of walking on a warm
surface was especially important in the bathroom, in

BUILDING RESEARCH & INFORMATION 9



part because of wearing less clothes and walking bare-
foot, and in part because the floor was made of tiles,
which get colder due to their high thermal conductivity.
This led several respondents to keep a higher setpoint in
that room - for example Jesper (A1): ‘We figured out
that we had to turn it quite high up to get this underfloor
heating effect that I like in a bathroom’. This could be as
high as 28 °C in some of the visited apartments. Higher
setpoints were also chosen in other rooms for the same
sensorial reason, as recalled by Cecilie (A1): ‘Sometimes,
I would like to feel the heat in the floor, so I turn it up a
little’. An integrated floor design process between engin-
eer and architect could for example help, by choosing
‘warmer’ floor materials (with lower thermal conduc-
tivity) when possible.

These two examples – cold fresh air and warm sur-
faces – are qualities that occupants expected but were
not always able to obtain from their ventilation and
heating installations, because these expectations were
not fully anticipated in the scripts. This mismatch was
in both cases likely to cause higher energy use, through
window openings and increased setpoints.

Design versus reality

In all dwelling types, many mistakes had to be fixed after
the occupants moved in. A frequently reported annoy-
ance was noise from the ventilation operation. Lars
(B2) stated that his ventilation unit was ‘noisier than a
vacuum cleaner. […] I found this guidance brochure
on ventilation, and it said that there should be a silencer
before each diffuser, and it turns out it was only installed
on three of the five diffusers’. In this case, a piece was
simply missing, and Lars had to find out by himself.
Michael (B3) noticed that his electricity bill was unex-
pectedly high after the retrofit, and found out after call-
ing the electrical utility and the facility management
service that: ‘the whole ventilation system was set
wrong. The electrical unit was heating up the air to 25°
C. So at night if it was 10°C outside, we used so much
electricity’. Other examples of failures were clogged
dust filters that were not changed before the residents
moved into the houses (in B2), wrong ventilation fan siz-
ing (in B3), ventilation systems running in emergency
and fire mode, causing respectively very high noise levels
(in A2), and transporting unpleasant smells from one
apartment to the other (in A3). Furthermore, some heat-
ing thermostats were not connected when people moved
in (B3), others were placed in one room and controlling
heat in another (A1, A2, A3), and others produced too
high or too low heat in the floors (A2, A3). Most of
the time, problems were solved by technicians after
move-in, and residents generally expressed gratitude

for the help they received. However, the accumulation
of issues seemingly created an overload of work and
stress for the technicians and building administrators,
who were ‘assailed by people’s frustration with defects
in this and that, and it still doesn’t work, and whatnot’
(Camilla, B3). This pressure may have led some of
them to look for quick, sub-optimal solutions to calm
the residents’ dissatisfaction, as suspected by Anders
(A3). He gave the example of technicians turning up
the heating supply temperature instead of trying to
locate the source of a problem concerning underfloor
heating, which increased the energy usage: ‘[Neigh-
bours] complain about not having enough heat, so
they call a plumber, and the plumber is only interested
in getting out of there as fast as possible, so he just
turns up the heating supply temperature. And people
say ‘now it’s working’, they are not using the energy in
an efficient way but they don’t think about it anymore
because it is working’. In this case, as the residents
were not particularly interested in the system operation,
and were not aware of possible consequences on energy
use, they did not question the technician’s quick fix.

Information and control

Unwanted occupant interaction
When occupants moved in, the ventilation system set-
tings were already pre-calculated and adjusted in order
to guarantee that the indoor conditions lived up to the
building standards. The installation was expected to
remain the same without interference throughout the
occupancy period. In Case B, in the two house types
with fully automatic ventilation (B2, B3), the air hand-
ling unit was locked in a technical closet outside the
house to which residents had no access, as Søren (B3)
mentioned: ‘They told me, you must never touch it,
and that’s the way it is’. In case of issues, residents should
call the housing administration. Furthermore, some
were explicitly told not to open the windows in order
to maintain the air balance in the dwellings (Louise,
A2; Jørgen, B1; Michael, B3), which they found difficult
to live up to. Likewise, when moving into the new apart-
ments in Case A, the residents were told that they should
not try to adjust the airflow by turning the plate of the air
supply appliances inwards or outwards, as the air bal-
ance was calculated for an entire staircase at a time.
This did not sound like a robust solution to Ulrik (A2):

I understand that if we close the diffuser completely,
then the whole balance is gone. But who knows what
position it has to be in? I mean, if we turn it half a centi-
metre inwards or outwards, is the balance still good, or
did they adjust it once, and then hoped that nobody
would touch it?
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For Jeppe (A3), the issue was that nobody came to verify
if things were actually working as intended: ‘We only
got to know that we could not touch it. It was pre-set.
But I could use some information on whether it is
good enough, whether it runs as expected, or does it
run too much? Does it run too little?’ The lack of trans-
parency and ownership around ventilation made some
occupants suspicious about its performance.

The information barrier
Some information was available at move-in regarding
the technical installations; however, respondents had
very different attitudes towards it. While some carried
out their cognitive domestication of the systems by
reading the user manuals (and even the building stan-
dards, in the case of Ulrik, A2), others relied on neigh-
bourhood Facebook groups, called technicians for help,
or none of the above. Some respondents thought that
the format of the information given to them was not
appropriate. Louise (A2) admitted not having spent
much time investigating the use of the central heating
control panel to set up schedules, ‘probably because
we’ve never really sat and read the entire 300-page man-
ual’. In Case B, technicians showed residents how to use
the central thermostat, ‘but after one month I don’t
think anyone remembers’ (Janne, B1). In Case A,
Anders (A3) took on the role of in-house expert by help-
ing his neighbours with information and practical help
about the heating and ventilation systems, and had
some recommendations: ‘the documentation is so
badly described and formulated. You should give
some guidance with videos, if you want to reach out
to people, if you want to reach your goal on these build-
ings’. Cecilie (A1) also wished for another information
format:

I am really bad with user guides, so I just don’t take care
of it. […] I think I would be better at it if it was based on
an app. Then I could see everything in one place; I
would know I have to press a given key for the venti-
lation to start, but I wouldn’t have to do any effort at
all to become familiar with the systems.

Becoming familiar enough with the systems to be
able, for instance, to diagnose issues, required a certain
effort, which was not always prioritized in the midst of
people’s daily activities. As an example, in A3, after
move-in, thermostats suffered from a faulty reset to
21 °C if occupants opened the balcony door. The pro-
blem could be fixed individually by calling the respon-
sible electrician. At the time of the interview (more
than a year after move-in), several occupants had not
noticed it, while another had identified the problem
but had not taken action, even though this resulted in

an important loss of comfort. The willingness to ask
for help and information, and ability to access it, were
key to solve some of the residents’ problems; yet,
many of them were not engaged enough with the sys-
tems to take that step. Some simply did not feel compe-
tent enough, as Lone (B3): ‘I don’t know what I am up
against. When I don’t have all the information, and I am
not sure if I understand it all, it is very difficult to ask
somebody: “can you change it like this?”’ This highlights
the need for information and guidance material to take
into consideration the occupants’ familiarity with the
systems, and their willingness – or lack of willingness
– to engage with them. There is otherwise a risk that
faults are not diagnosed or not reported, thereby
prolonging periods of inefficient building operation
and occupant dissatisfaction.

The impossibility to give up control
In the absence of understandable information and con-
trol interfaces, some residents found alternative ways to
keep the upper hand on the ventilation system. Even
though they were not supposed to, some occupants in
Case B directly turned off the power switch controlling
the ventilation system for some parts of the day or of the
year – even though that also disconnected some of the
electrical sockets. One reason for this anti-programme
was excessive air dryness in winter, as explained by
Lars (B2):

The air humidity becomes extremely low when [the
outdoor temperature] is close to zero, and you can
almost not sleep at night. […] So, when the temperature
is around zero, we close [the ventilation] and then we
turn it on again in the morning, so it goes well.

Other coping strategies against air dryness included
drying clothes indoors to add some moisture (Tina
and Hans, B3), using an air humidifier (Louise, A2),
or using expensive eye drops (Gitte and Henrik, B3).
Another reason for turning off the ventilation power
supply was to save energy in summer, ‘since we sleep
with open windows anyway’ (Michael, B3).

Noise from the ventilation system was also a reason
for occupants to ‘take control’ over their ventilation sys-
tem. As explained by Anders (A3), several alternative
practices were developed: ‘I have seen some people,
they have taped the inlets, or they have opened them
completely, or closed them completely, because they
are annoyed by the noise.’ Taping diffusers was also
Ulrik’s solution against noise (A2). Draft was also fre-
quently cited as a reason for interfering with the venti-
lation operation:

I have tried to turn it off because when we sit here in the
evening, my boyfriend just can’t be there because there
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is too much draft from up there. […] But then I actually
think that the indoor climate becomes bad. (Karen, B1)

A more inventive solution was found by Henrik (B3):

So I went to a shop that makes signs for learner cars and
they cut me a magnet. What I do is, when I get up in the
morning I stick [the magnet on the inlet], so this way I
don’t get draft and there is still some air in the rest of
the rooms.

Finally, as recalled by Susanne (B2), a peculiar reason
for turning ventilation off was transport of noise
through ducts: ‘Do you know what Emilie said yester-
day? She turns off the ventilation when she goes to the
toilet if she has guests, because this way they can’t
hear that she is sitting there.’

Summing up, excessive air dryness, draft and noise
from the ventilation system were serious issues encoun-
tered by a share of the residents: those who had the
possibility to adjust the fan speed did it; some managed
to access help to regulate the systems, while others
found alternative, more energy-intensive and less
healthy solutions to regain control.

Discussion

Leaning on semi-structured interviews with 37 house-
holds in two residential areas in Copenhagen, this
study provides qualitative insights about occupants’ per-
ceptions, opinions and reflections on mechanical venti-
lation and underfloor heating systems. Because no
systematic monitoring was carried out in parallel of
the interviews, this study could not evaluate the technol-
ogy’s ability to provide a healthy indoor climate,
measure the energy performance gap, or obtain cer-
tainty regarding occupants’ interaction with the tech-
nology, which is a limitation of this work. Instead, the
fieldwork provided illustrations of the way occupants
in diverse types of dwellings used and perceived newly
installed technical installations, sometimes in contrast
to the design assumptions. The value of this work there-
fore lies in its ability to identify some of the ‘unexpected
occupant behaviours’ described in the literature on the
performance gap in dwellings (Hong et al., 2017; Shi
et al., 2019; van den Brom et al., 2018), and to explain
their drivers in depth. Several of the themes highlighted
throughout this article were found in both Case A and
Case B: the different meanings ascribed to fresh air,
the presence of technical faults at move-in, the per-
ceived opacity of the installations, and even the tempta-
tion of ad-hoc quick-fixes in order to take back control.
These themes emerged in both locations in spite of large
differences in terms of housing type, ownership, socio-
economic status, age, education level, which suggests

that they may be relevant themes on a larger regional
scale. However, although the sample size is statistically
likely to touch upon themes relevant in the broader
population (Galvin, 2015), this is not an attempt to gen-
eralize the findings to a larger proportion of Danish or
North European households. In order to do this, a quan-
titative study among households in other areas and
cities would be necessary, for example through a survey
combined with monitoring of energy consumption,
indoor environmental quality and user interaction
with heating and ventilation interfaces. In light of the
mentioned limitations, the following paragraphs pro-
pose a discussion of the learnings that can, and cannot,
be drawn from the data, and an attempt to link the
findings to the literature.

The domestication theory framework made it poss-
ible to identify differences between expectations and
reality concerning the three dimensions of domesti-
cation: practical, symbolic and cognitive. The findings
suggested that in everyday practices, all three dimen-
sions were dependent on each other. For example,
lack of information hindered the cognitive domesti-
cation and at the same time created a certain negative
narrative around the installations (symbolic dimen-
sion), leading to hacks and other unexpected practices
(practical dimension). Furthermore, the interviews
highlighted several occupant characteristics that often
made a difference between ‘successful’ and more ‘pre-
carious’ domestication (Hargreaves et al., 2018) in
each of these three dimensions. Among them: occu-
pants’ attitude towards automation, importance given
to manual control, previous habits, tolerance to indoor
climate deviations, familiarity with the systems and
technology in general, interest and willingness to engage
with them, and willingness to ask for help. As also
demonstrated by Korsnes et al. (2018), this diversity
highlights the difficulty, and possibly the irrelevance,
of designing one overarching script for the technologies
based on a generic representation of users.

The present work showed several examples of a gap
between the building industry’s anticipation and
people’s perceptions and practical uses of heating and
ventilation technologies in private homes. The analysis
suggests that changes may be beneficial within three
phases of the building installations’ life: design,
execution and post-occupancy communication. The
gaps and possible solutions are summarized in the fol-
lowing paragraphs.

Firstly, several examples showed a disconnection
between reality of end-users’ needs and preferences
and their representation during the design phase of
the technologies. For instance, the air from outdoors
was often perceived as ‘fresher’ and more ‘natural’
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than the air coming from the ventilation system,
despite the fact that it carried the same amount of
CO2 and more moisture than processed ventilation
air. The same phenomenon has already been observed
in earlier Danish studies (Frontczak et al., 2012; Hauge,
2013). In this sense, as also noted by Hong et al. (2017),
the design criteria of the technologies did not reflect
the complexity of reasons behind daily practices,
which are in reality compelled by materially, culturally,
socially and symbolically driven preferences and rou-
tines (Hanmer et al., 2019; Madsen & Gram-Hanssen,
2017). Another controversial design assumption, pre-
sent in most of the studied ventilation systems, was
that manual occupant control was unnecessary. Yet,
many scholars have demonstrated a positive associ-
ation between indoor climate satisfaction and per-
ceived control (Boerstra et al., 2013; Cao et al., 2014;
Langevin et al., 2012; Luo et al., 2014). Leaman and
Bordass (2001) suggested that energy use might not
increase dramatically when granting occupants control
options, as their main interest lies in being able to cor-
rect the default conditions when experiencing uncom-
fortable situations. Previous work on the social
housing complex (Sarran et al., 2020) also suggested
that the possibility to control the installations was
most important to the residents in case of faults affect-
ing the indoor environmental quality. The present
study reaffirms this nuance, and presents several
examples of occupants obtaining control in alternative
and sometimes energy-intensive ways when dissa-
tisfied with the automated operation. Depriving occu-
pants from the possibility of control seems to be
detrimental to comfort and may not systematically
lead to the expected energy savings, which could ques-
tion the relevance of automated mechanical ventilation
in residential settings.

The second gap highlighted in this study separates
the systems’ design features and their performance
once in use. As shown in the studied case, the dwellings
were rarely flawless when delivered to their occupants:
installation issues, wrong settings and control logic
errors created issues such as uneven heating, noisy ven-
tilation or excessive draft. Several other studies high-
lighted clear faults in technical installations in new
and retrofitted residences in the past ten years (Berry
et al., 2014; Mlecnik, 2013; van der Grijp et al., 2019).
As demonstrated by the comprehensive Probe study
carried out in the years 1995–1999 in the U.K., one of
the key explanation for recurrent faults could be the
absence of a well-functioning feedback loop based on
post-occupancy evaluations, allowing designers and
builders to learn from previous projects in-use and
avoid chronic errors (Bordass, Cohen, et al., 2001).

Incentives for the building industry to make such
efforts systematic are low, mainly for cost and image
reasons (Bordass, Cohen, et al., 2001), but the stakes
are high: the performance gap could be durably reduced
and occupant satisfaction improved.

The third level of disconnection between expec-
tations and reality concerned occupants’ access to, and
use of, technical information after move-in. Many occu-
pants lacked knowledge on how to efficiently operate
the systems, how to diagnose faults in their operation,
and on the consequences of their actions on energy
use and indoor air quality. The information provided
was perceived as difficult to access, understand and
remember. It required a certain effort to engage with
technology, which was rarely considered a priority
among everyday life activities – it was then easier to
resort to more intuitive anti-programmes. Other infor-
mation channels, such as a smartphone application or
videos, could permit to reach out to the majority.

The combination of these three gaps between scripts
and reality (designers’ limited understanding of users’
priorities and needs, systematic technical faults left for
users to diagnose, and difficulty to relate to available
technical information) created frustration and a feeling
of lack of control, at times forcing occupants into anti-
programmes, with a risk for energy efficiency and
indoor environmental quality. The examples shown in
the present work also serve as a reminder that, in spite
of significant research efforts to simulate occupant
behaviour more precisely, or to try to nudge occupants
into energy-saving practices, a share of behavioural
unpredictability will inevitably remain. A fruitful strat-
egy may then be to accept this uncertainty and to prior-
itize robustness in the design of technical systems, in
order to avoid failures and further disconnection from
the users. Robustness may be achieved via simpler tech-
nical solutions, which are less reliant on behaviour-
related assumptions, an increased focus on transparency
making it easier for non-expert users to diagnose errors,
and a thorough commissioning and post-occupancy
evaluation process (Bordass, Leaman, et al., 2001).

Conclusion

Through the analytical lens of the domestication theory,
this paper discusses the way occupants in diverse types of
low-energy homes interpreted, and sometimes hindered,
the expected uses of heating and ventilation technologies
in their daily practices. The qualitative data, unfolded
from an anthropological fieldwork in two locations
around Copenhagen, showed that occupants perceived
clear comfort improvements in their home. They enjoyed
fresh air, aesthetical and pleasant warm floors, and
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reported reduced humidity and mould issues. Yet, almost
all residents could name a reason for frustration over
ventilation or heating, large or small. While many
appreciated the automation of the systems, which liber-
ated them from having to think about air quality and
heating levels, others perceived the systems as demanding
and hard to live with, thus developing coping strategies –
or anti-programmes. For instance, due to a sensorial and
cultural preference for outdoor air, many occupants kept
airing out frequently by opening windows and doors,
which went against the script of energy-efficient mechan-
ical air renewal. Others, who struggled with noise from
the ventilation system, installation errors, and a perceived
lack of control, decided to obstruct or totally disconnect
their appliances. Finally, lack of relatable information and
user guidance left some residents frustrated, as they were
unable to understand and operate technology installed in
their private homes.

The data demonstrates diversity in the observed
behaviours, expectations, needs, and competences, and
cannot be considered as representative of the Danish
population as a whole. Yet, the findings show evidence
of a certain gap between representations and reality of
technical systems and user interactions with them.
This disconnection appears to be rooted in three phases
of the installations’ life: first, the design of these technol-
ogies seems to be developed according to incomplete
assumptions on users and their needs; second, the
installations suffer from a variety of recurrent faults
coming from the installation and operational phases,
which are left for occupants to detect, and third; because
of minimal information availability and an inappropri-
ate technical language, many occupants lack knowledge
of how to operate systems and diagnose issues.

This work suggests that knowledge from humanities
on the social, cultural and material dimensions of dom-
estic human-technology interactions could bring value
to engineering and design practice. Interdisciplinary
post-occupancy evaluation methods could be developed
to gather occupants’ experiences with the technology in
their homes, and their output fed back to the relevant
building industry stakeholders, thereby pushing them to
take responsibility for the performance in-use. This may
contribute to reducing the gap between design expec-
tations and domestic practices, thereby unlocking the
full potential of the building sector in the green transition.

Note

1. The energy performance framework includes energy
demand for heating, ventilation, cooling and domestic
hot water. The numbers shown in the table correspond
to the maximum energy demand as indicated by the

corresponding building code, and not the dwellings’
actual energy demand.
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A B S T R A C T   

Comprehensive retrofit of dwellings frequently relies on the installation of partially automated heating and 
mechanical ventilation systems. While energy consumption is often successfully reduced, this intrusion of 
complex building services into the domestic sphere may create new challenges for the occupants. Through a 
questionnaire distributed to 2007 households in a social housing complex undergoing energy retrofit, this work 
seeks to identify the link between indoor environmental satisfaction and occupants’ perceived ability to use and 
control residential heating and ventilation technology. The response rate was 17.1% (344 houses, of which 241 
were retrofitted). Occupants expressed a general satisfaction with the indoor environment in retrofitted houses. 
However, they also expressed difficulties to understand and operate their heating and ventilation systems. The 
study revealed significant correlations between the users’ indoor environmental satisfaction and their perception 
of the usability of the building services. Nevertheless, an important share of the respondents achieved satisfactory 
indoor environmental quality despite living with systems with poor perceived usability. These findings point 
towards the hypothesis that poor usability is not an issue in normal operating conditions, but the lack of personal 
control becomes problematic in case of dysfunctional building services or failing building envelope.   

1. Introduction 

The long-term impact of energy retrofit on Indoor Environmental 
Quality (IEQ) in homes has been demonstrated as mainly positive: 
decreased humidity, smaller temperature fluctuations and comfortable 
temperature in all seasons [1–3]. The increased airtightness of retro-
fitted buildings may pose risks to indoor air quality in case of insufficient 
air renewal; therefore, balanced mechanical ventilation is often intro-
duced. We define here modern building services as balanced mechanical 
ventilation systems with heat recovery, and modern heating systems 
such as floor heating. These technologies provide essential services such 
as heating and air renewal, but are mechanically complex and introduce 
a layer of automation that may hypothetically alienate occupants from 
their home, especially in the event of malfunction. The issue of usability 
is multi-faceted and should thus be reviewed from both the technical and 
the human perspectives. 

The difficulty for occupants to get accustomed to new installations 
when moving in a low-energy dwelling was studied by several scholars. 
For example, in two questionnaire studies carried out in Denmark in 
2011 and 2013, Knudsen et al. [4,5] highlighted the difficulties for 

occupants of low-energy dwellings to use technical installations such as 
mechanical ventilation and heat pumps. The authors argued that these 
difficulties originated from counter-intuitive operation and technical 
failures, pointing at a lack of thorough testing and commissioning of new 
technical systems in homes. Similar conclusions were reached in 
Australia [6] and Belgium [7]. 

In the social sciences, several scholars [8–11] adapted the framework 
of Silverstone’s domestication theory [12] to describe the process of 
adaptation to diverse building technologies in homes. These studies 
highlighted the importance of occupants’ understanding of the systems 
and their possibility to access help; they also showed that the design 
assumptions in terms of occupant comfort behind building service in-
stallations were not always aligned with the occupants’ own expecta-
tions and practices. 

In science and technology studies, occupants’ interaction with these 
systems is often scrutinized under the lens of energy savings, and sub- 
optimal occupant behavior is spotted with the aim of correcting it by 
educating the occupants or automating the systems’ operation [13–16]. 
A handful of scholars examined the inherent usability of the available 
controls. Among them, Ouf et al. surveyed users of several types of 
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building controls (among which thermostats, light switches, windows, 
blinds) in 23 university buildings [17], highlighting the importance of 
control accessibility and the overall wish for more control opportunities. 
Several scholars proposed guidelines for improved usability of heating 
controls [18–21]. 

Occupants’ personal control on technical installations, and the im-
plications on comfort perception, is however a very large field of 
research. The ASHRAE RP-884 research project [22] showed that oc-
cupants of naturally ventilated office buildings were comfortable under 
a wider range of temperatures than occupants of buildings equipped 
with centrally controlled HVAC systems, and this was later demon-
strated to be correlated to their increased degree of personal control over 
the indoor conditions through window operation [23]. More studies 
followed showing this association in several use cases [17,24]. However, 
other studies focusing on office environments [25–27] suggested that 
the occupant’s perception of the effectiveness of controls is a better 
predictor for user satisfaction than the access to such controls. In 
dwellings, the association between personal control of heating systems 
and thermal comfort range was highlighted by Luo [28] and Cao [29], 
but this association was shown by comparing households with different 
possibilities to adjust the settings of their heating system, therefore 
relating to available control instead of perceived control. A notable 
study targeting the difference between available and perceived control 
in residential buildings was carried out by Barthelmes et al. [30] who 
developed a model of occupant window control behavior in residential 
buildings built from survey questions, integrating aspects of “percep-
tion, satisfaction and activeness of control”. 

The present work suggests that the increased complexity of main-
stream heating and mechanical systems in retrofitted homes, together 
with frequent malfunctions, are a deterrent to the residents’ perceived 
control on the indoor climate. The guiding research hypothesis behind 
this study is that the usability of the building services in retrofitted 
homes has a critical influence on the occupants’ ability to achieve 
satisfactory thermal comfort and indoor air quality. The following two 
research questions are therefore asked:  

(1) How satisfied are occupants of retrofitted low-energy homes with 
a) indoor environmental quality and b) the usability of the 
building services that provide it?  

(2) Does the occupants’ perception of building services’ usability 
influence their perception of the IEQ? 

These research questions were addressed through a survey carried 
out in Denmark in 2007 retrofitted and non-retrofitted houses. 

2. Description of the case 

The area used as a case in this study was a social housing complex 
consisting of 2007 individual houses located in the suburbs of Copen-
hagen, Denmark. The whole area was undergoing a large retrofit effort 
just before or at the time of the study. Examples of floor plans are shown 
in Fig. 1 and the characteristics of the different house types are shown in 
Table 1. 552 of these dwellings were identical row houses (Type A), 
retrofitted between 2014 and 2015, i.e. prior to the study. The 
remaining 1455 dwellings were nearly identical L-shaped semi-detached 
houses, of which approximately half had already been retrofitted at the 
time of the study and handed back to their occupants between 2016 and 
2018, i.e. from 1 to 24 months prior to the study (Type B and C). The 
remaining semi-detached houses were to be retrofitted at the latest in 
2022 (Type D). The inhabitants of houses being retrofitted were re- 
located for the duration of the retrofit and were not included in the 
study. 

3. Methodology 

3.1. Experimental design 

Occupants’ experiences regarding indoor climate and building ser-
vices were collected by the means of a questionnaire, which was sent out 
to all the occupants of the area described in Section 2. The original 
questionnaire sent to the respondents covered several topics related to 
comfort, building services, habits and wishes; moreover, some of the 
questions covered comfort in winter and others in summer. The ques-
tionnaire consisted of open and closed questions, totaling 113 questions. 

For the purpose of addressing the research questions presented in 
this article, a selection of 28 questions is analyzed and discussed here. 
The insights from the totality of the questionnaire will be available in 
Ref. [31]. Besides some introductory background questions, the sample 
of questions addressed in this article covered the following topics: oc-
cupants’ satisfaction with their IEQ (focusing on thermal comfort in 
winter and indoor air quality) and with the building services (heating 
and mechanical ventilation systems) in their living room. Winter ther-
mal comfort was the primary focus as it is more likely to be directly 
related to the performance of the heating system than summer thermal 
comfort in the temperate Danish climate. The questions asked are 
described in Section 3.2.1. 

The questionnaire was divided into sections. Most of the sections 
were organized in aggregated rating scales [32], each representing a 
latent variable. A latent variable is a hidden concept that is best 
described as a sum of questions. In order to evaluate the respondents’ 
satisfaction with complex concepts such as indoor air quality, it is 

Fig. 1. The four house types: example of floor plans.  
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preferable [33,34] to ask separately about more relatable components of 
the concept (“Do you feel that the air is too humid?”, “Do you feel that 
the air smells bad?”). Satisfaction with the indoor air quality is the latent 
variable, which emerges from the combination of the individual ques-
tions. After evaluation of the reliability of the aggregated scale, one can 
simply express the latent variable as a sum of the answers to the indi-
vidual questions [35]. The validation and aggregation processes are 
described in Section 3.3.3 and put into practice in Section 4.2. 

The distribution of the latent variables was first analyzed as such, in 
order to evaluate the respondents’ satisfaction with the IEQ and the 
building services when living in houses with different envelopes, heating 
and ventilation systems. The results are shown in Section 4.3. 

In a second phase, it was evaluated whether IEQ satisfaction varied 
together with the satisfaction with different aspects of the building 
services. For this purpose, a correlation study was carried out, using 
Spearman rank-order correlation, after a preliminary confounder anal-
ysis. The reasons for choosing this test are presented in Section 3.3.4. 
That study was carried out for retrofitted houses only, as the goal was to 
draw conclusions that are applicable for the upcoming generation of 
dwellings. The tools used for this analysis are described in Section 3.3.4 
and the results are shown in Sections 4.4 and 4.5. 

3.2. Questionnaire 

3.2.1. Questionnaire elaboration 
Two of the 28 questions analyzed in this article were introductory: 

age class of respondent and house type. The remaining 26 questions 
were divided into two comfort dimensions: temperature and heating 
system; and air quality and ventilation. Within each of these two di-
mensions, the questions asked were related to two topics: satisfaction 
with the IEQ, and satisfaction with the building services (Table 2). 

As shown in Table 2, most of the questions were rated on a 5-point 
Likert-type response format where the lowest level of satisfaction was 
represented by the lowest response category (1) and the highest level of 
satisfaction by the highest response category (5). The questions related 
to the winter thermal sensation in the living room were rated on a 5- 
point comfort frequency response format, ranging from “Always too 
cold” (1) to “Always too warm” (5), where the central response category 
(3) corresponded to the highest level of satisfaction. The questions 
related to the respondent’s preferred level of control over the building 
services were rated on a 5-point response format ranging from “Much 
more automation” (1) to “Much more manual control” (5), where the 

central response category (3) again corresponded to the highest level of 
satisfaction with the current control system. The use of 5-point response 
formats was preferred, as this questionnaire was intended for occupants 
in diverse age groups and with various educational backgrounds: 
simplicity was key in order not to exclude any group. Moreover, the 
results obtained with 5-point or 7-point response formats were shown to 
overlap largely [36]. 

3.2.2. Questionnaire distribution 
The questionnaire was distributed to all 2007 houses in January 

2019. A printed copy of the questionnaire was placed in each resident’s 
mailbox, together with an introductory letter offering the possibility to 
answer the questionnaire online via a web address and a QR code. The 
paper questionnaires could be returned in dedicated boxes. As an 
incentive to fill in the questionnaire, a lottery was organized among the 
respondents, with four prizes to win (max € 100). The respondents were 

Table 1 
Characteristics of the four house types.   

Type A Type B Type C Type D 

Geometry Row houses Semi-detached Semi-detached Semi-detached 
Area (m2) 106 93 or 108 93 or 108 93 or 108 
Construction date 1965 1965 1965 1965 
Retrofit end date 2014–2015 2016–2018 2017–2018 Not retrofitted 
Retrofit extent  � New first floor  

� New roof  
� Insulated external walls  
� New windows  
� Crawl space filled  

� Insulated external walls 
(non-structural)  

� New windows  
� Crawl space filled  

� Insulated roof  
� Insulated external walls (non- 

structural)  
� New windows  
� Crawl space filled  

Heating system  � New hydronic floor heating in ground floor  
� New hydronic radiators in 1st floor 

New hydronic radiators New hydronic radiators Hydronic radiators 

Mechanical 
ventilation system  

� Balanced mechanical ventilation with heat recovery  
� Extract in kitchen and bathrooms  
� Supply: diffusers high on the wall  

� Balanced mechanical 
ventilation with heat 
recovery  

� Extract in kitchen and 
bathrooms  

� Supply: grilles on the floor 
under radiators  

� Balanced mechanical 
ventilation with heat recovery  

� Extract in kitchen and 
bathrooms  

� Supply: diffusers high on the 
wall 

None 

Heating system 
control 

Central setpoint change and scheduling þ individual 
room thermostats 

Standard radiator thermostatic 
valves 

Standard radiator thermostatic 
valves 

Standard radiator 
thermostatic valves 

Ventilation system 
control 

Constant Air Volume (CAV) þ Turbo mode activated 
manually or via moisture sensor in kitchen and 
bathroom 

CAV, no turbo mode CAV þ Turbo mode activated via 
moisture sensor in bathroom 

None  

Table 2 
Survey questions – structure. The number in parentheses denotes the number of 
related questions.   

Temperature and heating system Air quality and ventilation 
system 

Focus Response 
format 

Focus Response 
format 

Satisfaction 
with IEQ 

Winter thermal 
sensation (3) 

5-point 
comfort 
frequency 

Air quality (5) 5-point 
Likert-type 

Winter 
temperature 
fluctuations (2) 

5-point 
Likert-type 

Satisfaction 
with 
building 
services 

– – Air supply 
(quality of the 
ventilation air, 
noise and 
draft) (6) 

5-point 
Likert-type 

Possibility to 
interact with 
the heating 
system (4) 

5-point 
Likert-type 

Possibility to 
interact with 
the ventilation 
system (4) 

5-point 
Likert-type 

Preferred level 
of control on 
the heating 
system (1) 

5-point 
automation 

Preferred level 
of control on 
the ventilation 
system (1) 

5-point 
automation  
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given about four weeks to answer it. Two weeks after the questionnaires 
were distributed, a reminder was advertised in the form of posters dis-
played in several places in the different neighborhoods. 

3.3. Statistical data analyses 

3.3.1. Data cleaning 
Questionnaires that were less than 70% complete were not included 

in the dataset. When performing the individual analyses presented in 
Section 3.1, the respondents who did not answer the concerned ques-
tions were automatically excluded from the analysis. 

3.3.2. Response format transformations 
The 5-point response format in some questions was transformed 

prior to the statistical analysis. The transformation facilitated the ag-
gregation and the analysis:  

� 96% of the respondents’ answers to the three winter thermal 
sensation questions were located within the first three response 
categories: “always too cold”, “in general too cold” and “comfort-
able”. Therefore, the comfort frequency response format was trans-
formed into a 3-point response format describing to what extent 
respondents were feeling cold in winter, and the 9 respondents who 
reported feeling too warm in winter were excluded from the analysis 
at that stage.  
� The two questions related to the occupants’ preferred level of control 

over their heating and ventilation systems were rated on the 5-point 
automation response format described above. When these questions 
were integrated in aggregated scales, such a numbering was not 
consistent with that of the other variables to be aggregated, as the 
highest level of satisfaction was represented in the middle of the 
response format (3). The same problem occurred when looking at 
correlations with variables rated on a Likert-type response format. 
Therefore, specifically for the aggregation process and in the corre-
lation study, the original 5-point response format was converted to a 
3-point response format reflecting the occupants’ satisfaction with 
their current level of control on the installations, disregarding 
whether they were dissatisfied because they wanted more automa-
tion or more manual control. However, when visualizing these 
questions on their own, the original response format was conserved. 

3.3.3. Aggregation of variables 
As mentioned in Section 3.1, some scale items (individual questions) 

were aggregated to reflect latent variables. In order to evaluate the 
reliability of these scales, the internal consistency of these groups of 
questions was tested using two methods: a factor analysis [37] followed 
by Cronbach’s alpha test [38]. 

The factor analysis permits to identify the linear combinations of 
variables that best represent the data by performing successive linear 
regressions on the dataset. In the present case, this technique is used to 
“simplify” a dataset consisting of replies to many different questions by 
reducing the number of dimensions to a handful of intuitively under-
standable combinations of these questions (called factors) [37]. The 
optimal number of factors was estimated by use of the Kaiser criterion 
[39]: the factor analysis was first performed with an arbitrarily high 
number of factors and only those with an eigenvalue higher than 1 were 
selected. A confirmatory factor analysis was then carried out with the 
chosen number of factors. 

Then, Cronbach’s alpha was calculated for each group of questions to 
be aggregated. This metric takes values between 0 and 1 and mainly 
compares the sum of the variances of the individual variables to the 
variance of the latent variable. The closer alpha is to 1, the more the 
individual variables can be considered inter-related and the more their 
summation is fit to represent a latent variable. It is commonly 
acknowledged [34,40,41] that alpha values between 0.7 and 0.8 are 
considered acceptable and alpha values between 0.8 and 0.95 are 

considered excellent. An alpha higher than 0.95 might indicate redun-
dancy in the questions. 

After these two tests, the items belonging to rating scales that proved 
a good reliability were aggregated and converted to an overall score. The 
aggregation was carried out by summing up the score of each of the 
individual questions, and normalizing the sum to obtain an indicator 
between 0 and 1. 

3.3.4. Statistical tests 
The results of this survey are presented in two steps. First, the dis-

tribution of the latent variables reflecting the respondents’ satisfaction 
with i) indoor temperature, ii) the heating system, iii) indoor air quality 
and iv) the ventilation system, is presented for the different house types. 

In a second part, non-retrofitted houses are left aside. Possible cor-
relations between the comfort-related variables and the system-related 
variables are analyzed for the retrofitted houses, after controlling for 
potential confounders. The original survey data consisted of 5-point 
response formats, which makes them ordinal data; moreover, the 
latent variables, even though they can be considered continuous data 
[32], still did not fulfill the requirements of normality necessary to 
perform data analysis using parametric statistical tools such as Pearson’s 
product-moment correlation. Therefore, the correlation study was car-
ried out using the non-parametric Spearman rank-order correlation. The 
Spearman correlation coefficient rs measures the degree to which the 
relation between the two variables is monotonic, by ranking the values 
taken by the two variables and assessing the strength of the association 
between the two sets of ranks. This test was chosen over Kendall’s Tau, 
as their comparative performance is unclear [42–44] and the Spearman 
correlation is widely used in building occupant research to highlight 
correlations based on questionnaire data [17,27,45,46]. 

4. Results 

Section 4.1 presents the participation figures for the survey. Section 
4.2 presents the results of the aggregation process leading to the con-
struction of the latent variables. In Section 4.3, the distribution of these 
latent variables in the different house types is analyzed. In Section 4.4, 
the potential confounding effect of several variables is evaluated. In 
Section 4.5, these variables are controlled for, and the results of the 
correlation analysis between comfort-related variables and system- 
related variables are shown. 

4.1. Participation 

Out of the 2007 households who received the questionnaire, 344 
useable replies were obtained, corresponding to a response rate of 
17.1%. 201 answers were gathered online and 143 in paper version. The 
participation figures for each house type are shown on Table 3 (the 
house types are described on Table 1). The response rate for house type C 
was more than twice as high as in any other neighborhood, because of a 
higher engagement of the local housing association representative. 

4.2. Aggregation of variables 

This section presents the results of the factor analysis and Cronbach’s 
alpha test performed on all thermal comfort and heating-related vari-
ables as well as on indoor air quality and ventilation-related variables. 
As to the factor analysis, the coefficients in Table 4 and Table 5 represent 

Table 3 
Participation statistics of the four house types.  

House type A B C D 

Number of houses 552 495 258 702 
Number of valid responses 69 78 94 103 
Response rate (%) 12.5 15.8 36.4 14.7  
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the importance that each variable has in the composition of the different 
factors (F1, F2, etc.). The largest coefficients for each factor are in bold 
and permit to identify the variables that should be aggregated. 

4.2.1. Temperature and heating-related variables 
The Kaiser test indicated that four factors were most appropriate to 

describe the data. The coefficients of each variable in the composition of 
the four factors are shown in Table 4. The total share of the variance 
explained by these four factors was 65.5%. 

The purpose of the factor analysis was to validate the grouping of the 
questions in the questionnaire: questions presented under the same 
headline were indeed fit to be aggregated. The factor analysis clearly 
grouped the three thermal sensation variables (questions 1 to 3), on one 
hand, and the variables associated to thermal variations in time and 
space (questions 4 and 5), on the other hand, in two clusters with 
excellent Cronbach’s alpha coefficients. 

Questions 6, 7, 8 and 9 were all linked to the respondents’ ability to 
understand and use their heating system. However, both Cronbach’s 
alpha and the factor analysis showed that question 9, related to the re-
spondents’ satisfaction with the level of control they had over their 
heating system, did not represent the same latent variable as the other 
three. Question 8 was kept in the aggregated scale, in spite of its rela-
tively low coefficient in the composition of the F3 factor, as it concep-
tually enriched the definition of the aggregated scale and still 
guaranteed an alpha coefficient of 0.7. 

The variable related to the respondents’ interest for how the heating 
system worked (question 10) did not seem to be significantly repre-
sented in any of the four factors. Question 10 was therefore considered 
to be of limited interest to describe the behavior of the population and 
was discarded for the rest of the analysis. 

4.2.2. Indoor air quality and ventilation-related variables 
The same method was followed to build indoor air quality and 

ventilation-related variables. The results of the factor analysis and of 
Cronbach’s alpha calculation are presented in Table 5. The Kaiser cri-
terion indicated that five factors were most appropriate to represent the 
data. The total explained variance was 54.3%. For the same reasons as 
previously, question 26, referring to the respondents’ interest for the 
ventilation system, was judged irrelevant to describe the population’s 
behavior and left out for the rest of the analysis. The questions related to 
the general air quality and to the ventilation air quality were presented 
under two different headlines in the questionnaire; however, the factor 
analysis showed that this was not the optimal way to aggregate them. 
Question 21 on air dryness belonged to the F5 factor together with air 
heaviness (question 11), which made that factor difficult to interpret – 
therefore question 21 was analyzed on its own. Besides that variable, 
four latent variables were created, as seen in Table 5. The IAQ variable 
was related to the presence or absence of indoor air quality issues (smell, 
humidity, stuffiness, warmth). The ASP variable gathered types of 
discomfort that arose from a dysfunctional air supply process (draft and 
too cold supply air, noise). The third latent variable was related to dust 
issues. Finally, the VUC variable reflected respondents’ perception of 
usability and control related to their ventilation system. This scale’s 
internal consistency seemed limited when looking at Cronbach’s alpha 
coefficient (0.64), but the four corresponding variables were clearly 
driving components of the F4 factor, and marginally present in the 
others. 

4.3. Distribution analysis 

Fig. 2 shows the distribution of the new variables in the four types of 
houses. The variables related to indoor air quality and ventilation (IAQ, 
ASP, dust, air dryness and VUC) were only calculated for retrofitted 
houses (Types A to C), as non-retrofitted houses (Type D) did not have a 
mechanical ventilation system. 

In the retrofitted houses (Types A to C), occupants reported a very 

comfortable winter Indoor Temperature (IT) and were only moderately 
affected by excessive Temperature Fluctuations (TF), independently 
from the type of heating. Thermal comfort was visibly much higher than 
in non-retrofitted houses (Type D). Very few occupants of Type B houses 
reported an IT index lower than 1, which made the distribution very 
skewed towards 1. 

If retrofit seemed to constitute an improvement as to the Heating 
System Usability (HSU), satisfaction scores were still concentrated to-
wards the middle of the scale, with very few respondents being fully 
satisfied. While the preferred level of control over the heating system 
varied greatly among occupants of Type D houses, the general opinion in 
retrofitted houses shifted towards less automation and more manual 
control. Occupants of Type A houses with programmable thermostats 
expressed the highest satisfaction with their current level of automation. 

Occupants of retrofitted houses expressed a very large satisfaction 
with Indoor Air Quality (IAQ). Their opinion on the Air Supply Process 
(ASP) was more moderated and more house-dependent. Type B houses, 
with ventilation air supply located under the radiators at the floor level, 
had the highest share of satisfied occupants. Moreover, excessive air 
dryness and dust were a recurrent problem for a third to half of the 
residents across house types. Finally, Type A houses, which offered the 
possibility of a manually controlled ventilation turbo mode, gave the 
most satisfaction to their occupants in terms of Ventilation Usability and 
Control (VUC), whereas the majority of the respondents in Type B 
houses (which had a fully automated CAV ventilation system) were in 
the low satisfaction spectrum. 

4.4. Potential confounders 

Before evaluating the correlation between satisfaction variables, the 
existence of potential confounders had to be accounted for and 
controlled for. If one wants to prove that an independent variable is a 
cause for a dependent variable, confounding factors are variables that 
can be a cause of the dependent variable even in the absence of the 
independent variable, and are also associated with the independent 
variable [47]. Confounders’ influence on both variables, if not uncov-
ered, can lead to misinterpretation of the correlation between dependent 
and independent variable. In the present case, possible confounders 
were: (1) the type of heating and ventilation systems, (2) the re-
spondent’s gender, (3) the respondent’s age, (4) the time spent in the 
retrofitted house at the time of the study, and (5) the respondent’s 
personality, for example tendency and ability to adapt difficulties. 

The type of house served as a proxy for the type of systems (1), as the 
systems were different in the different house types. The respondent’s 
gender (2) was not specifically asked for in the questionnaire, but it 
could be deduced from the respondent’s name - which was however only 
given by the respondents who participated in the lottery. This source of 
information was used here, even though it excluded a share of the 
dataset and may have created a new bias (interest in the lottery or 
attentiveness to anonymity). Respondents’ age (3) was directly reported 
in the questionnaire. The time spent in the house after retrofit (4) was 
directly linked to the house type as retrofit happened in successive 
phases, therefore this potential confounder could not be completely 
isolated from confounder (1). The respondent’s personality (5) was not 
assessed in the questionnaire and could not be controlled for, but is 
discussed in Section 5.2. 

Confounders (1) and (4) were collectively controlled for by stratifi-
cation: the correlation between satisfaction variables was tested sepa-
rately for each house type. In each of these house types, the presence of 
potential confounders (2) and (3) was assessed by evaluating the 
Spearman correlation coefficient between each of these confounders and 
the satisfaction variables. Age (confounder 2) was found to be positively 
correlated with IT, TF, HSU, IAQ, ASP, VUC, presence of smell and dust 
in the air and presence of dust in the ventilation air (rs ranging from 0.21 
to 0.37, p < 0.05 in all cases) in at least one house type. This unex-
pectedly showed that older occupants were overall more satisfied with 
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both the IEQ and the systems than younger ones. Possible reasons for 
this are listed in Section 5.1. The proxy used for gender did not show any 
significant correlation with any of the satisfaction variables, with the 
exception of ASP in Type A houses (rs ¼ 0.47, p ¼ 0.003) and IAQ in 
Type C houses (rs ¼ 0.29, p ¼ 0.02). Age was therefore the only variable 
that was statistically controlled for in the correlation study presented in 
the next section: this was done by carrying out partial Spearman cor-
relations with age as a covariate. 

4.5. Correlation study 

The partial correlation coefficients and associated p-values for the 
three retrofitted house types (Types A, B and C) are presented in Table 6. 
The color scale is adapted from Cohen [48] who proposed three 
thresholds to qualify effect size in the behavioral sciences.1 A correlation 

coefficient rs close to zero indicates a poor correlation, while a rs equal to 
1 indicates a monotonically increasing relationship and a rs equal to � 1 
indicates a monotonically decreasing relationship. Additionally, a 
visualization of the investigated couples of variables is shown, consid-
ering all house types together. All the variables being either ordinal, or a 
sum of ordinal variables, they are displayed in the form of heat maps 
instead of scatter plots, with each square representing a single couple of 
values. The color scale was normalized so that 1 represents a uniform 
distribution (where each possible couple of values was chosen by the 
same number of respondents). 

4.5.1. Dust and smell issues 
As seen in Table 6, the largest correlation coefficients for the three 

house types were reached between the occurrence of dust issues in the 
air and the occurrence of dust from the ventilation air. High coefficients 
were also obtained between the occurrence of smell issues in the air and 
the occurrence of smell from the ventilation air for house type A and 
globally. As to dust, and to a lower extent to smell, Fig. 3 shows that 
occupants most often gave the same appreciation to the air and to the 
ventilation air. 

Table 4 
Results of the factor analysis and Cronbach’s alpha calculation for the variables related to indoor temperature and heating.  

Individual variables Factor analysis coefficients Cronbach’s alpha coefficient Latent variable 

F1 F2 F3 F4 

Q_1 (morning thermal sensation) 0.74 0.29 0.20 0.18 0.84 Winter Indoor Temperature (IT) 
Q_2 (day thermal sensation) 0.85 0.02 0.16 0.07 
Q_3 (evening thermal sensation) 0.71 0.23 0.21 0.10 

Q_4 (daily temperature variations) 0.13 0.90 0.19 0.12 0.89 Winter Temperature Fluctuations (TF) 
Q_5 (temperature asymmetry) 0.27 0.81 0.23 0.05 

Q_6 (easy to achieve the desired temperature by using heating) 0.43 0.33 0.63 0.05 0.70 Perception of Heating System Usability (HSU) 
Q_7 (satisfaction with the heating reaction time) 0.29 0.25 0.88 0.08 
Q_8 (sufficient knowledge of the heating system) 0.05 0.06 0.33 0.20 

Q_9 (satisfaction with level of control on the heating system) 0.09 0.08 0.11 0.99 - Preferred heating control 

Q_10 (interest for heating system) 0.03 0.01 0.03 0.17 - - 

Share of explained variance (%) 21.5 17.8 15.0 11.2 Total: 65.5%  

Table 5 
Results of the factor analysis and Cronbach’s alpha calculation for the variables related to indoor air quality and ventilation.  

Individual variables Factor analysis coefficients Cronbach’s alpha 
coefficient 

Latent variable 

F1 F2 F3 F4 F5 

Q_11 (air is too heavy) 0.58 0.20 0.00 0.27 0.54 0.80 Satisfaction with Indoor Air Quality (IAQ) 
Q_12 (air is too humid) 0.59 0.12 0.04 0.01 0.35 
Q_13 (air smells bad) 0.78 0.21 0.13 0.10 0.05 
Q_14 (ventilation air is too warm) 0.42 0.04 0.09 0.15 0.11 
Q_15 (ventilation air smells bad) 0.75 0.15 0.21 0.14 0.15 

Q_16 (ventilation air is too cold) 0.17 0.77 0.14 0.18 0.26 0.81 Satisfaction with Air Supply Process (ASP) 
Q_17 (ventilation creates draft) 0.07 0.95 0.16 0.11 0.16 
Q_18 (ventilation is noisy) 0.21 0.42 0.30 0.15 0.01 

Q_19 (too much dust in the air) 0.18 0.17 0.86 0.02 0.31 0.93 Dust 
Q_20 (too much dust in the ventilation air) 0.17 0.22 0.87 0.08 0.09 

Q_21 (air is too dry) 0.20 0.30 0.23 0.23 0.49 - Air dryness 

Q_22 (easy to get fresh air by using the ventilation 
system) 

0.26 0.12 0.08 0.55 0.07 0.64 Perception of Usability and Control over Ventilation 
system (VUC) 

Q_23 (sufficient knowledge of the ventilation 
system) 

0.03 0.02 0.01 0.51 0.03 

Q_24 (general satisfaction with ventilation system) 0.27 0.25 0.12 0.58 0.05 
Q_25 (satisfaction with level of control on the 

ventilation system) 
0.01 0.14 0.14 0.53 0.17 

Q_26 (interest for the ventilation system) 0.02 0.06 0.08 0.05 0.33 - - 

Share of explained variance (%) 14.7 12.9 11.3 9.0 6.4 Total: 54.3%  

1 Cohen and other scholars warn that defining a good effect size is very 
discipline-dependent. In mechanical science for example, the expected effect 
sizes are higher than what is proposed here. The authors chose to follow 
Cohen’s proposal, as the goal here is not to accurately predict comfort-related 
behavior but to highlight tendencies. 
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4.5.2. Indoor temperature and heating system 
The correlation between satisfaction with IT and satisfaction with 

HSU was strong in house type A and house type C, and weak with a low 
significance level in house type B. This can be explained by the 

distribution of the IT variable for house type B (Fig. 2): the very skewed 
distribution for IT makes it difficult to correlate with any other variable. 
TF and HSU correlated moderately in all three house types. 

Occupants’ satisfaction with their current level of control on the 

Fig. 2. Distribution of the satisfaction variables for the different house types.  

Table 6 
Spearman correlation coefficients for the three house types. 
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heating system (after response format transformation as explained in 
Section 3.3.2) showed a moderate correlation with their satisfaction 
with the indoor temperature (Table 6), with the exception of occupants 
of house type B, for the same reason as previously. Correlation with TF 
was overall more limited. The heat maps on Fig. 4c and d did not show a 
very distinct behavior. 

Indoor temperature satisfaction correlated moderately in Type A and 
Type C houses with the ASP satisfaction, arguably because cold draft 
from the ventilation system resulted in poorer thermal comfort. Air 
velocity is indeed an influencing factor for thermal comfort [49]. 

4.5.3. Indoor air quality and ventilation system 
The correlation between satisfaction with air dryness and satisfac-

tion with VUC was found to be high in house types A and B (but weak in 
house type C). Both IAQ and ASP showed a moderate correlation with 
VUC in all three house types (Table 6). 

As a complementary investigation, the variable related to occupants’ 
preferred level of control on the ventilation system was extracted from 
the VUC variable and plotted against IAQ, ASP and air dryness satis-
faction (Fig. 5d–f). The number of respondents who indicated preferring 
more automation is too low to allow drawing conclusions on that part of 
the data, as the ventilation system in most house types was already 
almost fully automated. However, when looking at the three response 
categories to the right, the plots show a negative relationship between 
satisfaction with IAQ (respectively ASP and air dryness) and wish for 
more manual control. After transformation of the response format, the 
Spearman correlation coefficients for all house types together were 

respectively 0.169 (p ¼ 0.02), 0.221 (p ¼ 0.002) and 0.295 (p ¼
0.0001). 

4.5.4. Limitation to the correlations for high IEQ levels 
More complete information is provided by Fig. 4a, b, and Fig. 5a, b 

and c, which all show an IEQ variable against the usability of the cor-
responding building system. On these figures, and most critically on 
Figs. 4a and 5a, the points are mostly concentrated above the identity 
line (y ¼ x). The correlation is weakened by points corresponding to 
occupants who were very satisfied with the IEQ and at the same time 
relatively dissatisfied with the systems’ usability (points in the top left 
quadrant of the plots). 

5. Discussion 

Rutter [50] classifies the majority of researchers in two camps when 
it comes to interpreting the results from a correlation study. The first 
category gathers those who carefully avoid claiming causation in most of 
the paper, but let go in the discussion section and end up implying that 
the findings indeed show a causal relationship between two correlated 
phenomena. The second category of researchers are those who firmly 
state that they have gathered no proof for causation and report their 

Fig. 3. Heat maps: relation between presence of dust (respectively smell) in the 
air and from the ventilation air. 

Fig. 4. Heat maps: relation between indoor temperature and heating-related 
satisfaction variables. 
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findings as correlations only, which, according to the author, makes 
them mostly uninteresting to the scientific community. We will try to 
avoid falling in any of these pitfalls and analyze thoroughly the impli-
cations of the correlation findings. This is done by listing potential biases 
and examining alternative explanations to the findings. 

5.1. Selection bias 

The response rate to this survey being relatively low (17.1%), one 
can wonder to what extent the expressed results are representative of the 
entire population of the 2007 social housing inhabitants. There is indeed 
a possibility that those who chose to fill in the questionnaire are the most 
dissatisfied residents, or on the contrary those who had an interest be-
forehand in indoor climate and technical installations. The lottery 
possibly contributed to erase this bias; however, as demonstrated in 
neighborhood C, more work could have been done to engage the local 
representatives of the housing association, possibly yielding a higher 
response rate. 

It was found in Section 4.4 that the older respondents were more 
likely to be satisfied with both IEQ and the technical installations than 
the younger ones. Contradictory results are found in literature on the 
influence of age on thermal preference [51,52], which do not fully 
permit to explain this tendency. Different hypotheses can be expressed. 
One of them is that features like resiliency are less broadly found in the 
younger generations [53], who are then more likely to express their 
dissatisfaction. Another hypothesis is that this result is a manifestation 
of selection bias. Elderly retired occupants are more likely to find the 
time to fill in the questionnaire (no matter how satisfied they are with 
their home) than younger occupants who are in the working age and 
have children living at home. The few working-age respondents may 
thus be those who wanted to express their dissatisfaction. 

5.2. Elimination of alternative hypotheses 

The age confounder can reasonably be considered eliminated as it 
was controlled for in the correlation study. Gender did not show to be a 
confounder, which may seem surprising, as literature shows for example 
that women prefer higher temperatures than men [54]. However, the IT 
variable measures satisfaction with the temperature conditions in the 
home, i.e. chosen by the occupant: it is likely that if a woman is the one 
answering the questionnaire, she has also been able to adjust the indoor 

temperature to her preference. 
The stratification strategy applied eliminated the possibility that the 

correlation was artificially shaped by the different type of houses in the 
dataset offering different satisfaction levels to their occupants. This 
thereby controls for the confounding effect of both the type of systems 
and the time spent in the house since the retrofit. With the exception of a 
few cases detailed in 4.5, the correlation coefficients found did not 
drastically differ from a house type to another, which makes it more 
likely that the observed correlation is due to a causal relation (Hill’s 
consistency criterion [55]). 

A potential confounding factor that could not be controlled for is 
occupants’ personal willingness to adapt as a result of their expectations 
towards their home. This question has for example been addressed with 
regards to air conditioning in office buildings, which occupants expect to 
provide comfort in all situations, thereby sometimes refusing to take 
action to thermoregulate [56]. In the editorial of the special issue of 
Building Research and Information titled “Comfort in a lower carbon 
society” [57], the authors argued that political, industrial and scientific 
players are shaping standards and expectations of what comfort means, 
which have translated into occupants taking for granted their right to a 
certain indoor environment and certain control technologies. Therefore, 
it is not possible to eliminate the possibility that the occupants’ expec-
tations towards their house simultaneously affected their evaluation of 
the IEQ and of the systems’ usability, without the two being actually 
related. 

5.3. Causal relationship between correlated variables 

After consideration of selection bias and potential alternative hy-
potheses, the possibility of a causal relationship between correlated 
variables can be expressed here. 

The original hypothesis of this paper was that the building services’ 
usability and the occupants’ ability to control them should be high in 
order for occupants to achieve comfortable conditions at home. This is in 
line with several findings on the influence of perceived control and 
knowledge of building services on indoor climate perception, in 
particular on thermal comfort [16,23,25,28]. The present study offers a 
new case in which the correlation between perceived ability to control 
the IEQ and satisfaction with that IEQ was significant. However, the 
presence of points much above the identity line on the heat maps in 
Figs. 4 and 5 showed that usability of building services was not a 

Fig. 5. Heat maps: relation between indoor air quality and ventilation-related satisfaction variables.  
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necessary condition for comfort. Occupants who were dissatisfied with 
the systems’ usability had varying satisfaction levels with the IEQ: while 
some of them did not manage to reach a comfortable environment, a 
non-negligible share of them was still able to find comfort.2 The most 
basic or automatic features of the systems, combined with the quality of 
the building envelope, solar and internal heat gains, and successful 
adaptive actions, could be sufficient to guarantee comfort. However, 
nearly all the occupants who did not achieve a satisfactory IEQ gave the 
systems a low usability score. Moreover, occupants who were dissatis-
fied with the indoor air quality parameters and air supply wished more 
manual control on their ventilation system. 

The opposite causal relationship to the original hypothesis can then 
be formulated: the occupants’ reported satisfaction with the systems’ 
usability may be conditioned to some extent to their satisfaction with the 
indoor environment. Because of the factors listed above, retrofitted 
houses provide a satisfactory IEQ without occupants having the need to 
control the heating and ventilation systems; therefore, for high IEQ 
satisfaction levels, building system usage may have been limited and 
occupants reported varying usability satisfaction levels. On the contrary, 
when IEQ problems occurred due to e.g. malfunction of the building 
systems or envelope failures, occupants were forced to try to understand 
and operate the systems. This may have proven to be difficult and 
resulted in a low satisfaction with both IEQ and the systems, and in the 
case of ventilation, a desire for more manual control. This hypothesis is 
close to a postulate made by Pigman et al. [25] who suggested that one’s 
satisfaction with their ability to control the environment is negatively 
correlated to one’s actual need to control it. 

One way to verify this new hypothesis is to complete this study by an 
explanatory qualitative investigation. Qualitative inquiries such as in-
terviews, even though inevitably carried out on a smaller scale than their 
quantitative counterparts, present the advantage of being able to ask the 
“why” question directly, and to collect answers that are not limited by 
the researcher’s own expectations of the mechanisms at play [58–60]. 
Semi-structured interviews were therefore carried out after the survey 
study; the results of that qualitative work are to be shared in an up-
coming publication, which will permit to validate or invalidate the 
interpretation of the correlations observed here. 

6. Conclusion 

The goal of this study was twofold. The first objective was to gather 
occupants’ experiences regarding indoor environmental quality and 
building services in different types of single-family houses, some of them 
retrofitted to low-energy houses. The second objective was to identify 
the presence and the nature of the relationship between, on one side, 
indoor environmental satisfaction in low-energy retrofitted houses, and 
on the other side the occupants’ perception of the usability of the 
building services and their ability to control them. A questionnaire was 
answered by 344 occupants of four types of houses, three of them ret-
rofitted between 2015 and 2019 (response rate: 17.1%). 

The occupants rated their satisfaction with thermal indoor environ-
ment and indoor air quality very high in the retrofitted houses. 

However, issues related to the ventilation air supply were reported in 
retrofitted houses equipped with mechanical ventilation, such as draft, 
noise, presence of dust and air dryness. Ventilation supply at floor level 
under radiators created the least draft and noise issues. Occupants 
additionally expressed difficulties to control and understand heating and 
ventilation systems in all house types. 

In two of the three retrofitted house types, moderate to strong cor-
relations were observed between heating system usability satisfaction 
and thermal indoor environmental satisfaction. Moderate correlations 
were found between satisfaction with the current level of control on the 
heating system and satisfaction with indoor temperature. Moreover, 
satisfaction with indoor air quality, air dryness and presence of draft and 
noise from ventilation showed moderate correlations with ventilation 
system usability satisfaction. Occupants who expressed indoor air 
quality, dryness, draft or noise issues reported a desire for more manual 
control over their ventilation system. 

These correlations were weakened by the fact that a significant share 
of the respondents were satisfied with the indoor environment while 
rating poorly the systems’ usability. This finding proved wrong the 
original hypothesis, which was that the systems’ usability was a neces-
sary condition for occupants to be satisfied with the indoor environment. 

Instead, this finding showed that a satisfactory indoor environment 
could be achieved thanks to the automatic features of the building ser-
vices, combined with the passive properties of the building and adaptive 
actions. A new hypothesis can therefore be raised: when these features 
and adjustments are sufficient, usage of building systems is limited and 
the question of usability is not paramount for IEQ satisfaction. However, 
when technical malfunctions or other difficulties make user involvement 
necessary to reach a good IEQ, the systems’ poor usability becomes a 
reason for discomfort. 

In order to improve the robustness of current installations without 
necessarily giving occupants full manual control, it is therefore recom-
mended to provide end-users with user-friendly interfaces, giving them 
understandable information and a possibility to diagnose failing tech-
nical installations. 
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A B S T R A C T   

In the context of increasing renewable energy penetration in energy systems, demand response is acknowledged 
as a solution to guarantee grid stability and security of supply. Direct control of appliances by utilities, however, 
may lead to user dissatisfaction and disengagement via overrides. The present study, based on data from 6,389 
connected thermostats in North America in the summer of 2019, investigates users’ thermostat overriding 
behavior during demand response events targeting their air conditioners. An average event in this dataset was 
triggered around 3 p.m. and lasted three hours. The overall override rate was 12.9%. Overrides critically affected 
power usage during an event, with the share of the expected power demand reduction missed due to overrides 
being of the same order of magnitude as the override rate. In a decision tree analysis, the override rate showed to 
be particularly affected by occupants’ habitual setpoint change frequency, outdoor temperature, event duration, 
and occupants’ previous experience with demand response. Even though the dataset is not representative of all 
types of demand response events, this study highlights the potential lying in connected thermostat data for 
utilities to design tailored demand response events with an increased success rate and a smaller impact on 
occupant comfort.   

1. Introduction 

In order to reduce its carbon footprint, the power sector is expected 
to transition from fossil-based dispatchable generation towards sus-
tainable, but fluctuating, energy sources such as wind and solar power 
(International Energy Agency, 2019). Electrical utilities will conse-
quently be faced with the increasingly difficult challenge of matching 
electricity generation and consumption, without being able to resort to 
the habitual sizing and reserve strategies on the supply side. Together 
with interconnection and storage capacities, adapting energy demand to 
a less flexible generation by means of demand response (DR) is seen as 
one of the solutions to successfully integrate renewable energy sources 
on the electrical grid, and avoid the activation of expensive and more 
polluting reserve capacity (F.E.R.C. Staff, 2010; Gils, 2014). Various 
types of DR strategies have been elaborated, relying on different finan-
cial incentives (U.S. Department of Energy, 2006): customers may 
receive a one-time payment from the utility in exchange of their 
commitment to load shifting or reduction, or pay variable electricity 
rates depending on the strain on the grid. 

However, when addressing residential customers, assuming a fully 

rational economic thinking is misleading (O’Connell et al., 2014). 
Indeed, energy in households is a means to perform social practices and 
not simply a commodity with a price tag (Shove and Walker, 2014). 
Financial incentives may thus need to be complemented by a level of 
automation, such as direct load control, where an electrical utility 
remotely shuts down a customer’s appliances (Albadi and El-Saadany, 
2008). Several surveys showed that households would accept to 
participate in direct load control programs on the condition to be 
granted the possibility to override the utility’s control (Chitchyan et al., 
2019; Fell et al., 2015; Karjalainen, 2013; Xu et al., 2018). However, this 
instrument may become less reliable if participants are able to revert to 
their preferred operating conditions at any time. In the few field 
implementations where DR participants’ overriding behavior was 
examined (Consolidated Edison Company of New York Inc, 2011; Dong 
Energy Eldistribution, 2012; KEMA, 2006; Lopes and Agnew, 2010), the 
override rate varied vastly (from 1% to 39% of participants), with 
potentially large consequences on the load shifting effort. To reduce the 
uncertainty linked to occupants’ response and ensure the success of 
residential DR, it is therefore valuable for utilities to develop an un-
derstanding of overriding mechanisms. 
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DR programs are proposed to residential customers by many elec-
trical utility companies in North America. One of the preferred vectors 
for this offer are connected thermostats. For the research community, 
such devices also provide high-resolution data on households’ energy 
use, thermal preferences and energy-related behavior. Occupant- 
thermostat interaction data has been used to get insights into occu-
pant comfort preferences (Huchuk et al., 2018; Stopps and Touchie, 
2020), model occupancy (Huchuk et al., 2019), or improve operational 
settings and control strategies in buildings (Gunay et al., 2018; Park 
et al., 2019), among other applications. However, to the authors’ 
knowledge, no large-scale study of DR overriding behavior and its 
causes has been carried out. 

In this article, a demand response program is defined as a framework 
in which participants agree to some alterations of their load profile 
during high stress periods, in exchange for a financial incentive. 
Enrolled households can then be solicited for one or several demand 
response events, defined as a period of a few hours where a specific set of 
appliances, air conditioners in the present case, is controlled by the 
electrical utility. The type of demand response program investigated in 
this paper is a variant of direct load control, where the electrical utility 
does not shut down the participants’ air conditioners, but alters the 
cooling setpoint. 

This article adopts a data-driven approach and analyzes data from 
6,000 homes using connected thermostats in 2019. These households 
were solicited for demand response events during summer air- 
conditioning demand peaks, and had the option to override them at 
any time. This dataset thus provides a unique opportunity to study 
participants’ thermostat overriding behavior during DR events. It allows 
to evaluate the extent to which participants overrode the imposed set-
points, and to assess the impact of this behavior on load shifting efforts. 
Possible reasons for this behavior are then investigated by examining 
indoor and outdoor conditions, household characteristics and thermo-
stat use patterns. The motivation for this work is to provide new 
knowledge on acceptability of demand response by remote control of air 
conditioners, and ultimately to inform the design of more targeted de-
mand response events with a higher success rate and leading to less 
discomfort for participants. 

2. Background 

2.1. Acceptability of demand response 

Several survey and interview studies investigated respondents’ 
likelihood to accept DR programs. From a series of focus groups with 22 
participants in the UK, Fell et al. (2014) introduced four motivations for 
control that were affected by DR events: control over comfort in the 
home, over the timing of home activities, over expenses, and general 
autonomy in one’s life. Using these concepts in a larger survey study 
with 2,002 participants, they found that more respondents were willing 
to sign up for direct load control of heating with a possibility for override 
(37%) than for different versions of time-of-use electricity pricing (28% 
in average). They showed that the former gave respondents a larger 
perceived control than the latter (Fell et al., 2015). A similar conclusion 
was reached by Karjalainen (2013) in an interview study in Finland. In 
both studies, automation of electrical and heating appliances was not 
necessarily perceived as detrimental to personal control, since it 
permitted to keep the upper hand over costs – but on the condition to be 
able to override it. Xu et al. (2018) carried out a survey study in the U.S. 
evaluating the self-assessed acceptability of direct load control programs 
with a financial incentive, with no incentive but a possibility to override, 
and without any of the two. While the last option was the least popular 
(49% responded positively), an overriding possibility was valued 

slightly higher than a financial incentive (70% versus 67%, respec-
tively). Control over expenses was here less important than other mo-
tivations for control. Finally, Pardasani et al. (2020) surveyed occupants 
of 567 homes during a winter DR event in New Brunswick, Canada. They 
concluded that many respondents did not notice the events; participants 
were generally supportive of the purpose of DR, as long as they had the 
right to override solicitations from the utility. 

Some studies highlighted the lack of energy-related understanding 
and awareness of issues related to power peaks in the general population 
as detrimental to their enrolment in such programs (Dütschke and Paetz, 
2013; Li et al., 2017). In two studies, respondents argued in favor of 
more information on benefits of peak load shifting for customers (Hall 
et al., 2016) and for the environment (Buryk et al., 2015). Several 
studies also mentioned the importance of the participants’ trust in their 
utility for successful residential DR (Le Ray and Pinson, 2020; Parrish 
et al., 2020; Stenner et al., 2017). 

2.2. Overrides of direct load control events 

While willingness to enroll in such programs is a well-researched 
topic, research on whether and when enrolled participants override 
DR events is less frequent. Yet, several field implementations of direct 
load control of heating and cooling appliances have been carried out in 
the past decade, both field trials and large-scale programs. In 2018, Xu 
et al. identified 80 such programs running in the U.S. at the time. 
However, they noted that while most direct load control programs 
promised some kind of user control, very few of them offered an actual 
override option. 

Recent studies of overrides during direct load control events are 
lacking. In older studies, the override rates varied largely. In a pilot 
study carried out in Florida in 2008–2009, the local utility implemented 
direct load control on 400 programmable thermostats by enforcing a 
50% cycle on the heating and air-conditioning equipment (Lopes and 
Agnew, 2010). On average, less than 1% of the participants overrode the 
control from the utility, no matter how often their thermostat was 
controlled remotely. In the winter of 2011–2012, the Danish national 
electricity distribution company carried out the eFlex pilot project 
where heat pumps in 119 dwellings were interrupted during peak pe-
riods (Dong Energy Eldistribution, 2012). Participants had a chance to 
override the control via a button; however, again, only 1% of them did 
so. In New York City, various direct load control events were performed 
on several thousand connected thermostats in 2011, where residential 
central air conditioner cycles were reduced to 50% (Consolidated Edison 
Company of New York Inc, 2011). The override rate varied from 3% to 
18%. During 12 direct load control events carried out in 4000 homes via 
smart thermostats by the San Diego utility SDG&E in 2005, the override 
rate varied from 9 to 39% (KEMA, 2006). More recently, direct load 
control of heat pumps was tested on 31 households in the U.K. (Sweet-
nam et al., 2019). Even though participants had the possibility to 
override it by changing setpoints, some of them did not consider this 
possibility sufficient to prevent a loss of control, in particular because of 
night temperature increase due to pre-heating. 

2.3. Reasons for demand response overrides 

Few studies have specifically focused on identifying variables 
affecting overrides during DR events. A rare example is the study of 
direct load control launched by SDG&E (KEMA, 2006), where the au-
thors used a survival analysis to predict the evolution of the override 
rate in time based on outdoor temperature. The accuracy of the model, 
even though evaluated on 12 events only, let them conclude that out-
door temperature was a critical parameter to understand overrides. 
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Recently, Sharma and Kane (2020) trained a neural network on con-
nected thermostat data to predict the occurrence of manual setpoint 
changes after an increase in cooling setpoint, intended to represent 
overriding behavior during DR events. The model was based on 31 
features, both contextual and personal, and reached an overall classifi-
cation accuracy of 96%. 

In their survey study comparing the acceptability of a financial 
incentive and an override option for direct load control programs, Xu 
et al. (2018) highlighted the influence of certain socio-demographic 
factors on that preference, such as age, home ownership, type of 
dwelling, ethnicity and political preferences. In a comprehensive re-
view, Parrish et al. (2020) noted the impact of comfort, convenience and 
routines, as well as experience with previous events (and possible 
technical issues), on occupants’ engagement while enrolled in DR pro-
grams. Besides trust in utilities, already mentioned in Section 2.1, 
demonstration projects carried out in Ireland, Germany and Latvia 
showed that the “customer experience” as a whole of participating in 
such a program was an important success criterion (Darby, 2020). This 
included communication with the different stakeholders (installers, 
project coordinators, utilities), advice, troubleshooting, and partici-
pants’ ability to control the equipment. 

Even though not specifically in the context of DR, extensive research 
has been carried out to explain energy-related behavior in buildings 
(Wagner et al., 2018). Thermostat adjustments for air-conditioning were 
found to be dependent on outdoor air temperature (Indraganti, 2010; 
Tanimoto and Hagishima, 2005), dwelling orientation and climate zone 
(Schweiker and Shukuya, 2010a), and indoor air temperature (Indra-
ganti, 2010; Ren et al., 2014; Tanimoto and Hagishima, 2005). This 
followed the earlier works of Nicol et al. (1999) on adaptive thermal 
comfort showing the impact of indoor and outdoor temperature on fan 
use. Some households also used less air conditioning on hot days (Ren 
et al., 2014), showing the importance of factors non related to thermal 
comfort. The reliability and efficiency of the air conditioning units 
themselves, as well as the generated noise level, were also found to in-
fluence their use (Indraganti, 2010). Other triggers included occupants’ 
preference for having the air conditioner turned on (Schweiker and 
Shukuya, 2010a) or the imminence of guests coming (Schweiker and 
Shukuya, 2010b). Daily schedules and events as well as personal beliefs 
and relationship to technology in general were also found to impact air 
conditioner use patterns (Kempton et al., 1992; Ren et al., 2014). 

As seen in the present literature review, acceptance of demand 
response by residential customers has been studied mainly via surveys, 
which may not permit to predict respondents’ actual behavior when 
enrolled in such programs. Moreover, recent, large-scale studies of 
participants’ overrides of demand response events, and of the factors 
influencing this behavior, are lacking. The present work contributes to 
solving this gap with a data-driven approach, using residential ther-
mostat data. 

3. Methodology 

In this study, connected thermostat users’ response to a series of 
demand response events across North America was analyzed in several 
phases. The effect of DR on occupants’ thermal comfort was first eval-
uated. After a description of occupants’ thermostat overriding behavior 
during DR events, the consequences of overrides on the demand 
reduction expected by utilities were examined. Then, the potential for 
DR events carried out in unoccupied homes only was evaluated. In a 
final phase, the impact of a series of features on the override rate was 
evaluated by means of a decision tree. 

In the next sections, the connected thermostat data and its processing 
method are described (Sections 3.1 to 3.3). The metric used to evaluate 
the impact of overrides on power demand reduction is presented in 
Section 3.4. Finally, Section 3.5 introduces the variables that were tested 
as potential explanatory variables of the override rate, as well as the 
characteristics of the decision tree and the metric used to compare the 

features’ importance. 

3.1. Demand response via ecobee thermostats 

The data used in this work was made available by the Canadian 
connected thermostat manufacturer ecobee Inc. through their Donate 
Your Data (DYD) campaign. The campaign, launched in 2016 and still 
ongoing, offers ecobee thermostat owners the choice to give away their 
anonymized thermostat data for research purposes. The dataset is 
growing over time and as of June 2020 contained data from over 
100,000 ecobee thermostats, of which approximately 95% are located in 
North America. 

Ecobee thermostats control air-based residential heating, ventilation 
and air-conditioning systems (HVAC), most often an air conditioner and 
a furnace (natural gas or electricity-based). Based on temperature and 
motion readings from both the thermostat and optional remote sensors 
scattered across the house, a control temperature is computed and used 
to control the HVAC system centrally for the entire dwelling without 
individual room control, which is common practice in North America. 
The interfaces of the latest ecobee thermostat and the associated mobile 
application are shown in Fig. 1. Users can program schedules for the 
heating and cooling setpoints. They can also override their schedule by 
manually choosing the thermostat setpoint on the wall display or from 
the mobile application; such overrides are called “holds”. 

In 2019, ecobee launched eco+, a free upgrade that allows the 
thermostat to adjust setpoints to real occupancy patterns. The eco +
feature also offers a simple interface for users to enroll in DR programs 
with their utility, in exchange for a financial incentive: in most cases, a 
one-time payment after enrollment of $50 to $100, sometimes followed 
by monthly or yearly rewards (ecobee, 2019). In comparison, the 
average U.S. household spends between $80 and $525 a year on elec-
tricity for air conditioning, depending on the climate region (EIA, 2018). 
DR solicitations from electrical utilities override the active setpoint, 
whether scheduled or coming from a hold. Users can define the degree to 
which they want to save energy through eco+, by adjusting a slider from 
1 to 5, with 1 being the mode with the least automatic changes to the 
users’ thermostat settings, and 5 being the most ambitious mode to 
achieve energy savings. 

DR events via eco + consist in a precooling phase followed by a 
setback (load shifting events). According to the ecobee documentation, 
the duration of the precooling phase is calculated individually based on 
historical thermal data. The amplitude of the precooling and setback 
phases depends on the eco + slider level: at level 1, the event does not 
lead to any setpoint change, while at level 5, the precooling and the 
setback consist in deviations of − 2.2 ◦C and +2.2 ◦C from the setpoint at 
event start, respectively. In practice, some variation in these amplitudes 
was observed in the data. 

Fig. 1. Interface of the latest ecobee thermostat model and mobile application.  
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3.2. Data description 

The ecobee DYD dataset contains, for each thermostat, 5-min time 
series of the variables summarized in Table 1. The dataset also includes 
metadata on each thermostat, among which the country, state, and city 
where the dwelling is located, dwelling size, and the eco + slider level. 

Most of the DR events present in the dataset were triggered during 
summer air-conditioning usage peaks. Therefore, this study focuses on 
DR events triggered through the eco + program during August and 
September 2019 in the United States and Canada. U.S. states and Ca-
nadian provinces with less than 200 occurrences of DR events in 
dwellings during these two months were discarded. Events happening 
while the HVAC unit was in heating mode were also discarded. The final 
dataset consisted of 6,389 dwellings scattered across 21 U.S. states and 
one Canadian province (Ontario). As most dwellings were solicited more 
than once, 23,352 occurrences of DR events were registered. 

3.3. Data pre-processing 

The control temperature was chosen to summarize the indoor tem-
perature conditions in the home (as also chosen by Huchuk et al. 
(2018)); in this article, the term “indoor temperature” refers to the 
control temperature. A single Boolean presence indicator was computed 
based on the union of signals from each motion sensor in the home. The 
limited number of motion sensors in a dwelling is known to aggravate 
the problem of false negatives already existing with PIR sensors (Huchuk 
et al., 2019). Therefore, a 40-min filter was applied: for each timestamp 
where motion was detected, the dwelling was also considered occupied 
for the previous 20 min and the following 20 min (see also Kane and 
Sharma (2019) for a comparison of the effect of different filter lengths 
using the DYD dataset). 

DR can be overridden either by pressing a key on the thermostat 
display to restore the original schedule, or by manually changing the 
setpoint. Therefore, simply looking at the thermostat readings imme-
diately following a DR event was not sufficient to determine whether it 
was overridden or terminated by itself. Instead, simultaneous individual 
solicitations in a given state were grouped, as they belonged to the same 
larger event pushed by the local utility, which permitted to evaluate the 
planned duration of each event and therefore to identify overrides. On 
average, a given DR solicitation in a household was grouped with 295 
others. A household was assumed to have overridden an event if it was 
terminated at least 15 min before the planned end time. In a minority of 
cases, the end time varied significantly between events starting at the 
same time. The data was thus reviewed by hand in order to identify 
overrides. In case of doubt, the “no override” option was chosen. 

3.4. Performance metric: missed power saving (MPS) 

The success of a DR event for a utility company was estimated in 
terms of avoided power demand during the event period. The cooling 
capacity of the air-conditioning devices controlled by ecobee 

thermostats was estimated based on dwelling size and climate zone, 
using references from the air-conditioning industry (ASM, 2014). A 
seasonal efficiency ratio (SEER) of 14.9 Btu/Wh (equivalent to a COP of 
4.3) was used (Goetzler et al., 2016). As 97% of the dwellings in the 
dataset had a single-stage air conditioner, the runtime used was that of 
the first stage only. Runtime was given at 5-min intervals. The power 
demand for a 5-min interval in a dwelling was approximated as the 
product of the nominal power usage of the unit by the share of the time 
that unit was running during the 5 min. The power demand was only 
used as an illustration of the effects of DR, in order to help discuss the 
results; therefore its calculation method and the assumptions behind it 
did not fundamentally affect the results of this work. 

In order to evaluate the effect of overrides on the utilities’ objective, 
the expected and achieved mean power demand reductions during a 
given DR event were calculated. Three data samples of same size were 
taken for each event: an “ideal” sample made of all the dwellings that 
participated in the event and did not override it; a representative sample 
of the event participants, among which some overrode it; and a refer-
ence sample of households in the relevant state or province who did not 
participate in the DR event. The mean demand per household during the 
event period (after the precooling phase) for each sample was respec-
tively Pideal, Prepres and Pref (W). The ideal avoided demand was calcu-
lated as shown in Equation (1): 

ΔPideal =Pref − Pideal (1) 

The actual achieved power saving was expressed as shown in 
Equation (2). 

ΔPachieved =Pref − Prepres (2) 

The Missed Power Saving (MPS) per household was the difference 
between ideal and achieved power savings, in percentage of the ideal 
power saving, as shown in Equation (3): 

MPS=
ΔPideal − ΔPachieved

ΔPideal
(%) (3) 

The MPS indicated the missed opportunity due to overrides of the DR 
event. An example of the MPS calculation and a graphical illustration are 
presented in Section 4.3. 

This methodology could not be formally validated; in particular, no 
information on thermal losses was available allowing the selection of 
similar houses in the three samples. It is difficult to know whether 
households who did not override an event had an overall lower thermal 
load than those who did. Instead, the reliability of this method was 
assessed case by case by visually comparing the cooling demand curves 
before and after the demand response event. 

3.5. Decision tree and influential features 

The impact of a set of features on the override rate was then assessed 
by means of a decision tree. Only overrides by cooling setpoint decrease 
were considered, as overrides by setpoint increase and decrease can 
originate from very different logics. The goal of using a decision tree was 
to highlight the most influential features and their interplay in the data 
and not to accurately predict whether a specific event in a specific 
dwelling would be overridden, therefore the entire dataset was used to 
build the tree. The tree was limited to a minimum of 200 samples per 
leaf node (about 1% of the data). The criterion for node splitting was 
Gini impurity, and the relative explanatory power of each feature was 
calculated by means of the Gini importance factor. The Gini importance 
of a feature is the normalized sum of the decrease in impurity resulting 
from splits on that feature along the tree (Breiman, 2001). Even though 
the final tree shown in Section 4 was built from the entire dataset, ten 
trees using each 80% of the data (randomly picked) were also built for 
validation purposes. The ranking of the different features in terms of 
Gini importance was compared between trees to assess the robustness of 
the final output. 

Table 1 
Dataset description.  

Variables Unit Granularity 

Indoor temperature (at thermostat + remote sensors) ◦C 0.56 ◦C 
Indoor relative humidity at central thermostat % 1% 
Motion at central thermostat and remote sensors Boolean – 
Control temperature ◦C 0.56 ◦C 
Outdoor temperature ◦C 0.56 ◦C 
Outdoor relative humidity % 1% 
Runtime of fan, heating and cooling stages seconds 15 s 
Heating and cooling setpoints ◦C 0.56 ◦C 
HVAC mode (heating, cooling, automatic, off) – – 
Current schedule – – 
Current “event” (hold, vacation, DR event) – –  

L. Sarran et al.                                                                                                                                                                                                                                  



Energy Policy 153 (2021) 112290

5

Table 2 summarizes the variables chosen for the decision tree anal-
ysis, based for most on the literature. For the variables indicated by an 
asterisk (*), the occupants’ preferred temperature range was estimated 
based on historical data (calculation method in Appendix A). Thermo-
stat use patterns during the summer were defined by looking at holds, as 
an indication of occupants’ habit of overriding their schedules. Holds 
were counted specifically for the period of the day where the event 
happened (e.g. if the considered event happened between 2 p.m. and 5 p. 
m., all holds set between 2 p.m. and 5 p.m. over the summer were 
counted). Similarly, presence was measured as an average over summer 
during that period of day (in the previous example, the share of time the 
dwelling is occupied between 2 p.m. and 5pm over the summer). 
Household characteristics such as the number of occupants and square 
footage were not considered due to the prevalence of missing data. The 
time of day at which the event started was not included as one of the 
variables, as about 85% of demand response events were triggered in a 
narrow time range between 1 p.m. and 3 p.m., which did not permit to 
draw conclusions on the effect of earlier, or later, start times. Several 
variables that were originally included, namely the absolute indoor air 
temperature and cooling setpoint at event start, the mean indoor air 
temperature and mean cooling setpoint during the summer, and the 
difference between indoor and outdoor temperature at event start, were 
removed as they were too strongly correlated with the other variables 
(Pearson’s correlation coefficient higher than 0.6 (Dormann et al., 
2013)). This could have weakened the reliability of the interpretation of 
the individual Gini importance factors. 

4. Results 

Section 4.1 describes and illustrates the characteristics of the studied 
DR events. In Section 4.2, the impact of these events on occupants is 
shown, both looking at thermal comfort and at occupants’ response 

through overrides. In Section 4.3, the effect of overrides on power sav-
ings is evaluated. Section 4.4 investigates unoccupied dwellings as a 
potential for DR events going unnoticed. Finally, Section 4.5 presents 
the analysis of the influence of different features on the override rate, by 
means of a decision tree. 

4.1. Demand response events 

4.1.1. Context of the studied events 
The DR events studied in this work spanned across 21 U.S. states and 

one Canadian province, and affected 6,389 dwellings. Fig. 2 shows the 
DR events present in the dataset organized by state and date, the states 
being ranked following the total number of events they hosted. While 
few households were solicited for DR in the first half of August, a handful 
of dates concentrated events with a large number of participants across 
many states. Override rates varied from 6.3% in Oregon to 28.8% in 
Florida, with a mean override rate across the entire dataset of 12.9%. 

On average, each household in the dataset participated in 3.7 DR 
events during these two months. Fig. 3 shows the number of events per 
enrolled household: 95% of the households participated in at least two 
events, and 43% in at least five. 

Fig. 4 represents the outdoor temperature distribution by state dur-
ing the entire summer (from June 1st 2019 to September 30th 2019), and 
at the time where DR events started. DR events were visibly triggered on 
some of the hottest days of the summer, in an attempt to avoid a large 
peak in electrical power usage from domestic air conditioners. However, 
the important overlap between the two distributions in some states 
points to the diversity of reasons for electrical grid overload. 

Fig. 5 shows the distribution of event duration and start time in the 
dataset. The majority of events had a precooling phase lasting under one 
hour, and a setback phase planned to last around three hours. Some 
events had no setback, and a few had setbacks lasting two or four hours. 
Most of the events were triggered between 1 p.m. and 3 p.m., and very 
rarely in the evening. 

4.1.2. Demand response event example 
Fig. 6 illustrates the effect of a DR event on cooling setpoint, indoor 

temperature and cooling compressor runtime. Both dwellings repre-
sented in the figure were located in Ottawa (Ontario, Canada) and were 
solicited for the same DR event. As seen in Fig. 6a, the event triggered a 
short precooling phase around 2:45 p.m., followed by a setback. While 
the amplitude of the temperature setback was originally the same in 

Table 2 
Variables evaluated for their impact on demand response overrides.  

Category Variable description 

Event characteristics Amplitude of the setpoint change during 
precooling (◦C) 
Amplitude of the setpoint change during setback 
(◦C) 
Duration of the precooling (h) 
Planned duration of the setback (h) 

Dwelling characteristics ASHRAE climate zone (ASHRAE, 2007) 
Number of anterior DR events in that dwelling 

Temperature and humidity 
conditions at event start 

Indoor temperature at DR event start relatively 
to comfort range (percentile)* 
Indoor relative humidity at DR event start (%) 
Outdoor temperature at DR event start (◦C) 
Outdoor relative humidity at DR event start (%) 
Average indoor temperature slope during the 3 
h before DR event (◦C/h) 
Average outdoor temperature slope during the 
3 h before DR event (◦C/h) 

Air-conditioning settings at event 
start 

Original cool. setpoint at DR event start 
relatively to comfort range (percentile)* 
Event/schedule the original setpoint came from 
Air conditioner’s operational status at DR event 
start (Boolean) 

Thermal preferences Width of the comfort range (90% inter- 
percentile range) (◦C)* 
eco + slider level (1–5) 

Thermostat use patterns Average weekly number of holds during the DR 
event period over summer 
Share of time overall spent in a hold over 
summer (%) 

Occupancy Presence at DR event start (Boolean) 
Share of time dwelling is occupied during the 
DR event period over summer (%)  

Fig. 2. Date, number of participants and override rate of the demand response 
events considered in the analysis. 
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both houses (2.2 ◦C), the indoor temperature in House 2 increased at a 
faster rate than in House 1, highlighting a difference in time constant. 
Occupants of House 2 overrode the event after an hour and set the 
cooling setpoint to 3.3 ◦C lower than the pre-event level, leading to a 
rapid indoor temperature drop. 43% of the studied dwellings showed a 
decrease in setpoint after override with respect to the pre-event level, 
which potentially increased the impact of overrides on energy use in the 
event period. Indeed, as seen in Fig. 6b, this setpoint decrease set off the 
cooling compressor, which ran in cycles for the rest of the event, at a 
time where the utility intended to reduce power demand. Conversely, 
House 1 did not use any power for air conditioning during the event, but 
the compressor ran without interruption for the hour following its end, 
before going into normal cycles again. 

4.2. Occupant comfort and behavior during demand response events 

4.2.1. Effects of demand response on thermal comfort 
As illustrated in Fig. 6, the cooling setpoint changes happening 

during DR events led to sometimes large and rapid indoor temperature 
changes, which had an impact on thermal comfort in homes. Fig. 7 
shows the change in indoor temperature caused by DR events. This 
distribution represents both overridden and non-overridden events; the 
indoor temperature variation therefore represents the variation that was 
tolerated by respondents and not the “planned” temperature variation. 
On average, indoor temperature increased by 1.07 ◦C during a DR event. 
Some events led to no indoor temperature change, or a temperature 
decrease (households with an eco + slider level of 1, or events over-
ridden after a short time). Very few events led to an indoor temperature 
increase beyond 2.7 ◦C. 

Fig. 3. Number of demand response events per enrolled household.  

Fig. 4. Outdoor temperature distribution at event start compared to summer 
distribution. 

Fig. 5. Overview of precooling and setback planned durations as well as start 
time of demand response events. The mean and standard deviations are indi-
cated for each distribution. 

Fig. 6. Demand response event in two dwellings in Ottawa (Canada) on 2019- 
08-20. 

Fig. 7. Distribution of indoor temperature change during DR events, mean and 
standard deviation. 
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Table 3 decomposes this temperature variation into its value at event 
start and at event end. Indoor temperature is shown on two scales: the 
original thermostat reading, and the conversion onto occupants’ per-
sonal comfortable temperature range following the calculation method 
detailed in Appendix A. Indoor temperature at the end of the event 
reached an average of 25 ◦C in solicited homes. To understand what this 
represents in terms of indoor comfort, one can see that the median 
temperature at event end was located at the 96th percentile of the 
comfortable temperature range. For half of the participants, the end of 
the DR event was one of the 4% warmest moments of the summer during 
which they did not resort to air conditioning. As this number concerns 
both overridden and non-overridden events, this high temperature may 
not have been accepted for a long time before occupants decided to 
decrease the cooling setpoint manually. Nevertheless, this representa-
tion permits to understand the significant impact of DR on thermal 
comfort in the solicited dwellings. 

4.2.2. Overrides of demand response events 
Overrides were found in two categories: those happening through a 

cooling setpoint increase, and through a cooling setpoint decrease. As 
seen in Table 4, the latter were far more common, since the studied 
events happened in warm conditions. The average override rate over the 
entire dataset was 12.9%, of which 11.8% consisted in setpoint 
decreases. 

As a point of reference, the probability for a hold (manual setpoint 
change) to happen during a day without DR events in the same period of 
the day as a given demand response event was calculated. On average, 
this probability was 9.9%, which does not represent a large difference 
with respect to days with demand response (12.9%). Yet, when looking 
only at households who used holds less than three times a week during 
that period of day (96% of the dataset), the hold rate and the DR 
override rate were 7.7% and 12.0%, respectively. When looking at 
households using holds less than once a week during that period of day 
(76% of the dataset), these numbers were 3.9% and 9.9%, respectively. 
This shows that the majority of participants, who were not frequent 
users of holds, overrode demand response events significantly more 
often than they overrode regular setpoint schedules. It also suggests that 
the frequency of holds may be a strong predictor for the override rate, 
which will be investigated in more detail in Section 4.5. 

4.2.3. Time to override 
While it is valuable for a utility company to avoid overrides as much 

as possible, a DR event with a high override rate can also achieve large 
power savings if occupants wait a long time before overriding it. It is 
therefore important to evaluate the delay after which overrides occur. 
Time itself was not considered an independent variable to explain 
overrides: instead, as time passes, other influential variables such as 
indoor temperature and relative humidity vary and may increase the 
probability of override. Yet, knowing how overrides are distributed in 
time can indicate what a good DR event duration could be in order to 
reduce the chance of overrides. 

Fig. 8 represents only the households who did override the events 
imposed on them. Fig. 8a illustrates the override rate among these 
households (from 0 to 100% of overriding households) and the corre-
sponding time delay before override, while Fig. 8b shows the override 
rate together with the corresponding indoor temperature increase be-
tween event start and override moment, divided based on indoor rela-
tive humidity at override moment. Fig. 8a shows that 85% of the 
overrides by setpoint increase happened within the first half-hour of the 

event, mostly corresponding to the precooling phase. On the contrary, 
less than 25% of the observed overrides by setpoint decrease happened 
within the first hour of the event, and around 75% happened within the 
first 2.5 h. Moreover, 45% of the observed overrides happened while the 
indoor temperature had increased by 1 ◦C or less, and 85% of them 
happened while the indoor temperature change was 2 ◦C or less. One 
could expect that occupants in dwellings with high relative humidity 
would override events after a smaller temperature increase than in drier 
dwellings; this was however not consistently the case as seen in Fig. 8b. 
These results highlight the advantages of shorter events, as they 
potentially lead to a smaller indoor temperature change, and are over-
ridden less often. 

4.3. Effect of overrides on demand reduction 

While utilities wish to reduce the power demand during a DR event, 
overrides can work against this goal by sustaining the regular power 
usage patterns during an event period. The effect of overrides on the 
achieved power saving was evaluated for one event in Texas as an 
example, and afterwards for 65 events among the largest in the dataset, 
each soliciting more than 50 households. The methodology for calcu-
lating mean achieved, ideal power savings and missed power savings 
(MPS) is described in Section 3.4. Fig. 9 illustrates these three values on 
an example: a DR event that happened in Texas on August 23rd 2019 and 
was overridden by 27% of the solicited households. The power demand 
of the houses participating in the event (blue and purple samples) was 
very similar before and after the event, showing that both samples had 
similar cooling loads in normal operation and that their comparison was 
reliable. This power demand showed a peak after the start of the event 
due to the precooling period. Demand then dropped and started with a 
slow increase during the event period. This was also the case among 
dwellings that did not override the event, as the DR event consisted in a 
cooling setpoint increase and not in a complete shutdown of the par-
ticipants’ HVAC units. However, the representative sample (blue) 
showed a steeper power usage increase during the event period than the 
ideal sample (purple), due to the presence of overriding households. 
After the end of the event, as cooling setpoints recovered their planned 
values, a large peak was observed1. When comparing ideal and achieved 
mean power savings during the event, 27.4% of the expected (ideal) 
power saving during the event was lost due to the 27% of households 
overriding the event. Moreover, one can see that the power used in the 
sample that included overriding households (blue line) almost reached 
the baseline (orange) at the end of the event, while the override rate was 
only 27%. Indeed, after an event is overridden, the air conditioner has to 
run continuously for several minutes or hours in order to reach the new 
setpoint – while households who are not solicited for DR most often 
operate their air conditioner at a reduced runtime. Thus, in terms of 
peak power, the 27% of homes that overrode their thermostats during 

Table 3 
Indoor temperature at event start and end.   

At event start At event end 

Mean indoor temperature in ◦C (and standard deviation) 23.97 (1.89) 25.04 (1.98) 
Median indoor temperature in percentile of the comfortable temperature range 69.13 96.17  

1 The two peaks observed in the start and at the end of the demand response 
event, which are a consequence of the event itself, are a part of the load shifting 
strategy. The period in-between those, between 3pm and 6pm, may have been a 
period of usual high demand from other appliances in households, air- 
conditioning loads in offices or other loads from industrial consumers. It may 
therefore make sense for a utility to run the risk of creating peaks before and 
after this high demand period in order to ensure a power demand as low as 
possible in-between them. However, solutions exist to reduce the post-event 
rebound (Pardasani et al., 2020). 
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Table 4 
Overrides by cooling setpoint increase and decrease for the entire dataset.   

Overrides by cooling setpoint decrease Overrides by cooling setpoint increase Total override occurrences Total DR event occurrences 

Number of occurrences 2,752 264 3,016 23,352 
Override rate 11.8% 1.1% 12.9%   

Fig. 8. (a) Tolerated demand response event duration and (b) indoor temperature change depending on indoor relative humidity, among overriding households.  

Fig. 9. Estimated AC power usage per household in three groups of houses (n = 510) during the Texas 2019-08-23 demand response event (override rate: 27%). Pref, 
Prepres and Pideal are the mean power used during the event period (excluding precooling) by the sample of non-participants, the random sample of DR participants, 
and the sample of non-overriders, respectively. ΔPideal and ΔPachieved are the expected and achieved mean power savings during the event. MPS (Missed Power 
Saving) is the difference between ΔPideal and ΔPachieved (in percentage of the expected power saving). 
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this DR period nearly cancelled out the benefit of the entire group of 
homes. 

Moving away from this specific example, Fig. 10 illustrates the link 
between override and MPS for all 65 large events. The data can be fitted 
by a line with an intercept of 0 (no overrides meaning MPS = 0) and a 
slope of 1.22 (R2 = 0.27). The fit is too poor to be able to predict the 
missed power saving based on the override rate, due to the variability of 
households’ individual energy use profiles and setpoint choices. 
Nevertheless, this result illustrates the fact that participants’ thermostat 
overriding behavior overall translates into a missed opportunity for the 
utility of the same order of magnitude as the override rate. This finding 
highlights the necessity for utilities to develop strategies for avoiding, or 
anticipating, overrides. Possible directions are suggested in the 
remainder of this article. 

4.4. Demand response events in unoccupied dwellings 

The present section investigates the existence of a theoretical po-
tential for carrying out DR events in temporarily unoccupied dwellings 
only, making them invisible for the participants and canceling their ef-
fect on thermal comfort. While the total override rate in the dataset was 
12.9%, that rate dropped to 7.3% in dwellings which were given as 
unoccupied for the entire planned event duration. The persistency of a 
nonzero override rate in empty dwellings came from false negatives 
from PIR sensors as well as from the possibility of remote overrides via 
the mobile application. However, the decrease in override rate in un-
occupied dwellings is still substantial and it could be valuable for util-
ities to take advantage of it. 

For each of the 65 large events investigated in Section 4.3, a post- 
event comfort recovery period was calculated, corresponding to the 
average time necessary for the indoor temperature to reach the new 
cooling setpoint after the end of the DR event. The analysis then con-
sisted of looking for compatible empty dwellings for each event in the 
entire dataset of 100,000 households. A dwelling was considered 
compatible for a given event if: (a) it was located in the state where the 
event took place, and (b) it was unoccupied for the entire duration of the 
event and for the post-event comfort recovery period. The enrolment in 
the eco + program was not a criterion in this search. 

The share of unoccupied dwellings compatible with each event, as 
well as the share of dwellings solicited for each, are shown in Fig. 11. 
Events are represented by an identifier from 1 to 65 and ranked 

according to the share of compatible unoccupied dwellings in the cor-
responding state, for visual clarity. The blue area represents the poten-
tial for unnoticed DR events by only soliciting unoccupied dwellings. For 
all but 7 of the 65 events, the number of dwellings solicited for the event 
is indeed lower than the number of unoccupied dwellings during that 
period. In theory, these events could have gone mainly unnoticed with 
no consequences for occupant comfort, and a low chance of being 
overridden – and house selection in the remaining seven could reduce 
their override rate. The precooling phase could also be avoided in un-
occupied dwellings for energy saving purposes, practically turning DR 
events into a shutoff of the air conditioner for a period of time. 

This investigation is mostly a theoretical exercise, as practical issues 
remain: for example, the non-negligible share of presumably unoccupied 
dwellings where overrides still occurred, and the potential difficulty to 
impose demand response in households that did not sign up to such 
programs. Moreover, in houses that are unoccupied for several days 
(during holiday for example), avoiding all energy consumption should 
remain a priority, and ecobee thermostats already offer the option to set 
up a vacation mode to save energy – therefore, demand response would 
be less relevant in these cases. 

4.5. Compared influence of different features on override rate – decision 
tree analysis 

In order to avoid large override rates, utilities need to know the main 
triggers for this behavior. As described in Section 3.5, a series of features 
was isolated and their impact on DR overrides by downward setpoint 
change was assessed by means of a decision tree. A simplified version of 
this decision tree, limited to its first three levels, is shown in Fig. 12. 
Moreover, the most important features are shown in Fig. 13, ranked by 
Gini importance (GI). When assessing their importance on ten trees built 
from random samples of the data, as described in Section 3.5, the top 
two features were consistently the same across the ten versions. Of the 9 
features shown in Fig. 13, all but one were consistently ranked among 
the top 9 most important features, thereby showing the robustness of 
this selection. 

The variable located at the root node of the decision tree was the 
average number of weekly holds set by occupants in the same period of 
the day as the DR event. When only looking at the first two levels of the 
tree, this feature alone was able to separate the dataset in three groups 
with override rates respectively equal to 9.2%, 19.6% and 33.4%, which 

Fig. 10. Link between DR override rate and estimated missed power saving 
(MPS) for 65 events with more than 50 participants. Fig. 11. Share of solicited vs unoccupied dwellings for 65 large events.  
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made it a critical factor to understand overrides. Among households who 
did not usually adjust setpoint manually more than 2.4 times a week 
during that period of day, the outdoor temperature at event start was the 
next most important feature, able to separate the data in groups with 
override rates ranging from 4.6 to 22.1%. However, among frequent 
users of holds (more than 2.4 times a week during that period of day), 
their previous experience with DR was more important, with households 
having previously participated in more than two events being much less 
likely to override the next one (18% against 37% chance). 

Fig. 13 offers a visualization of the relationship between the override 
rate and the 9 most important features present in the decision tree, or-
dered by their Gini importance. It also shows the distribution of the data 
for each feature, independently from overrides. As already seen in 
Fig. 12, the override rate showed a strong positive correlation with the 
hold frequency (Fig. 13a) – which had from far the largest Gini impor-
tance – as well as with the outdoor temperature at event start (Fig. 13b). 
Beyond the weekly number of holds, the share of time spent in a hold 
was the feature with the third largest Gini importance (Fig. 13c). While 
the impact on override rates is not as striking visually as with the pre-
vious two features, the distribution of that feature in the dataset (gray 
histogram) shows that most households spent either less than 25% of the 
time in a hold, or more than 95%. In these zones of the graph, the as-
sociation with the override rate was stronger, hence the relatively large 
Gini importance. 

The setback duration (Fig. 13d) was among the four features with the 
largest Gini importance, with events planned to last under two hours 
having a lower chance to be overridden than events lasting more than 
three hours. As already seen in Figs. 12 and 13e shows that the tendency 
to override decreased when households had experienced several events 
before, as occupants seemed to accept such events better. As to occu-
pancy, Fig. 13f shows that the override probability increased with the 
probability of the dwelling being occupied during the event. This can be 
approximated by looking at occupancy at event start, as seen in Fig. 13g: 
even though that information does not permit to know whether occu-
pants will come home during the event, occupants who were home at 
event start overrode on average 17% of the events, against 10% for 

occupants who were absent at event start. Finally, as shown in Fig. 13h 
and i, the indoor temperature and cooling setpoint at event start, 
measured on the approximated thermal comfort range as calculated in 
Appendix A, are also present in the decision tree, yet marginally. Other 
features, such as the eco + slider level, thermal dynamics (slope of in-
door and outdoor temperatures) or air conditioner’s status at event start, 
are not present among the most influential variables. 

5. Discussion and recommendations 

As consideration of occupant behavior in buildings and its effects on 
energy reduction targets is growing, this work points at the importance 
of considering behavioral factors in the field of demand response too. 
Indeed, the present study suggested that user overrides of DR solicita-
tions have a negative impact on the success of load shifting operations, 
of the same order of magnitude as the override rate. To the authors’ 
knowledge, this had not been previously demonstrated in a large-scale 
study. 

This work highlighted different mechanisms at play that can help 
understand DR overrides. An important driver of DR overriding 
behavior was thermal comfort. DR events led to indoor temperatures 
that were most often close to or above the upper limit of occupants’ 
usual preferred indoor temperature range. It is notable that outdoor 
temperature showed a stronger influence on overrides than the indoor 
temperature at event start, even when expressed relative to individual 
occupants’ comfort ranges. On the one hand, this is logical as in the 
absence of air conditioning during an event, the increase in indoor 
temperature is directly linked to the outdoor temperature. On the other 
hand, the anticipation of thermal discomfort based on outdoor condi-
tions may also have played a role in the overriding decision. 

This study also highlighted the large impact of habits and routines on 
the override phenomenon. The results showed that in order to predict 
whether a DR event happening, for instance, between 3 p.m. and 6 p.m. 
would be overridden, one could obtain a good guess by simply looking at 
how often occupants usually overrode their thermostat settings during 3 
p.m. and 6 p.m. throughout the summer. Interestingly, when converting 

Fig. 12. Decision tree: combined influence of the features on the override rate. The color of the boxes reflects the override rate. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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the weekly number of holds into a probability for a hold to happen on a 
given day, the probability of a DR event being overridden is much larger 
than the probability of a schedule being overridden by hold during the 
same period. This is however not true among frequent hold users (more 
than 1.2 times a week or 17% chance daily), where these two proba-
bilities are about the same. Among frequent hold adepts, DR overrides 
seem to originate from pre-existing strategies and habits, while others 
(the majority) respond to newly created stimuli. However, the present 
study also showed that going through several DR events “teaches” 

occupants to let events proceed until the end. One can hypothesize that 
occupants either experienced that the loss in comfort was actually not as 
problematic as they expected, got to understand and accept these pro-
grams better, adopted adaptive strategies, or adjusted their personal 
schedule to avoid discomfort. 

Four of the most important features alone permitted to distinguish 
groups with override rates ranging from 4.6% to 37%. These four fea-
tures were the number of holds set in the same period of the day as the 
event, the outdoor temperature at event start, the setback duration, and 

Fig. 13. Impact of different variables on demand response override rate and their distribution in the dataset. The Gini importance (GI) is shown for each of them.  

L. Sarran et al.                                                                                                                                                                                                                                  



Energy Policy 153 (2021) 112290

12

the number of previous DR events carried out in that household. The last 
three are data that most electrical utilities already have as of today. The 
first feature, instead, relates to occupants’ usual thermostat use behavior 
and may not be currently accessible to electrical utilities. The impor-
tance of this feature in understanding overrides suggests a policy change 
in that direction. Connected thermostat companies could provide utili-
ties with an indicator of their customers’ hold usage habits, in order to 
inform DR event design. Moreover, in order for utilities to be able to 
exploit the DR potential of temporarily unoccupied dwellings high-
lighted in Section 4.4, some information on residents’ presence at home 
during peak periods could be beneficial. Ultimately, in the interest of 
both utilities and their customers, occupancy forecasting models could 
be developed in order to minimize discomfort and thereby overrides 
during DR events. Alternatively, in order to avoid the transfer of sensi-
tive occupancy and behavioral data to utilities, such forecasts could be 
made locally at the thermostat level. The utility would receive a 
personalized expected load profile for each resident, which could be 
used to design DR events with a larger chance of success. 

Based on these load profiles, events could be made shorter in 
households with a larger override risk, which could be mobilized in 
successive groups. Indeed, the setback duration was shown to be an 
important feature to understand overrides, with shorter events having a 
lower chance to be overridden and a lesser impact on thermal comfort. A 
drawback of carrying out the DR event in several waves is the risk of a 
demand peak at the end of each wave, canceling the effects of the DR 
effort. Adopting such a strategy requires some modeling work in order to 
optimally design the duration, shape and sample size of each of the sub- 
events, for example by making the precooling and post-event recovery 
phases more gradual. 

This study presents some limitations that can form the basis for 
future investigations on the topic of residential demand response. The 
amount of socio-demographic background data available on the 
participating households was limited; therefore, features such as in-
come, age, family composition or educational background could not be 
investigated. Other potentially important features, which could not be 
yielded from the data, were the participants’ personal engagement in the 
DR program as well as the level of incentive they benefitted from. Par-
ticipants’ experience of being part of such programs was shown in the 
literature to be an important success criterion (Darby, 2020; Parrish 
et al., 2020) and may also have affected one’s decision to override a DR 
event. Moreover, the origin of the dataset itself may have created some 
bias: the investigated households are smart thermostat users who chose 
to donate their data to the scientific community, which may be a 
reflection of some of their beliefs or interests towards technology and 
energy use. These households may also be more likely to belong to 
higher income classes or to have a higher education level. The fact of 
focusing on the United States and Canada creates an inherent bias that 
may make the present conclusions inapplicable in other locations, as 
motivations for space conditioning regarding comfort and energy use 
were shown to vary from country to country (for example, Wilhite et al., 
1996). Finally, demand response in winter may result in different 
overriding behaviors due to different tolerance to warm and cold 
discomfort (see Vellei et al. (2021) for an analysis of 
occupant-thermostat interaction during winter demand response events 
using the ecobee dataset). 

6. Conclusion and policy implications 

The ecobee Donate Your Data dataset offered the opportunity to 
evaluate occupants’ response to summer demand response events trig-
gered through connected thermostats in more than 6,000 dwellings 

across the United States and the Canadian province of Ontario. The 
override rate varied greatly between events, with an average of 12.9%. 
This behavior was shown to be a large issue for electrical utilities: 
overrides directly translated into a missed opportunity in terms of de-
mand reduction during the event period, of the same order of magnitude 
as the override rate. 

By means of a decision tree, the influence of a series of variables on 
the override rate was brought to light. The most important feature to 
understand overrides was the occupants’ usual setpoint change prac-
tices: occupants who had a frequent habit of overriding setpoint 
schedules were also shown to override demand response more 
frequently. However, this practice decreased with time as occupants 
were subjected to more events. Demand response also showed to have 
critical consequences on thermal comfort in dwellings, which made 
thermal discomfort an important driver for overrides. In particular, the 
override rate increased strongly with the outdoor temperature. 

The dataset used in this study (from North American smart ther-
mostat owners in the summer) may not be representative of all types of 
demand response events in different countries and seasons. Neverthe-
less, this work highlighted some possible solutions for more successful 
and better-accepted demand response events, for example by priori-
tizing shorter events. The present work encourages continued policy 
efforts to enforce residential demand response via connected thermo-
stats; however, it highlights the importance for the success of these 
programs of taking into consideration individual households’ practices 
and preferences. The present results provide arguments in favor of a 
more comprehensive use of thermostat data by electrical utilities – in 
particular data on occupants’ thermostat use habits and occupancy 
patterns. This source of information is growing as connected thermostats 
gain in popularity in households, and would permit to design demand 
response events that are tailored to individual customers’ schedules, 
thermal preferences, thermostat control strategies and habits. An intel-
ligent and ethical use of this data source, for example by letting ther-
mostat companies provide utilities with a load flexibility profile for each 
of their customers, would allow residential demand response to suc-
cessfully shift demand loads without compromising occupant comfort 
and well-being. 
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Appendix A. Thermal comfort evaluation metric 

Thermostat usage and setpoint choices are often used in the literature to reflect occupants’ thermal preferences (Kim et al., 2018; Wyon and 
Ridenour, 2018). Although many factors can influence occupant-thermostat interaction and may reduce the validity of this approach (Peffer et al., 
2013; Wagner et al., 2018), it nonetheless provides a suitable approximation in the absence of thermal sensation ratings. One can infer the set of 
acceptable temperatures in a household as the range of temperatures that were experienced in the dwelling while occupants were present and the 
HVAC system was not running. The latter means either that the indoor temperature was between heating and cooling setpoints and therefore assumed 
to be comfortable, or the HVAC system was turned off by the occupant. In order to attenuate the effect of high or low temperatures occasionally 
encountered by the occupants, one can look at the cumulative distribution of these presumed comfortable temperatures as illustrated in Figure A1. In 
this fictitious example, when occupants are at home and the HVAC unit is not running, in summer, the probability that indoor temperature is below 
24 ◦C is 92%. In other words, 24 ◦C is located within the warmest temperatures that this household accepts (they accept it only 8% of the occupied time 
without having the HVAC system running). The value on the y-axis corresponding to a temperature gives an indication of how often that temperature 
is accepted by occupants and can therefore be interpreted as the position of that temperature on the occupants’ comfortable indoor temperature range. 
This variable was made into a new feature in the decision tree analysis that replaced the indoor temperature readings, in an attempt to characterize the 
effect of thermal comfort on DR acceptance. Moreover, the width of the comfort range was calculated as the difference between the temperatures 
located respectively at the 5th and 95th percentiles of the range of accepted temperatures, and was also used as a feature in the decision tree analysis.

Fig. A1. Illustration of the comfortable indoor temperature range calculation.  
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Abstract 

Operating district heating systems with low supply and return temperatures (50 and 30 ºC, 
respectively) enables improved heat production and distribution efficiency when integrating 
renewable energy sources. Low temperature district heating can be viable without compromising 
comfort, but faults in the heating installations of the end-users currently make it difficult to reduce 
system temperatures in practice. Furthermore, occupants lack knowledge, tools and incentives to 
detect and correct these faults. This paper proposes a method to detect and diagnose inefficient 
operation of hydronic floor heating based on commonly available data from room thermostats, the 
heat meter and the circulation pump in a dwelling. The data is used to develop a grey-box model of 
the heating system and to create virtual sensors, which make it possible to detect faults and excessive 
system temperatures. The model was tested in a low-energy apartment in Denmark and was used to 
diagnose several causes of high return temperatures. Using this model, improvement measures were 
suggested and their impacts on the return temperatures were predicted. Such a tool could assist 
occupants and operators in ensuring an efficient operation of residential heating systems. 

Keywords 

Fault detection and diagnosis; virtual sensor; grey-box modelling; floor heating; district heating. 
 

1. Introduction 

In 2020, the European Commission proposed a legally binding target of net zero greenhouse gas 
emissions by 2050 [1]. In order to successfully transition towards a low-carbon society, the use of fossil 
fuels must be phased out within a few decades. As of 2018, 63% of the European residential heat 
demand was still supplied by fossil fuels [2]. Alternatives exist, through an increased use of heat pumps 
[3] or the adoption of District Heating (DH) which offers the possibility to integrate fossil-free large-
scale heat generation [4]. Greater adoption of DH would likely help Europe to achieve their CO2 
emission reduction targets at lower cost than strategies relying on massive electrification [5]. 
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Successive generations of district heating have been implemented since the 1880s, characterized by 
decreasing water temperatures. While current supply and return temperatures are typically around 
85ºC and 45ºC respectively [6], the emission reduction targets call for a 4th Generation District Heating 
with supply and return temperatures as low as 50ºC and 30ºC [7]. Low temperature district heating 
(LTDH) would enable the utilization of a wider range of low-carbon heat sources (such as industrial 
surplus heat and diverse renewable sources), the integration of large scale heat pumps and solar 
thermal collectors with a higher heat production efficiency, as well as a substantial decrease in 
distribution heat losses [7–11]. In parallel, decreasing the required supply temperature in space 
heating systems would facilitate the use of individual heat pumps with high efficiency in areas not 
covered by district heating [12]. 

Low temperature district heating has been tested and validated in many full-scale demonstration 
projects in the past decade. A large Danish demonstration project carried out in several locations and 
house types showed a significant reduction in heat losses when reducing the supply temperature in 
existing houses [13]. The IEA DHC Annex TS1 showcased successful implementations of LTDH in the 
UK, Germany, Finland, Denmark and Norway with diverse dwelling types and heat sources [4]. Several 
studies demonstrated the feasibility of providing comfortable indoor conditions with LTDH in both 
existing and new buildings [14,15], with new, low-energy dwellings with floor heating being 
particularly well adapted to this transition [11]. 

While these demonstration projects showed that a large part of the building stock in central and 
Northern Europe can technically be heated at lower temperatures, surveys among district heating 
practitioners highlighted several barriers [16,17]. Non-technical barriers include operators’ fear of 
occupants’ dissatisfaction, which presides over energy efficiency concerns [17] and may lead 
operators to increase the supply temperatures in case of complaints (an example is given in [18]). 
Moreover, even when the supply temperature is decreased, diverse faults in customers’ heating 
systems can prevent a proper cooling of the water, thereby keeping the return temperature high. This 
can include unbalances between the different radiators or floor heating loops [19] or diverse control 
errors [6,11,17]. Lower return temperatures are desirable in district heating networks in order to avoid 
heat losses and increase the efficiency of biomass and waste heat production facilities; in dwellings 
with standalone heat pumps, low temperatures also permit to increase the heat production efficiency 
[6]. Many district heating utilities leave occupants with the responsibility of reducing their own return 
temperatures [20], for example by charging fees for high return temperatures or distributing bonuses 
for low return temperatures [21]. However, it was shown that not all customers understand the 
purpose and implications of such incentive schemes [22]. If the responsibility for detecting faults in 
heating installations lies on the occupants’ shoulders, the faults may not be identified, and the actual 
efficiency of LTDH may be undermined. 

This paper presents a method to assess whether the local supply and return temperatures in a 
residential floor heating system can be reduced without affecting occupant comfort while detecting 
faults that may constrain this reduction. The method relies on a grey-box model of a heating system 
using available data from the dwelling’s heat meter, individual room thermostats and circulation 
pump. The model is able to estimate the water temperatures and flowrates in the different floor 
heating loops and therefore detect hydronic balancing errors and subsequently high return 
temperatures. It is used to simulate different improvement scenarios and to assess the extent to which 
each scenario permits a decrease in system temperatures. The end goal for the tool is to assist 
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occupants or operators by providing them with information on the system operation and suggesting 
targeted measures to improve the heating system performance. 

2. Background 

2.1. Fault detection and diagnosis 

Faulty operation of building systems is one of the acknowledged causes of the energy performance 
gap in buildings [23–25]. Yet, many tasks related to detecting and diagnosing faults are still carried out 
manually, both during commissioning and building operation [26]. In residential buildings in particular, 
faults are mainly noticed when they result in severe comfort issues, while errors which reduce the 
system performance without necessarily affecting comfort are more difficult to detect [27]. The 
growth in the volume of collected operational data, whether for control or visualization purposes, 
makes automated fault detection and diagnosis (FDD) methods increasingly relevant and viable, 
including in residential settings. Detecting and correcting faults before an occupant notices them 
would likely increase occupant satisfaction, reduce energy consumption and maintenance costs, and 
ultimately benefit the entire HVAC value chain [27]. 

In a 2005 review, Katipamula and Brambley [26] described the different stages of the FDD process as 
it is carried out in a number of industries: fault detection (monitoring a system to detect abnormal 
operation), fault isolation (determining the type, location and timing of the fault), and fault 
identification (determining the magnitude and behaviour of the fault). The latter two stages are often 
carried out together and called fault diagnosis. Detecting and diagnosing faults on a continuous basis, 
as in automated on-going commissioning [28], can be done by building a model of the building’s 
operating conditions and constantly updating it with the available data. FDD methods are often 
classified in three categories [29,30]: 

 Knowledge-based methods, where a priori knowledge of the expected operation of the 
system is used as a benchmark for the observed operation. This benchmark can materialize as 
a set of rules and thresholds, or as a physical model of the system based on known physical 
equations. 

 Data-driven methods, where operational data alone is used to create a representation of the 
system behaviour, without including any knowledge of the underlying physical relationship 
between the measured variables – and in some cases detecting faults based on features that 
do not have a physical meaning. Such methods typically require a large amount of data to be 
reliable; examples include supervised methods such as regression and classification [31] and 
unsupervised learning methods, both drawing from statistics (e.g. Principal Component 
Analysis) and data mining (such as clustering and other pattern recognition methods) [31,32]. 

 Grey-box models, where a physical model of the system is tuned based on collected 
operational data. A set of internal model parameters are adjusted so that the model output 
variables match the measured data. This type of model permits to incorporate physical 
knowledge of the system, thereby reducing the number of model parameters and improving 
their validity [33] – but these models often yield a lower predictive accuracy than black-box 
data-driven models [34,35]. Grey-box models are often used in HVAC system modelling, 
[34,36,37] in particular for model predictive control [36–38]. 

Through these different types of models, variables for which there is no sensor available (or for which 
sensing is expensive or unreliable) can be measured by virtual (or “soft”) sensors, permitting to detect 
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deviations from expected operating conditions [39,40]. Virtual sensors have been used to detect faults 
in air handling units (AHUs) for air conditioning [28,30,41], heat pumps [42] or ventilation systems 
[43]. Li et al. [39] recommended to validate virtual sensors experimentally against physical sensors; 
however, the nature of the virtually sensed variables may make this impossible, as no physical sensor 
may be available. In grey-box models, the reliability of model parameters and virtual sensors is 
assessed by evaluating the final modelling error between modelled and measured output variables 
[28,36].  

2.2. Application to hydronic heating systems 

With the progressive decrease of supply temperatures in hydronic heating systems, faults are more 
likely to affect occupant comfort directly, as the margin for temperature error will be reduced [44]. It 
is therefore critical to detect such faults before occupants are impacted. While heat generation and 
distribution facilities are under the responsibility of the district heating operator and thereby closely 
monitored typically, district heating substations and individual customer installations are mostly 
considered to be the end-users’ responsibility and are not as extensively checked for faults [20,44]. 
The available data is also often coarser and sparser [45]. Yet, during occasional maintenance or 
recommissioning, a range of faults are routinely found on the consumer’s side of district heating 
installations. Faults on substations concern nearly all components, such as heat exchanger, valves, 
actuators, sensors, pipes and controllers [46]. However, a large number of malfunctions have also  
been observed on the end-users’ space heating installations (these represented for instance 60% of 
the observed faults in a Swedish study [47]), and fixing them showed a great potential to reduce return 
temperatures [48]. These faults include poor balancing of the heating loops giving excessive flows [20], 
pre-setting errors [17], valves that are faulty [6,9,49] or wrongly installed [50], undersized radiators 
[49] or oversized circulation pumps [51]. Moreover, the choice of the supply temperature at the 
building or apartment level may be done according to overly conservative estimations or the 
conventional best practice in older systems [17]. 

A large part of the literature on fault detection and diagnosis in district heating systems focuses on 
district heating substations and is often based on heat metering data [44,46,52–56]. Detailed data on 
the consumer heating installations (such as room temperatures, heating setpoints and water flowrates 
in different parts of the heating system) are more difficult to obtain on a large scale, which may explain 
the lack of data-driven fault detection methods in the literature. A knowledge-based fault detection 
method was developed by Østergaard et al. [50] based on a radiator thermal model using indoor air 
temperature measurements and heat cost allocator data. The method successfully detected radiator 
malfunctions leading to large return temperatures, although it showed some robustness issues. To the 
best of the authors’ knowledge, no other FDD method targeting faults on end-users’ hydronic heating 
installations has been developed. This paper therefore suggests a FDD method that is applicable to 
residential heating systems with floor heating, based on grey-box modelling and virtual sensors. 

3. Methodology 

3.1. Overall approach 

In order to detect inefficient operation of a heating system based only on data from commonly 
installed sensors, a grey-box model of an apartment’s heating system was developed. A schematic of 
the entire modelling process is shown in Figure 1 and described in the following paragraph. 
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Data was collected in an apartment located in Copenhagen, Denmark. The heating system present in 
this apartment as well as the installed sensors are described in Section 3.2. A grey-box model was 
developed in Dymola, a modelling and simulation software based on the equation-based Modelica 
language [57], as described in Section 3.3. Based on input variables and a set of parameters, the model 
formulated differential equations to describe the behaviour of physical variables for which there was 
no actual sensor (such as the return water temperature from individual floor heating loops), here 
named “virtually sensed variables”, as well as “output variables” for which measured data was 
available. As this was a grey-box model, measured data was available for both the input variables and 
the output variables, and the model parameters were iteratively estimated with the goal of reducing 
the difference (or residual) between the modelled and measured output variables. In this regard, both 
input and output variables were “inputs” of the parameter estimation process, but the difference 
between them was that the model fitness was calculated based on the output variables only. The 
iterative process of updating the model parameters based on the model fitness was carried out using 
a genetic algorithm. The parameter estimation process is described in Section 3.4. When the 
estimated parameters were judged to be sufficiently accurate (i.e. the model residual was considered 
low enough), the calibrated grey-box model was used to compute the “virtually sensed” variables that 
could be used for fault detection and diagnosis. Data from these virtual sensors were used to detect 
and diagnose balancing and operational faults and to estimate the potential to decrease system 
temperatures; this analysis is described in Section 3.5. 

 

Figure 1: Schematic of the full modelling process 
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3.2. Description of the case and collected data 

The building used as a case for the present study was a multi-family apartment building located in 
Nordhavn, a neighbourhood of Copenhagen, Denmark. It was built in 2017 and achieved the DGNB 
Gold certificate, with a design primary energy demand of 20.2 kWh/m2/year. The external walls had a 
design U-value equal to 0.12 W/m2K, and the U-value of the windows was 0.95 W/m2K. The building 
consisted of 53 apartments of various geometries and sizes. The apartment used to test the 
methodology presented in this paper was an 85 m2 apartment located on the first floor. The building 
façade and the floor plan of the apartment are shown in Figure 2. The South-West façade (where the 
balcony was located, see picture) faced an open harbour. 

 

Figure 2: South-West façade of the building (left, source: [58]) and floor plan of the studied apartment (right) 

All apartments were equipped with hydronic floor heating supplied by district heating. Supply and 
return riser pipes carried the hot water to the individual apartments on each floor through the 
technical closet. One riser supplied water to six apartments. Each room was serviced by a floor heating 
loop, except for the kitchen/living room, which had two loops in parallel. Figure 3 shows the 
installation at the apartment level, which was modelled in the present work. The figure also shows the 
measured model input and output variables as well as the virtually sensed variables. 
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Figure 3: Schematic of the modelled heating system with measured and virtually sensed variables 

Supply water from the riser was circulated through the apartment by a centrifugal pump. A supply 
manifold distributed the water to the different floor heating loops, each equipped with an open-close 
valve. These valves were controlled based on the room heating setpoint defined by the user and the 
indoor temperature in each room, measured by room temperature sensors mounted on the wall at 
the height of 1.1m. The water from the risers also supplied the radiators on the ground floor, so its 
temperature was higher than what is recommended for floor heating systems (high water 
temperature in floors presents risks for thermal discomfort [59] and for the durability of the floors 
[60]). Therefore, a share of the water coming back from the return manifold was recirculated via a 
shunt and mixed with supply water to reduce the temperature of the water circulating in the floors. A 
motorized valve, located on the return branch, regulated the amount of water circulating through the 
mixing loop based on a mixed supply temperature setpoint: according to the documentation, the 
temperature of the water entering the floor loops should not exceed 35 ºC. The mixing loop was 
equipped with a check valve to avoid water flowing directly from the supply riser to the return riser, 
short-circuiting the floor loops. The supply and return riser temperatures, as well as the water flow to 
the return riser (metered flow), were measured by an energy meter and used to calculate the 
displayed heating consumption. 

As seen in Figure 3, the data used to build the model came from the individual room thermostats, the 
energy meter and the circulation pump. A summary of the model input and output variables is 
presented in Table 1. The Status Control Value (SCV) in each room was a Boolean variable indicating 
the status of the room’s open-close heating loop valve. In the present case, the SCVs were directly 
included in the dataset, but they could also be calculated by comparing the room’s air temperature 
and heating setpoint while applying a 1ºC dead-band. 
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Variable Description Data granularity 
Input/output 
of model 

T_supply Supply riser temperature (ºC) 5 minutes Input 

T_roomX Indoor temperature in Room X (ºC) 
5 minutes 
and at changes > 0.5 ºC 

Input 

SCV_roomX Heating loop valve status in Room X 1 minute and at changes Input 

T_return Return riser temperature (ºC) 5 minutes Output 

metered_flow Water mass flow from riser (kg/s) 5 minutes Output 

current Current drawn by the pump (A) 5 minutes Output 

Table 1: Measured data used as model inputs and outputs 

3.3. Heating system modelling  

The heating system shown in Figure 3 was modelled using Dymola. 

3.3.1. Hydraulic modelling assumptions 
Pressure loss in a horizontal section of pipe is composed of friction losses ∆𝑝  due to pipe roughness, 
and local losses ∆𝑝  due to e.g. bends and valves. In cylindrical pipes with a constant diameter, friction 
losses ∆𝑝  can be expressed as in Eq. (1) which is based on the Darcy–Weisbach equation: 

 ∆𝑝 =  𝑓
𝐿

2𝐷 ∙ 𝜌 ∙ 𝐴
�̇�   (1) 

Where 𝑓 is the Darcy friction factor, 𝜌 the density of the water in kg/m3, 𝐿 the pipe length in m, 𝐷 the 
pipe diameter in m, 𝐴 the pipe cross-section in m2, and �̇� the mass flowrate in kg/s. The Darcy friction 
factor depends on the pipe roughness and on the Reynolds number, which varies with the fluid 
velocity. 

Local losses ∆𝑝  caused by e.g. valves are expressed as in Eq. (2): 

 
∆𝑝 =

𝑚

𝐾

̇
 

(2) 

Where �̇� is the water mass flowrate in kg/s and 𝐾  is the flow coefficient of the valve, given by valve 
manufacturers as the mass flowrate in kg/s circulating through the section of pipe with a pressure 
difference of 1 bar. 

As the model developed in this paper was intended to be applicable to piping systems on which little 
information is available, the Darcy friction factor was assumed to be constant. The total pressure loss  
∆𝑝 in a given section of pipe due to both friction and local losses was therefore expressed as follows: 

 
∆𝑝 =  ∆𝑝 + ∆𝑝 =

𝑚

𝐾

̇
 

(3) 
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Where �̇� is the mass flowrate in kg/s and the equivalent flow coefficient 𝐾 corresponds to the mass 
flowrate in kg/s circulating through the section of pipe with a pressure difference of 1 bar. 

3.3.2. Model representation in Dymola 
A picture of the model in the Dymola interface is shown in Figure 4. The bathroom and toilet loops 
were not modelled as these were never active during the data collection period. Occupants typically 
keep a higher temperature setpoint in these rooms [18], but the heat transfer coefficient from the 
pipes to the air is higher in these rooms than in other rooms due to their tiled floors. Therefore, it is 
uncertain whether the return temperature from the bathroom and toilet loops would be higher or 
lower than in other rooms if they were included in the model. In the rest of this article, the expressions 
“all rooms” or “the entire apartment” refers to the kitchen/living room and rooms 1, 2 and 3. 

 

Figure 4: Apartment heating system modelled in Dymola 
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The different parts of the heating system were modelled as follows: 

 Main circuit and mixing shunt (blue in Figure 3 and Figure 4). The risers were represented by 
a supply water source and a return water sink. The supply water source took the measured 
supply riser temperature as an input. The difference in pressure between the supply water 
source and the return water sink, dp_riser, was a model parameter. It was assumed to be 
constant for modelling purposes, but it likely fluctuated slightly in real conditions. The supply 
water circulated through a centrifugal pump of type Grundfos Alpha 2L 15-60, which was the 
actual pump model present in the studied apartment. Dymola offers the possibility to model 
a pump by providing its characteristic curves, representing the relationship between the 
flowrate and either the pressure head or the pump power. The flow coefficient of the shunt 
K_checkvalve, which depended on the check valve (CV) tuning and the pipe diameter, was one 
of the model parameters to be estimated. 

 Manifolds and individual loops (orange in Figure 3 and Figure 4). The supply manifold was 
modelled as a simple flow distributor with no pressure drop. The return manifold was 
represented as a small mixing volume. In reality, the manifolds were poorly insulated and 
there was a significant heat exchange with the surrounding air (the technical closet was 
located in the kitchen) and between manifolds. As this had an impact on the return riser 
temperature, these two heat exchanges were represented in the model by connecting the 
heat port of the return manifold (mixing volume) to both the kitchen air temperature and the 
supply riser temperature via respective thermal resistances placed in parallel. The 
corresponding thermal resistances were estimated by trial-and-error in order to match the 
modelled and measured return riser temperature in periods without heat demand. The supply 
manifold distributed water to the individual floor heating loops. Depending on the Boolean 
SCV signal, each loop’s valve opened or closed fully. Water circulated through a radiant slab 
component provided in the open-source Modelica Buildings Library developed by the 
Lawrence Berkeley National Laboratory [61]. This model follows the REHVA floor heating 
modelling scheme [59]. Typical values were chosen for the pipe spacing (200 mm), floor 
heating pipe material and size (PEX, DN12). The floor construction layers were modelled 
according to the available documentation from the construction of the studied building: 14 
mm wooden floor, 80 mm concrete slab embedding the floor heating pipes, 93 mm insulation 
(λ=0.046 W/mK) and 230 mm concrete deck. The apartment below was modelled by a 
boundary condition with a constant temperature of 23ºC connected to the lowest floor layer. 
Each floor heating loop had a different resulting flow coefficient K_room that depended on 
the unknown pipe length, material and geometry as well as the valve tuning. The flow 
coefficients of the different loops were model parameters to be estimated.  

 Motorized valve and control signal (yellow in Figure 3 and Figure 4). The water coming back 
from the return manifold flowed through a motorized valve (MV) operated by a proportional 
controller based on a setpoint for the water temperature before the circulation pump. This 
mixed supply temperature setpoint T_set_mixed, as well as the gain of the proportional 
controller, were two of the model parameters. It was assumed that they were kept constant 
during the entire data collection period (which is normally the case unless occupants ask 
technicians to adjust the pre-settings). The flow coefficient of the return pipe with the 
motorized valve K_motorvalve was also a parameter of the model. 
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A summary of the model parameters, including their estimation bounds, is presented in Table 2. The 
initial guess and bounds for the check valve and motorized valve flow coefficients were based on valve 
manufacturer data sheets, while the estimation bounds for the flow coefficients in the different rooms 
were kept wide in order to give the model the possibility to detect potential unbalanced flows. 

Parameter Description Unit 
Estimation bounds: 
[guess; min; max] 

K_checkvalve Flow coefficient of the shunt kg/s at 1 bar [2.2; 0.4; 7.0] 

K_motorvalve Flow coefficient of the return pipe kg/s at 1 bar [0.6; 0.4; 1.4] 

K_kitchen Flow coefficient of each kitchen loop kg/s at 1 bar [0.18; 0.07; 10] 

K_room1 Flow coefficient of Room 1 loop kg/s at 1 bar [0.18; 0.07; 10] 

K_room2 Flow coefficient of Room 2 loop kg/s at 1 bar [0.18; 0.07; 10] 

K_room3 Flow coefficient of Room 3 loop  kg/s at 1 bar [0.18; 0.07; 10] 

gain 
Gain of the motorized valve proportional 
controller 

- [0.15; 0.1; 0.25] 

T_set_mixed Mixed supply temperature setpoint ºC [45; 32; 50] 

dp_riser Riser differential pressure Pa [10,000; 0; 40,000] 

Table 2: Model parameters estimated in the grey-box model 

3.4. Parameter estimation and genetic algorithm 

The model developed in Dymola was exported as a Functional Mock-Up Unit (FMU). The Functional 
Mock-up Interface (FMI) is a free standard allowing to exchange dynamic models (the FMUs) between 
different software [62]. This way, the iterative model simulations necessary for the parameter 
estimation could be launched and their results retrieved using Python. The parameter estimation was 
carried out using an open-source Python tool called ModestPy and developed by Arendt et al. [63]. 
ModestPy takes as inputs: the FMU; time series of the measured variables (both the input variables 
and output variables); the guess values, upper and lower bounds of the model parameters to be 
estimated; and the value of the other known model constants (for example, the initial values of the 
model outputs). The tool includes a genetic algorithm (GA) for parameter estimation. The cost 
function of the genetic algorithm was the total Normalized Root Mean Square Error (NRMSE), 
calculated as follows: 

𝑁𝑅𝑀𝑆𝐸 =  
𝑅𝑀𝑆𝐸

max 𝑌 − min (𝑌 )
 (1) 

where:  

𝑅𝑀𝑆𝐸 =
∑ 𝑌 (𝑡) − 𝑌 (𝑡)

𝑁
 (2) 

The index i represents the different output variables of the model (in this paper: the return riser 
temperature, the metered flow and the pump current), N is the number of time steps, and 𝑌 (𝑡) and 
𝑌 (𝑡) are the measured and modelled values of the variable i at time step t, respectively. The algorithm 
stops when the decrease in NRMSE between consecutive generations stays below a threshold (0.001 



12 
 

in the present case) for ten consecutive generations or when the maximum number of generations is 
reached. The main parameters of the genetic algorithm are shown in Table 3. The estimation was 
carried out using data collected between December 30th 2018 and January 30th 2019. The genetic 
algorithm was run five times, where the initial population (initial guess of the model parameters) was 
the same but the mutation and crossover steps could give different subsequent generations, which 
permitted to increase the chances of reaching the global optimum. Each time, the algorithm was 
trained with the same 14-day learning period and validated on the subsequent 17 days. The 
parameters estimated by the best of the five runs (the one yielding the smallest NRMSE) were chosen 
and used in the rest of the analysis. 

Simulation parameter Value 

Learning period 14 days 

Validation period 17 days 

Max. number of generations 40 

Population size per generation 50 

Tournament size 7 

Mutation rate 0.01 

Table 3: Parameters of the genetic algorithm  

3.5. Diagnosis and improvement protocol 

Using the best estimated parameters, the calibrated Dymola model was run as a white-box model. 
The model was used to compute the virtually sensed variables: as already shown in Figure 3, these 
were the mixed supply temperature, the water flowrates in the individual floor heating loops, the 
individual return temperatures from each loop, the floor surface temperature in each room, and the 
heat provided to each room. The estimated mixed supply temperature setpoint, which was a model 
parameter, was also extracted. The diagnosis and improvement protocol was carried out in three 
phases: 

 Comparison with expected values to detect faults (results are presented in Section 4.2). The 
modelled time series from each of the virtual sensors and the estimated value of the mixed 
supply temperature setpoint were first examined individually and compared to best practice 
values obtained from industry guidelines or the design values from the construction 
documentation of that specific building. This permitted to detect possible imbalances in the 
hydraulic system or faulty pre-settings. 

 Decrease in mixed supply temperature setpoint with the existing hydronic balancing 
(Section 4.3). In order to assess whether the mixed supply temperature setpoint could be 
reduced, this phase started by looking more closely at the impact of this setpoint on heat 
operation and indoor temperatures at the room level. Then, the model was run with different 
mixed supply temperature setpoints, each time evaluating whether the corresponding heat 
output could meet the heat demand in the rooms. In each of these temperature scenarios, all 
floor heating loop valves were considered to be constantly open, in order to calculate the 
maximum heat output that could be obtained in each room. This heat output was then 
compared to that of the original model, in order to identify the lowest mixed supply 
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temperature setpoint that could satisfy the heat demand. The corresponding return riser 
temperature was computed. 

 Decrease in mixed supply temperature setpoint with improved hydraulic balancing (Section 
4.4). Several strategies to correct the faults observed in the first step of the diagnosis protocol 
were investigated, with the goal to improve the hydraulic balance of the heating system. 
Hydraulic balancing consists in adjusting the water flows in the system, for example by 
modifying the operation of the circulation pump or by adjusting the individual loop pre-
settings via control valves [64]. A proper hydraulic balance is a necessity to achieve low return 
temperatures in heating systems supplied by district heating or heat pumps [19]. For each of 
the investigated hydraulic balancing strategies, the analysis carried out in the second step of 
the diagnosis and improvement protocol was repeated: different mixed supply temperature 
setpoints were applied and the lowest setpoint permitting to meet the heat demand was 
identified. The resulting return riser temperature was computed for each scenario. 

When simulating with open loop valves, the supply riser temperature data had to be adjusted in order 
to eliminate the supply riser temperature drops seen in the measured data when no loops were active, 
when the stagnant water in the pipes cooled down (as this would not happen in a case with open loop 
valves). The transformation was done by using the moving average of the supply riser temperature 
over the last three hours and keeping the last value when no loop was active. The original and 
transformed supply riser temperature time series are shown in Figure 5. 

 

Figure 5: Supply riser temperature data transformation 

4. Results 

4.1. Parameter estimation 

After the five parameter estimation runs described in Section 3, the model returning the lowest 
NRMSE was selected. The estimated parameters are shown in Table 4, together with the NRMSE of 
the model. 
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Parameter Unit Estimated value 
K_checkvalve kg/s at 1 bar 2.88 
K_motorvalve kg/s at 1 bar 0.44 

K_kitchen kg/s at 1 bar 0.17 
K_room1 kg/s at 1 bar 0.22 
K_room2 kg/s at 1 bar 0.20 
K_room3 kg/s at 1 bar 0.22 
dp_riser Pa 2,051 

gain - 0.18 
T_set_mixed ºC 45.6 

NRMSE  0.171 

Table 4: Estimated parameters 

The flow coefficient shown for the kitchen / living room corresponds to one of the two identical loops 
servicing that room: the equivalent flow coefficient for the entire room can be calculated by 
multiplying the value of K_kitchen by two (this is derived from Eq. (3) applied to the two kitchen loops). 
The model estimated comparable flow coefficients in all three bedrooms. The riser differential 
pressure was estimated to be very low, and the flow coefficient K_motorvalve of the section of pipe 
where the motorized valve was located (which is the section of pipe connecting the return manifold 
to the return riser) was estimated to be much lower than the flow coefficient of the shunt loop 
K_checkvalve, which entailed that a large share of the return water was recirculated through the 
shunt. The estimate for the mixed supply temperature setpoint was 45.6 ºC, which was much higher 
than the design value (35 ºC) but was realistic given that the measured return riser temperature 
reached as high as 42 ºC. 

Figure 6 compares the outputs of the calibrated model with the corresponding measured data. The 
model managed to represent very accurately the variation in the measured metered flow due to the 
shunt opening. However, the model systematically underestimated the return riser temperature. This 
bias reached -2 to -3 ºC at maximum, and was on average -1.4 ºC when comparing the measured and 
modelled energy-weighted return riser temperatures. These were calculated as an average of the 
return riser temperature over the entire period, weighted with the apartment’s metered heat 
comsumption in each five-minute interval. This error could not be corrected without reducing the 
accuracy on the other two output variables or giving some model parameters an unrealistic value. The 
consequences of this error are discussed in depth in Section 5. In spite of this bias, the model seemed 
to accurately represent the metered flow and also offered an acceptable estimate of the pump 
current, which was directly linked to the total flow in the floor loops. Therefore, the results can be 
used to assess the quality of the hydraulic balance in the system. 
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4.2. Comparison of virtually sensed variables with expected values for fault diagnosis 

Figure 7 shows the data obtained from the virtual sensors in the four main rooms (living room / kitchen 
and the three bedrooms). When looking at the return temperatures from each loop, one can see that 
the return temperature in all three bedrooms reached 38 to 40 °C when the mixed supply temperature 
was around 41 °C, which represents a poor cooling in the loops. The modelled cooling in Room 3 was 
the smallest of all rooms. It was rarely larger than 1.5 ºC – while the standard dimensioning assumption 
for floor heating is 5 ºC [65]. The return temperature in the living room loops was lower than in the 
other rooms, but this was mainly due to the short duration of the loop activation: the return 
temperature did not reach steady state before the activation period was over. 

This low cooling was compensated by large water flows in each individual loop: in Rooms 1, 2 and 3, 
the flowrate when the loop was active was always above 0.1 kg/s – where standard dimensioning 
practice would suggest 0.02 kg/s for this room size and design heat loss when assuming a mixed supply 

Figure 6: Measured and modelled output variables of the model 
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temperature of 35 ºC and a cooling of 5 ºC [66]. The flowrate was lower in the living room loops. With 
a high flowrate and correspondingly low cooling, the heat output delivered by the floors to each of 
the rooms at peak was generally between 400W and 600W. The floor surface reached 27 to 29 ºC at 
peak in the bedrooms, which was close to the upper comfort limit [59] and was slightly above the 
recommended 27ºC for wooden floors [60], while it stayed between 26 and 28 ºC in the living room 
when the floor was active. 

 

Figure 7: Times series of the virtual sensors 
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Table 5 compares the values from the virtual sensors to design practice. It should be noted that this 
diagnosis was highly dependent on the model accuracy, and that it may be biased by the systematic 
underestimation of the return riser temperature by the model. This is discussed in Section 5. 

Variable Modelled values Reference values Reference source 

Mixed supply 
temp. setpoint 

45.6 ºC 35 ºC 
Design values (construction 

project documentation) 

Cooling in the 
loops 

bedrooms: around 2 ºC 
living room: 5 ºC  

5 ºC Industry guidelines [65] 

Water flows in 
the loops 

0.08 to 0.13 kg/s 0.01 to 0.03 kg/s Industry sizing tool [66] 

Heat output from 
the floor 

bedrooms : 400-600 W peak, 
400 W in avg. when active 

living room: 500-750 W peak, 
360 W in avg. when active 

bedrooms : 250-350 W 
living room: 460 W 

Design values (construction 
project documentation) 

Floor 
temperature 

26 to 29 ºC 
19 to 29 ºC for comfort 
27 ºC for wooden floor 

REHVA guidebook [59] 
Floor manufacturer [60] 

Table 5: Comparison between estimated variables and best practice 

4.3. Potential for decreasing the mixed supply temperature setpoint 

The mixed supply temperature setpoint, as well as the heat output from the floor in the different 
rooms, were found to be significantly larger than the design value. Before trying to reduce the mixed 
supply temperature setpoint, which will be done in Section 4.3.2, it is important to understand 
whether operating the heating system with such a high intensity was necessary due to high heat 
demand, for example due to large thermal losses or high indoor temperature setpoints, or whether 
an operating mode with lower mixed supply temperature and a heat delivery better distributed in 
time could also satisfy the occupants’ comfort requirements. 

4.3.1. Analysis of heat operation and indoor temperature in the rooms 

Figure 8 shows the air temperature, temperature setpoints, and floor heating status in the four main 
rooms over ten days in the studied period (January 2019), as measured by the installed physical 
sensors. The large setpoint drops in the living room correspond to window openings, as the thermostat 
was programmed to decrease the setpoint temporarily in response to rapid decreases in room 
temperature. 

Several observations can be made. Firstly, in all rooms except Room 3, there were often one or two 
full days between two activations of the floor heating. When the floor was active, the air temperature 
usually rose up to the setpoint (which corresponded to a temperature increase of 1ºC) in about six to 
twelve hours, which was a direct consequence of the high mixed supply temperature. Operating floor 
heating with lower temperatures would permit a more constant heat delivery, with a warm floor for 
longer periods of time. Second, from January 10th to January 15th, the temperature in the living room 
was at the same level as in Room 3 while the heating setpoint was one degree lower, which shows 
that the living room was most likely heated by Room 3, where the floor was active during that period. 
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This could explain why the heat output in Room 3 sustained around 400W for periods of several days 
with poor cooling, as seen throughout much of January in Figure 7. 

 

Figure 8: Indoor air temperature, temperature setpoint and floor heating loop status during ten days in January 2019 

4.3.2. Decrease in mixed supply temperature setpoint 

This section investigates lower mixed supply temperature setpoints. As indicated in Section 3.5, the 
model was run with different mixed supply temperature setpoints, assuming the floor heating valves 
were constantly open. The results are shown in Figure 9. As demonstrated in Section 4.3.1, the 
observed peaks in heat output were not necessary for comfort and could be smoothened out; 
therefore the actual heat demand from the original data (cyan curve) and the potential heat output 
in each room delivered at different mixed supply temperature setpoints (red curves) are shown in 
Figure 9 as by their moving averages over two days. Moreover, the design heat demand as indicated 
by the construction project documentation was added as a reference (black dashed line). 
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Figure 9: Modelled heat output delivered with different mixed supply temperature setpoints in each individual room (with 

all floor heating loops active), modelled heat demand and design heat demand. 

The design heat demand in each room matched the heat that could be delivered by the floor with a 
mixed supply temperature setpoint of 35 ºC to 37 ºC, depending on the room – which was consistent 
with the design value for the mixed supply temperature setpoint indicated in the construction project 
documentation. The actual heat demand could be satisfied with lower supply temperatures than the 
current estimate in the living room (33 ºC or less) and in Room 1 (37 ºC). However, in Room 2, a 
demand peak at the end of January (150W higher than the design heat demand) required at least 40 
ºC, while Room 3 was clearly the limiting room: the demand was high throughout the month, and it 
could not be satisfied with a lower mixed supply temperature than the estimated current setpoint 
(45.6 ºC).  

As shown in Section 4.3.1, Room 3 was likely providing heat to the living room, which resulted in 
unnecessarily high heat output and high return temperatures. This could be avoided by limiting the 
mixed supply temperature, thereby forcing the living room floor to provide its own heat. To account 
for heat transfers through open doors, one can bundle together the heat demand of each room and 
repeat the investigation of different mixed supply temperature setpoints at the apartment scale. The 
results are shown in Figure 10. A mixed supply temperature setpoint close to 33 ºC and not higher 
than 35 ºC would be sufficient to provide the required heat throughout the month of January, which 
was the coldest month of the year. The design heat demand could be satisfied with a mixed supply 
temperature setpoint between 35 ºC and 37 ºC. 
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Figure 10: Modelled heat output delivered with different mixed supply temperature setpoints in the whole apartment (with 

all floor heating loops active), modelled heat demand and design heat demand 

Table 6 shows the energy-weighted mean return riser temperature potentially achievable with the 
different investigated mixed supply temperature setpoints, as well as the maximum value reached by 
the return riser temperature. Potentially, the mixed supply temperature setpoint of 35 ºC suggested 
by Figure 10 would permit to decrease the return riser temperature to 31.3 ºC, which constitutes a 
substantial reduction from current conditions – about 6 ºC. 

Mixed supply temperature 
setpoint (ºC) 

Energy-weighted mean return 
riser temperature (ºC) 

Maximum return riser 
temperature (ºC) 

45.6 37.5 38.7 

43 36.4 36.9 

40 34.4 34.9 

37 32.5 33.0 

35 31.3 31.8 

33 30.2 31.5 

Table 6: Energy-weighted return riser temperature and maximum return temperature achieved with different mixed supply 
temperature setpoints and with all floor heating loops active 

4.4. Additional strategies for return temperature reduction 

As seen in Table 5, the estimated water flowrates in the different rooms were much larger than what 
is usually recommended by floor heating manufacturers. By reducing these flowrates, one could 
achieve a better cooling in the individual loops and reduce the return riser temperature further. Two 
successive strategies were investigated: 

 Change the pump curve. The pump currently operated with a proportional head/flowrate 
relationship, and the user could choose between two curves with a different slope. Choosing 
the curve with the lower pump head would permit to reduce the water flowrates in the loops. 

 Balance the system by decreasing the flow coefficients of the different loops, assuming that 
these could indeed be changed via pre-setting control valves on the return manifold. The flow 
coefficients were artificially decreased until the flowrates in the different loops matched the 
values suggested by a floor heating dimensioning tool [66] based on the design heat demand: 
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0.022 kg/s in each of the kitchen/living room loops, 0.017 kg/s in Room 1 and 0.012 kg/s in 
Room 2 and Room 3. The two pump curves as well as the system curve before and after 
balancing are shown in Figure 11, and the operating points in the three scenarios (considering 
all room loops active) are highlighted. 

 

Figure 11: Pump curves and operating points of the successive improvement scenarios 

In both scenarios, the analysis carried out in Section 4.3 was repeated: different mixed supply 
temperature setpoints were investigated in the apartment with all floor heating valves open, in order 
to find the minimum setpoint that could meet the heating demand. The analysis was only carried out 
at the apartment scale and not in the individual rooms. The energy-weighted mean return riser 
temperature over the entire period was calculated in each scenario; an overview is presented in Figure 
12. 

 

Figure 12: Energy-weighted mean return riser temperatures in different flow reduction scenarios and with different mixed 
supply temperature setpoints 
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Without improving the hydraulic balance, using a lower pump curve had a limited impact on the return 
riser temperature. Reducing the flowrates in the loops by decreasing their flow coefficients, instead, 
permitted to significantly reduce the energy-weighted mean return riser temperature in the system. 
With such a setup, the mixed supply temperature setpoint could be reduced to 37 ºC and lead to a 
reduction of the return riser temperature to 31 ºC, which was on average 6.5 ºC less than the current 
conditions. Given that the design mixed supply temperature setpoint in the construction 
documentation was 35 ºC, it may seem surprising that the heat demand of the apartment could not 
be satisfied at that temperature after hydraulic balancing. This is likely due to the inability of the model 
to accurately represent the shunt operation: with a mixed supply temperature setpoint of 35 ºC, the 
model returned a mixed supply temperature not higher than 32.5 ºC, which might indeed be too low 
to satisfy the heat demand of the apartment. This is discussed in more detail in Section 5. 

Moreover, the pump power was divided by three when reducing the flowrates to their design values. 
As is apparent when looking at the position of the new system curve, all the way to the left in Figure 
11, the pump was probably over-dimensioned and could be replaced by a smaller model. 

5. Discussion 

This section discusses the reliability of this method and of its results as well as the potential for such 
a tool to be applied to other buildings and used in practice. 

The reliability of the diagnosis made with the presented method was conditioned to the model 
accuracy. As seen in Section 4.1, the modelled return riser temperature was systematically lower than 
the measured one, with a bias of -1.4 ºC when comparing energy-weighted return riser temperatures. 
The reason for this bias was that, in order for both the modelled pump current and the modelled 
metered flow to match measured data, the model needed to ensure that a large share of the return 
water was recirculated through the shunt. It thus estimated the flow coefficient of the shunt 
(K_checkvalve) to be much larger than the flow coefficient of the return pipe (K_motorvalve). This 
constraint caused excessive reductions to the mixed supply temperature and consequently the return 
riser temperature. As the bias on the return riser temperature could not be eliminated by manually 
adjusting the model parameters or modifying their estimation bounds, it was likely to be due to inexact 
assumptions concerning the heating system design and control. There was for example an offset 
between the mixed supply temperature setpoint and the actual mixed supply temperature. Different 
controller types (with proportional and integral components) were investigated and permitted to 
reduce this offset, but were not considered further as they did not succeed in representing the 
dynamics of the metered flow due to the shunt opening. 

This suggests that this method would become more reliable with more information on the actual 
operating conditions. For example, the pump current was used in the model because it permitted via 
the pump curve to measure the total flow circulated by the pump. Using this proxy created additional 
uncertainty and made it necessary to know the pump model and chosen pump curve. The method 
could become more reliable if the total flows in the heating system were measured directly with a 
dedicated sensor. Moreover, the shunt control parameters (mixed supply temperature setpoint and 
controller gain) were unknown and estimated as part of the model parameters, but someone with 
access to the installation and to the shunt manufacturer’s datasheet could identify these values, which 
would greatly improve the accuracy of the model. 
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In practice, if this parameter estimation algorithm was implemented in the studied building and was 
running based on real-time data, the model could be improved by manually changing some of the 
parameters in the physical system, thereby expanding the range of operating conditions that the 
model was trained on. For instance, the mixed supply temperature setpoint could be decreased by a 
few degrees in the physical system. In order to evaluate whether it could be reduced further, the 
parameter estimation could be run again, on a dataset starting before the change and ending after 
the change. In the model, the mixed supply temperature would be represented as a piecewise function 
with two different values (one before the change and one after), both of them included among the 
parameters to be estimated. By training the model across physical modifications, its accuracy and 
robustness could be improved. This could not be experimented in this study but would be beneficial 
to future implementations of the presented method. 

In spite of the observed bias on the return riser temperature level, the model was able to represent 
the dynamics of the return riser temperature variation and to give an accurate picture of the pump 
current and metered flow, including the variation in metered flow due to the shunt control. The time 
series returned by the virtual sensors were within realistic bounds. The main diagnosis made using the 
model was that the mixed supply temperature and the flows in the individual loops were too high, 
forcing the system to operate at a high intensity. Even though it is difficult to evaluate with precision 
the size of these faults due to the model inaccuracies, evidence shows that these faults were indeed 
present in the system. The measured return riser temperature was systematically above 40 ºC when 
at least one loop was active, which shows that the mixed supply temperature setpoint was at least 40 
ºC and most probably higher than 42 ºC. In order to evaluate the order of magnitude of the flows in 
the individual loops, one can look at the measured metered flow when only one loop was active and 
consider that the real flow in the active loop was larger than the metered flow, due to the shunt 
recirculation. For example, on December 30th 2018 in Figure 6, the first peak in metered flow 
corresponds to the living room / kitchen loop and the second peak to Room 2 (this is shown by the 
open-close signal measured at the individual loop valves). The metered flow reached at maximum 
respectively 0.075 kg/s and 0.05 kg/s: since the flows in the loops were larger than these values, this 
shows that they were indeed significantly larger than the design flows (according to the industry 
dimensioning tool used [66]: 0.044 kg/s in the kitchen/LR, and 0.017 kg/s in Room 1). 

In the following phase of the analysis, where the modelled heat output from the floor with different 
mixed supply temperature setpoints was calculated and compared to the heat demand, it is expected 
that the model bias had the same effect on each scenario: even though the absolute value of the 
calculated outputs is likely to be underestimated, the conclusions are expected to remain valid. 
Similarly, the calculated energy-weighted return riser temperature in the base scenario was 
underestimated by around 1.4 ºC due to the model bias. It is expected that this bias remained constant 
when calculating the energy-weighted return riser temperature in the other scenarios, and therefore 
it is possible to compare the different improvement scenarios and inform an operational change. 
However, a sensitivity analysis would be necessary to evaluate in detail the compared impact of the 
model bias on the different scenarios. 

The end goal for this method was to be integrated into a fault detection and diagnosis tool that could 
be installed in any dwelling equipped with water-based floor heating. The model was based on data 
from common devices such as thermostats and heat meters, and could therefore be easily applied to 
other buildings equipped with such devices. The pump current was also necessary, and could as 
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mentioned be replaced by a flowmeter measuring the total water flow circulated by the pump. Besides 
information on the pump, the model required the floor area of the different rooms, which is easy to 
obtain, as well as some information about the floor construction and floor pipe layout – but averages 
for a given building type and construction year could also be given. Therefore, the amount of data 
necessary to run the model did not make its application to other buildings prohibitive. One barrier to 
its widespread application was the use of the proprietary software Dymola; however, the model could 
be built on another open-source software compatible with the FMI standard. 

6. Conclusion 

This paper presents a novel method to detect and diagnose operational faults and inefficiencies in 
residential floor heating systems. The method required access to commonly available data from room 
thermostats, the heat meter and the heating installation’s circulation pump. This data was used to 
build a grey-box model of the end-user’s heating installation and to create virtual sensors in the 
system, permitting to detect pre-settings errors or faulty hydraulic balancing leading to excessive 
supply and return temperatures. The method was tested on an apartment in a low-energy building 
located in Copenhagen, Denmark. The grey-box model returned a satisfactory accuracy on two of its 
three output variables and underestimated the third (the return riser temperature) by an average of 
1.4 ºC (energy-weighted average). The virtual sensors created in the model showed that the system 
temperatures were excessively high due to the high chosen value of the temperature setpoint 
regulating the water temperature in the floors (mixed supply temperature setpoint) and that the 
water flowrates in the floors were also too high, leading to insufficient cooling of the water in the 
loops. Different strategies were proposed to correct these faults and reduce supply and return 
temperatures. By modelling a decrease in the mixed supply temperature setpoint combined with a 
change in pump curve and an adjustment of the pre-setting control valves to decrease the flowrates 
in the loops, the modelled return temperature could be reduced by an average of 6.5 ºC without 
compromising occupant comfort. 

Due to missing information on the system, the diagnosis and suggested improvements may not 
currently be accurate enough to be implemented in real conditions. However, this study is to the 
authors’ knowledge the first of its kind to propose an automated fault detection and diagnosis tool 
targeting system temperatures in residential floor heating installations. By collecting more data, such 
as the total water flow in the heating system, and by obtaining reliable readings of the mixed supply 
temperature setpoint, the model accuracy could be greatly improved and a more precise diagnosis 
could be given. Simpler systems could also be modelled using the same method. Ultimately, the 
developed model could be integrated into a fault detection and diagnosis device gathering operational 
data and providing occupants or operators with information and precise guidance on how to operate 
the system in the most efficient way. This would spare end-users the financial penalties due to high 
return temperatures and would permit to lift one of the barriers to the successful implementation of 
low temperature district heating on a large scale. 
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ABSTRACT 

This study aims at obtaining feedback from occupants of low-energy retrofitted houses concerning the indoor environmental quality (IEQ) and the building 
systems in their homes. A questionnaire study was carried out in a social housing complex consisting of 2007 single-family houses, of which 1305 were 
retrofitted between 2014 and 2019. The different retrofitted houses were equipped with two types of heating systems, as well as balanced mechanical 
ventilation with two inlet locations. The questionnaire was sent to both retrofitted and non-retrofitted houses, and focused on four aspects: (1) thermal comfort 
and indoor air quality, (2) perception of the usability of the heating and ventilation systems, (3) adaptive actions in case of discomfort, and (4) interest in 
obtaining information about IEQ and building systems. 

The results show a large improvement in satisfaction with IEQ in the retrofitted houses compared to the non-retrofitted houses, apart from overheating in 
summer and drier air. The type of heating and mechanical ventilation does not show a significant influence on the occupants’ adaptive actions in case of 
thermal discomfort, but occupants of retrofitted houses air out less frequently in winter. Occupants express a lack of sufficient knowledge about heating and 
ventilation systems in retrofitted houses. Floor heating is seen as more difficult to control than radiators. Mechanical ventilation with inlets placed on the 
top part of the walls generates more noise and draft issues than when the inlets are placed on the floor under the radiators. Finally, occupants of retrofitted 
houses are largely interested in receiving information on IEQ, energy use and systems’ status. This study highlights the need for more communication and 
guidance regarding the operation of technical installations in private homes. The usability and transparency of these systems should be major attention points 
in future residential retrofit projects. 

INTRODUCTION 

Reducing the carbon footprint of the built environment is a necessity in order to achieve national and European 
CO2 emission targets. While newbuilts have to comply with increasingly strict energy consumption requirements, retrofit 
of older buildings has been identified by the European commission as a priority (European Commission 2019). Besides 
the large energy savings that can be achieved, comprehensive retrofit has potential to improve greatly the indoor 
environmental quality (IEQ) and reduce health issues (Noris et al. 2013). In order to guarantee both efficient energy use 
and satisfactory IEQ, retrofitted dwellings are increasingly equipped with modern building services such as mechanical 
ventilation with heat recovery and floor heating. These systems come with new interfaces, often imply changes of 
practices (Korsnes, Berker, and Woods 2018), and require that occupants go through a learning process (Behar and 
Chiu 2013; van der Grijp et al. 2019). 

Several post-occupancy studies, both quantitative and qualitative, were carried out in new and retrofitted low-
energy dwellings. Most of them showed that occupants experienced improved indoor environmental quality (Knudsen 
and Kragh 2019; Mlecnik 2013; Thomsen et al. 2016). However, the building services were found to be the main source 
of occupant dissatisfaction. Comfort issues were frequently observed due to installation and operation failures of 



building services (Knudsen, Thomsen, and Mørck 2013; Mlecnik 2013), which highlighted a lack of systematic 
commissioning (Berry et al. 2014; Knudsen and Kragh 2019). Information and training on their operation were also 
found to be lacking (Behar and Chiu 2013; Hauge, Thomsen, and Berker 2011), which led to a certain mistrust towards 
automation and a low perceived control on the indoor environment (van der Grijp et al. 2019; Hauge et al. 2011). 

The present study aims at providing an updated picture of recently retrofitted dwellings seen from their occupants’ 
point of view, with a specific focus on usability of heating and mechanical ventilation systems. As retrofit efforts 
intensify in Europe, is the building industry able to provide retrofitted homes that are comfortable, healthy, and that 
occupants are able to operate in an energy-efficient way? A survey was carried out in January 2019 among 2007 houses 
in the Copenhagen area, in Denmark. Occupants were asked to rate their satisfaction with indoor environmental quality 
and the building services as well as to report on their adaptive actions and rate their interest in diverse proposals. 

METHODS 

Case buildings 

A questionnaire survey was distributed in a large social housing area in the Greater Copenhagen Area in Denmark. 
2007 houses were involved in the study. A large energy retrofit plan was ongoing in this area since 2014 and was carried 
out in four consecutive phases, each affecting a given area and with a slightly different scope. At the time of the studies, 
the first three phases of the retrofit were finished, giving three different retrofitted house types: A, B and C. The last 
phase of the retrofit was to be conducted until 2022; the remaining non-retrofitted houses correspond to type D. While 
type A houses were row houses on two levels, the other three house types were single-storey, semi-detached L-shaped 
houses with nearly identical geometries. A description of the four house types and of the characteristics of their envelope 
and building systems is shown on Table 1. 

Table 1.   Description of the Four House Types  
General properties Type A Type B Type C Type D 

Geometry Row houses Semi-detached Semi-detached Semi-detached 
Area (m2) 106 93 or 108 93 or 108 93 or 108 

Construction date 1965 1965 1965 1965 
Retrofit end date 2014-2015 2016-2018 2017-2018 Not retrofitted 

Renovation extent Type A Type B Type C Type D 
Rebuilding of upper floor X    

Roof Replaced  Insulated  
Replacement of windows X X X  

Insulation of external walls (non-structural) X X X  
Insulation of external walls (structural) X    

Filling of crawl space X X X  
Space heating Type A Type B Type C Type D 

Water-based radiators Bedrooms X X X 
Standard radiator thermostatic valve Bedrooms X X X 

Water-based floor heating Living room    
Central setpoint scheduling panel + room thermostats Living room    

Mechanical ventilation Type A Type B Type C Type D 
Balanced mechanical ventilation with heat recovery X X X  

Exhaust in kitchen and bathrooms X X X  
Supply: diffusers high on the wall X  X  

Supply: Grilles on the floor under radiators  X   
Constant air volume X X X  

Turbo mode activated by moisture sensor X  X  
Turbo mode activated manually X    



Questionnaire design, distribution and processing 

The questionnaire consisted of 113 questions, of which 15 were background questions, 81 were closed questions 
rated on a 5-point Likert-type response format, and 17 were open questions where respondents commented on their 
answers to the closed questions or precised them. The themes developed in the questionnaire were: thermal comfort in 
summer and winter; satisfaction with heating system usability; satisfaction with indoor air quality; satisfaction with the 
ventilation supply air quality; satisfaction with the ventilation system usability; adaptive thermal behavior in summer and 
winter; window opening behavior in summer and winter; and interest in diverse proposals regarding indoor climate 
information and control. 

This study was carried out in January 2019. The questionnaire was distributed to all 2007 houses in the social 
housing area in paper form. A letter was attached to the questionnaire, containing a web address and a QR code for 
respondents who wished to answer the questionnaire digitally. It was also possible to fill in the paper version and return 
it in several points located in the different neighborhoods of the area. A lottery was organized as an incentive to 
participate, with four different prizes to win (each had a value of about 100€). Two weeks after the initial distribution 
date, posters were displayed in each neighborhood with a reminder to participate. The deadline for participating was 
four weeks after the initial distribution date. After collection of the responses, all paper answers were digitized. Replies 
that were less than 70% complete were discarded. 

RESULTS 

Response rate 

After data collection and cleaning, 344 responses were considered usable for the analysis, giving an overall response 
rate of 17.1%. 201 of these were answered online and 143 in paper version. The individual response rates for each house 
type are shown on Table 2. 

Thermal comfort and indoor air quality 

Thermal comfort. The participants’ evaluation of thermal comfort in their living room and master bedroom, in 
summer and winter, is shown on Figure 1. Each stacked bar corresponds to a house type. The first three questions were 
related to the thermal sensation in three moments of the day, while the remaining two questions were related to excessive 
temperature fluctuations in time (temperature swings) and in space (temperature asymmetry). 

As expected, occupants of the three retrofitted house types A, B and C reported less cold discomfort in winter 
than occupants of the non-retrofitted house type D, for all periods of the day and for both living room and bedroom 
(Figures 1a and 1b). Temperature swings and asymmetry in living rooms were also greatly reduced with the retrofit. 
Differences in winter comfort between retrofitted house types were small, but type B houses seemed to offer the most 
comfortable and stable temperature. In their comments, several respondents mentioned cold discomfort due to draft 
from mechanical ventilation, in particular in living rooms. Notable comfort improvements are also seen in bedrooms; 
however, the gap between retrofitted and non-retrofitted houses was less striking. Indeed, cold discomfort and excessive 
temperature swings were less frequent in bedrooms than in living rooms, across all house types. 

In summer (Figures 1c and 1d), overheating issues were reported in all house types, all rooms and across the day, 
even though house type C offered the most satisfying thermal conditions. The non-retrofitted houses (type D) came 
second, whereas retrofitted house types A and B caused the largest overheating issues to their occupants. Type A houses, 

Table 2.   Participation Figures 
House type A B C D ALL 

Number of houses 552 495 258 702 2007 
Number of usable responses 69 78 94 103 344 

Response rate (%) 12.5 15.8 36.4 14.7 17.1 



which were row houses on two floors, had the highest share of very dissatisfied occupants regarding overheating; in 
particular, evening temperature was systematically too high in bedrooms for 40% of them. In general, occupants suffered 
more often from overheating problems in bedrooms than in living rooms, pointing at a need for colder temperatures at 
night. Several of them wrote in the comment section that they had issues sleeping, as temperature was very high and 
they did not dare keeping windows open all night out of safety concerns. Finally, excessive temperature fluctuations 
were more frequent in summer than in winter; in their comments, residents explained this by larger solar gains.  

Indoor air quality. Figure 2 shows the respondents’ evaluation of indoor air quality in their houses. All three 
retrofitted house types offered comparable air quality satisfaction to their occupants, and the improvement with regards 
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Figure 1 Thermal comfort: (a) in the living room in winter, (b) in the master bedroom in winter, (c) in the living 
room in summer, (d) in the master bedroom in summer. 

Figure 2 Indoor air quality perception. 

a)   b)   

c)   d)   



to the non-retrofitted case is visible – most critically as to air humidity, and to a lesser extent as to air heaviness and 
smell. On the contrary, excessive air dryness was experienced more frequently in retrofitted houses. Presence of dust in 
the air was experienced relatively similarly in all four house types, arguably due to the ongoing retrofit works in the area. 

Usability of building services. Figure 3 shows respondents’ satisfaction with the usability of the heating and 
ventilation systems in their homes. Type D houses did not have mechanical ventilation and were therefore not asked 
these questions, hence the gray bars in the ventilation section. As seen on Figure 3a, radiators in retrofitted houses (types 
B and C) were perceived as more easy to use efficiently and reacting faster than radiators in non-retrofitted houses (type 
D) – this may in part be due to the difference in envelope quality rather than the radiators themselves. However, about 
25% of the occupants in retrofitted houses felt they did not have sufficient knowledge to operate radiators. As to the 
floor heating in type A houses, it was perceived as more difficult to use than radiators in house types B and C, and its 
reaction time was judged as severely as that of type D radiators. 25% of occupants stated lacking knowledge to operate 
the floor heating; however, interest in its operation was the largest (together with type C). In their comments, several 
respondents mentioned being irritated by the difference in floor temperature from room to room, due to the presence 
of one thermostat per room. In type D houses, preferences in terms of heating control were almost perfectly distributed 
among the five levels of automation proposed. Conversely, less than 20% of occupants of retrofitted houses wished a 
higher degree of automation: occupants of these houses were generally in favor of unchanged or more manual control. 
The setpoint control system in place in type A houses, offering setpoint scheduling together with manual adjustments 
centrally or at room level, was the one giving the largest share of satisfied occupants. 

Occupants’ opinion on ventilation system usability was more negative than on heating system (Figure 3b). Lack of 
sufficient knowledge to operate it was very strongly expressed in house types B and C, where the change to ventilation 
was done the most recently and where ventilation was not user-controlled. The overall interest in the system was 
however large in all three house types. As to the preferred level of control, type A houses were again those where the 
current mode of control (moisture-controlled turbo mode with a possibility of manual activation) was the most 
satisfying. In type B houses, where ventilation operated with a simple CAV mode without any moisture control, about 
25% of occupants wished more automation (possibly moisture control), while more than 60% would prefer manual 
control on the ventilation operation. In type C houses, which had CAV ventilation with automatic moisture control in 
the bathroom, this share was over 75%, while less than 5% wished more automation. A combination of automatic 
pollutant removal and manual user control thus seemed to satisfy occupants the most. In the comments section, several 
occupants regretted a lack of detailed information and guidance on heating and ventilation operation after move-in. 

Figure 4 shows the respondents’ evaluation of the ventilation air supply in retrofitted houses. Occupants responded 

b) VENTILATION a) HEATING 

Figure 3 Usability of (a) heating systems and (b) ventilation systems. 



similarly when asked if the ventilation air was too cold or if ventilation created draught; these issues were the least 
frequent in house type B, where air supply occurred at floor level. In house type C, some respondents commented on 
inappropriate diffuser placement (above the sofa area). Almost none of the respondents were concerned with the 
ventilation supply air being too warm or carrying unpleasant smells. About 25% of respondents indicated frequent 
problems with dusty ventilation air, about the same as for the question related to presence of dust in the air. Finally, 
occupants of house type A were more often disturbed by noise from the ventilation system than their neighbors.  

 Occupant behavior. Occupants were also asked to report the frequency of adaptive actions in case of cold 
discomfort in winter and of warm discomfort in summer. However, it was found that occupants rather reported the 
frequency of these adaptive actions in general, and therefore the answers were largely correlated to the frequency of 
discomfort itself. Therefore, Figure 5a and Figure 5b show the ranking of the four proposed options in terms of 
adoption frequency for each season. The options mentioned with equal frequency were give the same ranking. Adapting 
one’s clothes to the season was one of the actions most often chosen by occupants, both in summer and in winter and 
in all house types. In winter, the type of house and of heating system did not significantly affect the thermal adaptation. 
Turning heat up was in the top two choices for about 80% of residents, while very few of them used an extra heater. In 
summer, opening windows to cool down was priviledged by most of the occupants. Closing blinds and turning on fans 
were prioritized higher by occupants of retrofitted houses than occupants of non-retrofitted houses, with occupants of 
type A and B houses (who suffered the most from overheating) resorting to these actions the most frequently. 

 Respondents were also asked how often they aired out by opening windows in winter and in summer (Figure 5c). 
Over 90% of all occupants aired out several times a day in summer (most probably keeping windows and doors open a 
large share of the day). Airing out in winter was also a daily practice for most respondents, even though the improved 
indoor climate after the retrofit and the installation of ventilation made airing out practically unnecessary for about 15% 

Figure 5 Adaptive actions in case of thermal discomfort (a) in winter and (b) in summer; (c) airing frequency. 

a) If you feel too cold in winter, you: b) If you feel too warm in summer, you: 

Ranking of actions (by frequency): 

c) How often do you 
open windows to air out? 

Figure 4 Satisfaction with ventilation air supply. 



of respondents in retrofitted houses (which they explicitely said in the comments section). Meanwhile, 35 to 50% of the 
respondents in retrofitted houses aired out several times a day in winter in spite of the presence of mechanical 
ventilation, possibly indicating some routines that were independent from the actual air quality. 

Indoor environment and energy use visualization. The last section of the questionnaire contained a set of 
proposals for services aiming at providing occupants with in formation, control and diagnosis tools regarding their 
heating and mechanical ventilation systems. The detailed proposals are shown in Table 3. The occupants were asked to 
what extent they were interested in such proposals; their responses are shown in Figure 6. 

All of the proposals were overall met positively. The most popular proposal overall was Proposal 4, related to 
automatic fault detection and diagnosis, possibly highlighting the lack of confidence occupants had in the good 
operation of the building services. The proposal gathering the most disinterest was Proposal 3, offering control of 
heating and ventilation systems via a mobile application. A large share of the respondents being elderly and retired, it is 
possible that the latter would have gathered a larger interest if made to a younger, more digital audience – but the data 
collected does not permit to verify this hypothesis. For all of the proposals, occupants of the non-retrofitted houses 
(type D) were among those showing the least interest for the proposed tools. An explanation was given in the occupants’ 
comments: they knew that their houses were about to be retrofitted and did not see the interest in obtaining new tools 
to handle the indoor climate before the retrofit. 

LIMITATIONS 

The questionnaire yielded a relatively low response rate (17.1%). A probable reason for this was the length of the 
questionnaire: while most of the questions permitted to gather relevant data, some of them could have been avoided. 
For example, asking for satisfaction with the building systems’ usability in both living room and bedroom, or asking 
about cold discomfort in summer and warm discomfort in winter, did not highlight any relevant nuances. Some 
questions were not understood well by the respondents and should have been formulated differently. The questionnaire 
was tested by several persons before distribution (including persons not belonging to the university), but this testing 
process could have been made on a larger scale and with an even more diverse test group. Because of the low response 
rate, the findings expressed here cannot be generalized to the entire population of retrofitted house tenants. However, 
this questionnaire may be used by other researchers on other target groups in order to obtain, collectively, a reliable 
picture of the impact of energy retrofit and new building technologies on occupants’ satisfaction and comfort. 

Table 3.   Five proposals on information, diagnosis and control 
Proposal 1 To receive advice regarding the control of the indoor climate 
Proposal 2 To be able to visualize the temperature and air quality in your home 
Proposal 3 To be able to control heating and ventilation via an app 
Proposal 4 To have a system that automatically identifies the operational errors in the building services 
Proposal 5 To know how much energy you use in comparison to your neighbors 

Are you potentially interested in: 

Figure 6 Interest in the five proposals. 



CONCLUSION 

A questionnaire was distributed to 2007 social housing tenants living in four types of retrofitted and non-retrofitted 
houses, yielding a response rate of 17.1% (344 respondents). Indoor environmental quality was overall greatly improved 
after the retrofit; however, retrofitted house tenants were more affected by overheating, in particular in bedrooms, and 
perceived the air as being too dry more frequently. The new radiators installed in retrofitted houses were judged efficient 
and easy to use, while floor heating was considered slightly more difficult to use and reacted slower. A large number of 
respondents expressed a lack of knowledge about ventilation system. As to control options, programmable thermostats 
were the most praised by occupants; and for ventilation the combination of automated moisture control and a manual 
turbo mode. Some draught and noise issues from ventilation were reported by a share of respondents, but such issues 
were less frequently reported when ventilation was provided from the floor via grilles under the radiators. 

Neither the retrofit nor the type of heating system showed any significant impact on occupant behavior in case of 
cold discomfort, whereas the increased frequency of overheating in some retrofitted houses made respondents adopt 
more adaptive actions in summer. A share of respondents reported airing out less after moving into a retrofitted house, 
while most of them carried on with their routine. Finally, respondents overall expressed a large interest in receiving 
more information and advice about indoor environment, energy use and possible building services failures, particularly 
in retrofitted houses. These findings highlight the importance of informing and training occupants, as well as providing 
them with usable and transparent indoor climate control options, in order for retrofitted houses to be both energy 
efficient and comfortable. 
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ABSTRACT 
When implementing or studying building controls and interfaces in the field, researchers often witness first-hand human-
building interactions from operators and occupants. While current comfort and occupant behavior models are able to explain 
some of these interactions, many fall under the fields of psychology, sociology and other humanities, which can be difficult for 
building technology researchers to interpret. Likewise, some causes of dissatisfaction, for example those linked to occupants’ 
acceptance of automated solutions or interface usability, may not be captured by existing evaluation frameworks for indoor 
environmental quality. These behaviors remain either unmentioned or are brought up solely as anecdotes in the majority of 
building science research and are rarely explored in depth, despite their potential to critically impact the success of building 
controls and interfaces in real-world conditions. To address these gaps, an international collaborative effort was conducted 
as part of the IEA EBC Annex 79, to gather stories from research projects around the world. This paper presents a pilot study, 
which offers a new framework for story collection using an online collaborative platform for planning and brainstorming. 
Through a series of prompts designed to encourage storytelling, researchers were invited to share anecdotes of unexpected 
operator or occupant behaviors, and to reflect upon their experiences and others’ stories. First, the anecdote collection 



framework is described, followed by an analysis of stories from the pilot study, which is based on an inductive qualitative 
approach. The disconnect between researchers’ expectations and the reality of occupant behaviors was seemingly driven by 
factors that can be broadly grouped into three primary categories: (1) faults in building systems, (2) complexity of IEQ 
perceptions due to interpersonal variation and interplay between different IEQ factors; and (3) non-physical reasons for 
occupant dissatisfaction (e.g., due to their perceptions of the building systems’ complexity and automation).   

INTRODUCTION 

Evidence from diverse building types across the world shows that buildings often fail to fulfill occupants’ expectations 
in terms of indoor environmental quality (IEQ) and well-being, and as such, they are rarely operated in an energy-efficient way 
(Berry et al. 2014; Bordass, Leaman, and Ruyssevelt 2001; Pastore and Andersen 2019; van den Brom, Meijer, and Visscher 
2017). Although there has been major progress in occupant behavior modeling in the past decade (Yan et al. 2017; 2015), 
research on this performance gap demonstrates the difficulty in creating reliable representations of occupant preferences and 
behaviors in building design and operation. IEQ perception depends on a range of contextual and psychological factors that 
can be difficult to measure, such as perceived control over the environment, habits, usability of interfaces, or availability of 
information (Andargie, Touchie, and O’Brien 2019; Brager and de Dear 1998; Castaldo et al. 2018). There is therefore a need 
to tackle the influence of non-measurable factors on occupant satisfaction, and consequently on their behavior.  

An increasing interdisciplinary body of literature is recognizing the importance of these drivers of satisfaction and 
behavior, and has begun to integrate them into frameworks used in the engineering disciplines (Hong et al. 2017; D’Oca et al. 
2017). Yet, because these behaviors are difficult to quantify and measure, and not yet integrated into most classical occupant 
behavior models, corresponding unexplained occupant behaviors may not be systematically reported in building science 
research outputs, or they may be simply mentioned as anecdotal evidence. These unreported findings from research projects 
around the world could constitute valuable evidence of non-measurable drivers of satisfaction and behavior, and contribute to 
bridging the real-life discrepancy between expected and actual user satisfaction. 

The work reported in this article is the result of an international collaborative effort carried out as part of the IEA EBC 
Annex 79 (O’Brien et al. 2020). The aim was to collect evidence from researchers who directly witnessed occupant behaviors 
and resulting building interactions through a novel online platform, which was designed to encourage storytelling. Due to the 
complex nature of this research problem, an interdisciplinary qualitative research approach was selected. Interdisciplinary 
integration is defined as “the cognitive activity of critically evaluating and creatively combining ideas and knowledge to form 
a new whole...” (Repko 2008, p.344). Combining these varying disciplinary insights from multiple fields has enriched the 
overall outcomes of this research. The international team who conducted this research includes experts from the following 
fields: Energy Engineering, Building Engineering, Architecture, Industrial and Systems Engineering, Human Factors, Interior 
Design, Education, Construction Management, Civil Engineering, Urbanism, and Mechanical/HVAC Engineering. 

By analyzing stories from the field through this interdisciplinary prism, the goal of this work is to reach a holistic 
understanding of the reasons behind real-life successes and failures of building controls and interfaces, and ultimately to inform 
the design and operation of future occupant-centric building systems and interfaces. The present paper reports the insights from 
a pilot study testing the developed method. 

BACKGROUND 

Energy performance gap and representations of occupant behavior 

The building energy performance gap is defined as the gap between actual (or measured) and predicted (or simulated) 
energy performance (Pollard 2011). Identified causes of this performance gap include modeling errors, faults in the design and 
operation of building systems, and unexpected occupant behaviors (de Wilde 2014; van den Brom, Meijer, and Visscher 2017). 
Although, a recent comprehensive literature review by Mahdavi et al. (2021) claims that the role of occupants as significant 
contributors to the energy performance gap is not sufficiently substantiated by evidence. Others suggest that occupant behavior 
influences building performance (energy and comfort) through adaptive and non-adaptive behaviors (Hong et al. 2016). 
Energy-related adaptive actions include adjusting thermostats, opening/closing windows, turning lighting on/off, lowering the 
blinds. Non-adaptive behaviors include occupant operation of electrical equipment (i.e., plug loads), as well as building 



occupancy and movement through spaces (D’Oca, Hong, and Langevin 2018). A variety of models have been developed 
(Carlucci et al. 2020) to mimic these processes. However, a growing body of research points at inaccurate and simplistic 
assumptions made in the design and operational phases of buildings, showing that (i) current models of occupant interaction 
with their indoor environment are incomplete (Heydarian et al. 2020; Hong et al. 2017), and (ii) the existing knowledge is not 
fully translated into practice (D’Oca, Hong, and Langevin 2018; O’Brien et al. 2020). Several factors, reviewed below, are 
often noted for their impact on occupant behavior and satisfaction, and are at the same time poorly addressed in design practice.  

Information and education. Providing occupants with information on building operation and control has positive effects 
on IEQ satisfaction (Bordass, Cohen, and Field 2004). Similarly, it has been shown that occupant education and engagement 
is an important factor for building performance, especially in high-performance or net zero energy buildings (Day and 
Gunderson 2015; van der Grijp et al. 2019). Building operators also play an important role in meeting occupant comfort goals 
while operating building efficiently, and they need proper tools and knowledge to do so (Baker and Hoyt 2016). 

Perceived Control and Acceptance of Automation. Operating buildings based on occupant sensing and intelligent 
learning of their preferences is acknowledged as a promising solution to balance energy efficiency and comfort in buildings 
(Park et al. 2019). Yet, fully delegating indoor climate provision to an automated building system contains an inherent risk, as 
a large body of literature showed a relationship between occupants’ IEQ satisfaction and their perceived control over the indoor 
conditions (Boerstra et al. 2013; Brager et al. 2004; Luo et al. 2014). It is important to distinguish which part of a building 
control system should be under direct occupant supervision and which should be hidden (Karjalainen 2013). 

Human-building Interface. The next step is to design a suitable interface for this supervision. Usability and 
understanding of building interfaces are crucial for occupant–building interactions (Bordass and Leaman 1997; Karjalainen 
2007, Heschong and Day 2021) in the context of building performance. The proliferation of connected systems and multimodal 
interfaces (e.g., wall mounted and phone-based thermostats) necessitates greater understanding of relative human and machine 
strengths (Fitts 1951), human information processing (Wickens 1992), human technology acceptance (Davis 1989), and 
usability (Norman 2013; Hartson and Pyla 2012). 

Storytelling as a research method 

To investigate these issues, many researchers have applied qualitative and/or quantitative data collection methods 
including questionnaires, structured interviews, focus groups and expert walk-throughs (Leaman, Stevenson, and Bordass 
2010). Each of these methods has advantages (subjective data, benchmarking, etc.), but a common drawback is the ‘intrusion’ 
of the researcher in the discourse of the participants. To address this limitation, in exploratory research, narrative interviews 
allow the participants to tell their own stories in their own words. This method enables the collection of rich and detailed reports 
from participants on ‘what has happened?’ or ‘what is happening?’ (Lofland et al. 2006). Typically, a narrative includes a 
temporal ordering of events (beginning, middle and end) and goal directed actions. A narrative may be viewed as a reflection 
of a participants’ mental model as a verbal representation of the environment or problem described (Johnson-Laird 1983). A 
study by Kempton (1986) employed interviews as an exploratory tool to establish two theories of thermostat use and users’ 
mental models of their heating control. Here, the question might have been ‘what happens when using your thermostat?’ The 
users would either refer to a “self-regulated device” (feedback theory) or to a “continuously varying flow of heat” (valve theory). 
The present study builds on this method by using an online platform (www.miro.com) to gather researchers’ narratives of 
occupant behaviors and resulting building interactions. 

METHODOLOGY 

This study utilized a qualitative research methodology. Qualitative methods allow researchers to gather comprehensive 
descriptions of particular issues or areas of interest. Qualitative research results are not meant to be generalizable to other 
conditions or sites; rather, they are used to provide a robust understanding of a very specific problem. For this study, we 
designed a unique tool to gather stories from other researchers surrounding occupant behaviors. 

Data collection tool and participant recruitment 

The online collaborative platform Miro was chosen to collect the stories. The board can be viewed through the following 
link: https://miro.com/app/board/o9J_knN8H4g=/. Stories were collected by asking participants to fill in the board by following 



a series of prompts:  

• “My story takes place in...”- building-related information, such as number, type (e.g., office, residential, educational 
building) and location (e.g. city, country, continent);  

• “The technology or building system...”-  the technology or building system (e.g., ventilation system, connected 
thermostats, new control algorithms) in relation to the anecdote; 

• “Was this an existing system or did you implement it?” -  the research was not limited to new system implementations; 
both observational studies and interventions on existing systems were included;  

• “The goal with the technology/building system was to...” - the description of the original aim or the expected outcome of 
the technology in the experiment/intervention/observation study; 

• “In real conditions, what happened was...”- the description of the unexpected human-building interaction observed by 
the researcher, including details about how this information was gathered; 

• “Because...” - researchers were asked to interpret the unexpected phenomenon based on available evidence, their 
experience in previous experiments, and their scientific background. This was a fundamental section of the board, since 
the researcher had to search for a synthesis between their roles as director and spectator of real life implementations, 
attempting to find a coherent and scientifically-based cause of the previously described unexpected interaction; 

• “What is this interpretation based on?...” - this relates to the evidence based on which the researcher reached this 
interpretation (e.g., data collection, conversations, observations, personal experience);  

• “What we can learn from this story, and what should be done...” - relying on researchers’ expertise, fundamental lessons 
learned and best practice suggestions for future studies were proposed (e.g., about experimental design, interface usability, 
monitoring techniques). 

For this first pilot study, experts from the IEA EBC Annex 79, who were interested in this activity, were invited to fill 
the board with stories based on their direct experiences (e.g., experiments in which they took part directly). The access to the 
board was provided by a web link to the Miro board. Since the board was created with the intention of constituting a 
collaborative space, participants could fill in the table with their own story (in an anonymous way), but also read the ones 
shared by colleagues. This feature, which could influence participants’ storytelling, was intentional, since the aim was to 
encourage reflections by providing prompts from similar experiences. For this reason, before sharing the table, exemplary 
stories were provided as examples. The choice of targeting researchers instead of surveying occupants or building operators 
was also an intentional feature of this study. In fact, the aim of the work was to go beyond the collection of unexpected human-
building interactions by asking researchers about their personal interpretation (based on their expertise) of the reasons behind 
implementations success or failure, as well as suggestions for best practices. 

Data Analysis Process 

When conducting inductive data analysis, researchers build patterns, themes, and overarching categories using a bottom-
up approach. This inductive and iterative process allows the researchers to work back and forth between the data, the findings, 
the themes, other researchers’ thoughts, and the data once again (Creswell 2009). Our interdisciplinary team scheduled 
recurring Zoom meetings bi-monthly over the course of several months to work through this inductive analysis of the data 
using the original Miro board that contained all of the participants’ stories. The first phase of the inductive data analysis was 
conducted during a virtual workshop in which every participant identified relevant themes emerging in each story and reported 
them on sticky notes. All sticky notes were first placed aside each story without searching for any particular order. In a second 
stage, participants were able to arrange them and elaborate their personal framework of interpretation. Several individuals in 
the research team generated mind maps to document the way they were thinking about the data and processing connections 
between stories; the synthesis of these mind maps is illustrated further below in Fig. 2. This back and forth process was 
replicated, using several evolving Miro boards, moving virtual stickies around, and intense virtual conversations, until the 
research team had identified a comprehensive set of themes that adequately reflected findings from the written statements. The 
figure below illustrates this complex process, from the research question to the interpretation of the findings (see Fig. 1). 

During the data analysis process, particular care was given to ensure the reliability and the validity of the findings. 
Reliability relates to the consistency of the methodological approach adopted throughout the analysis (Creswell 2009). Each of 



the team members assigned codes to all of the stories, compared each other’s codes and discussed their interpretation together. 
Second, in order to ensure the validity or accuracy of the findings, several strategies were adopted. More weight was given to 
the themes that appeared in several stories. Moreover, the team members specifically tried to uncover and document their own 
biases linked to their background and previous experiences. The interpretation of the findings could then be interrogated in 
light of these different combined perspectives, with the aim of reaching a final output that was as unbiased as possible (Patton 
2009). As a consequence, the final mind map (Fig. 2) is an attempt to show the complexity of the reasons behind perceptions 
and behaviors in buildings, rather than to draw simplifying conclusions. 

 

 

Figure 1 Diagram illustrating the methodological process. The blue area refers to the collaborative team process. 

FINDINGS FROM THE PILOT STUDY 

Collected stories 

Annex 79 researchers collected eighteen stories for this pilot study. Most of them occurred in offices (10), one in an 
educational building and seven in residential buildings. Stories came from about ten countries (in three cases, the building 
location was not reported) and four continents: Europe (7), North America (6), South America (1) and Asia (1). Building 
performance data was not collected in detail, but the stories mentioned both typical systems and cases with advanced control 
systems or nearly zero energy buildings. Six cases described implementation of a new solution; the rest (12) were observations 
made in buildings with existing systems. Almost half of the stories (8) focused on ventilation systems (air supply or air velocity 
systems), another four focused on thermostats, and another three on more complex HVAC issues. Human interaction with 
lighting controls, energy feedback displays and sensors were represented by one story each. 

The stories were told by researchers based on different methods. Four of the stories were indeed anecdotal cases coming 
from informal conversations or observations. Two of the stories were based on qualitative methods: (semi-structured) 
interviews or surveys while four were solely quantitative methods - measured data. However, half of the cases (9) were based 
on a mixed method approach, where both quantitative and qualitative research were performed. 

Interestingly, only one story was presented as successful. Researchers implemented a new temperature control system in 
the existing building. The system learned occupant thermal preferences in their offices based on monitoring of occupant-
building interaction. As a result, the system adapted to occupants’ demand and also achieved energy savings. The remaining 
stories conveyed problems or unsuspected behaviors. 

Insights from the stories 

The mind map in Figure 2 showcases the major themes and connections uncovered during the collaborative working 
sessions. Using an inductive approach, we categorized the major themes from each story. Each circle’s size represents the 
number of stories associated with that category, while the connecting lines represent the number of stories that are common 



between the connected categories. We chose to highlight the major connections in the graphic, but other connections did exist 
(two stories or less) that are not shown here. Because nearly all of the stories collected indicated some sort of failure of a 
technology (either existing or implemented), this mind map primarily tells a story of the challenges and failures related to 
building technologies. As we collect more stories, we expect to categorize and connect more themes, both positive and negative. 

In the mind map, the most important topics and the strongest connections among them become clear. The main gaps 
observed are the frustration of researchers' expectations and the inability to understand or predict occupants' demands. The 
stories illustrated different reasons for such discrepancies between researchers’ expectations and reality, which could be 
classified in three categories: (1) faults in the building systems, both because of inadequate functions and poor quality of the 
final product; (2) the complexity of IEQ perception due to interpersonal variation and the interplay between different IEQ 
dimensions; and (3) non-physical reasons for occupant dissatisfaction, linked to their perception of the building systems’ 
complexity and automation, their previous habits and experiences, and their sometimes conflicting relationship with the 
researchers. 

 

Figure 2 The mind map showcases the methodological process and emerging themes. Connections have only been 
drawn between themes if they were reflected in 3 or more stories. 



The connection lines provide an added layer of insight between the themes. Among the gaps and their causes, the most 
recurrent connections are between researchers' expectations and design faults, optimal individual vs collective IEQ, followed 
by limited knowledge and information on HVAC. The connections between the stories are complex and varied, thus the best 
way to explore these connections is by highlighting some examples. 

Connection: Experts’ expectations not realized - Design and operational faults. In story #11, smart thermostats were 
implemented in a multi-unit residential building to reduce suite energy use by increasing the functionality of the interface. The 
occupants were observed to have frequent interactions with their thermostat (in one case over 400 times in a 4-month period) 
as well as unexpected window and door behaviors. After investigation, the researchers found that most of the room loads were 
provided by the pressurized corridor, lowering the thermostat's effectiveness. Control devices such as thermostats cannot 
provide effective comfort or energy savings when the building systems are not commissioned properly. 

Connection: Occupants' priorities are not those we imagine – Perceived control. In story #13, desk fans were 
implemented to improve localized thermal comfort in an open-plan office. The occupants indicated that noise was a barrier to 
use them and typically only used the fans on their lowest settings. People's satisfaction with their air movement increased 
during this study, but thermal comfort was not significantly impacted. The occupants prioritized acoustic comfort for 
themselves and their neighbors, and the full potential benefits of perceived control over thermal comfort were not realized. 

Connection: Occupants' priorities are not those we imagine - Limited knowledge and information on HVAC - Interface 
usability and accessibility. Story #7 investigated the use of thermostatic radiator valves in dwellings, designed to keep rooms 
at a constant temperature. Many residents were using the valves as an on/off device, which was not the intended use. Occupants 
seemed to value the reactivity of heating systems more than the possibility to achieve constant heat. The researcher who told 
the story speculated that providing occupants with information and a more intuitive interface design could promote a more 
energy-efficient use of these devices. 

The solutions suggested by storytellers included boosting the interface usability and accessibility, and engaging and 
educating occupants on how the system works. This means both the faults and the solutions are shared between the researchers, 
designers and users. Comparing the issue of expectations against proposed solutions, we perceive that researchers have to 
develop multiple capacities. When evaluating occupants' comfort, they need to understand how to design a system and its 
interface; how to engage users; and how to make an educational campaign. For this purpose, new skills are needed, including 
knowledge about the most effective strategies, which may go beyond researchers' field of study or training. 

Different perspectives on the same data 

As previously described, the iterative process that led to the development of the final mind map was characterized by 
several moments of individual and collective work. Inductive analysis, in particular, was conducted partly singularly, partly in 
small groups and partly in plenary sessions. It is interesting to note the variability of coding approaches and visualizations that 
different members of the group proposed. During the first coding stage, a variety of approaches could be recognized, e.g., some 
participants selected keywords contained in the stories, others summarized a relevant theme in a short sentence, etc. In the 
second stage, where the sticky notes containing the codes were organized individually by each participant, a variety of 
representations could be recognized (e.g., mind maps, tables and flow-charts). Some researchers chose flow-chart 
schematizations, in an effort to recognize the  presence of causal relationships, from the recognition of the problem to its 
collocation within certain boundaries and the identification of possible solutions (Lloyd and Solak 2003). The organization of 
data in tables was also a useful tool to progressively relate different stories and recognize patterns. Finally, mind maps, as 
‘visual, non-linear representations of ideas and their relationships,’ were chosen by other researchers as they allowed a 
comprehensive representation of the complex connections between items, also offering innovative ways to look at underlying 
unexpected relations (Biktimirov and Nilson 2006). The variability of representations allowed the team to uncover different 
ways of processing the data. All the representations and analyses of the dataset offered tangible sources for group discussions, 
such that the final version of the visual framework can be considered as an integration of all the previous approaches (Franco 
2013; van Beek et al. 2020). 

Some interesting observations became evident through the analysis of the stories. Firstly, the original stories were told 
from a singular subjective perspective, that of an individual narrator, which in some cases was an occupant and in others an 
observing researcher. The content of each story was then largely based on discrepancies between the expectations or knowledge 
of the main character in the story and the reality in the building. The subjectivity of a story became obvious in one example 



where occupants had an individual setpoint temperature control in each office, but were not using it, as it did not seem to have 
much effect. From an occupant perspective, there was a discrepancy between expected and real response of the system. A 
facility manager however, who was aware that several offices were zoned together, sharing VAV ventilation (effectively 
preventing individual control), might have expected this behavior. Second, the interpretation of these stories by the authors of 
this paper contextualised the individual stories, in this case by grouping them according to the cause of the discrepancy between 
expectation and reality. In contextualising the subjective individual stories, the authors of this paper added an additional 
perspective on the subjective narrative. As this contextualisation was a collaborative process, more perspectives were 
considered than would have been possible with a single researcher conducting this process.  

DISCUSSION AND CONCLUSIONS 

This pilot study, which collected eighteen stories from research projects around the world, enabled our international and 
interdisciplinary team to identify three main reasons for the gap between expected and actual occupant behaviors and 
satisfaction in the studied buildings, to draw connections between them, and to gather researchers’ proposed solutions to these 
issues. The work presented in this article is a preliminary study, and now that the process and method have evolved, a second 
phase of data collection and semi-structured interviews will follow. This method has potential to uncover aspects of occupant 
behavior in buildings that are rarely studied in depth: indeed, some of the collected stories had never been reported in research 
articles, but they helped reveal the bigger picture of occupant interactions with building systems.  

A key observation from this research was the importance of multiple perspectives when researching human-building 
interactions. Occupants’ perspectives and priorities were not always understood by the researchers, building designers or 
operators, who had their own view and metrics of good building operation. The researchers who told the stories, and those who 
analyzed them, introduced a next level of subjectivity and new perspectives on the findings. Each perspective can only offer a 
part of the truth, and multiple perspectives together reveal a bigger picture. Individual stories highlighted the range of diversity 
of perspectives, whereas the contextualisation offered deeper insights into the system dynamics of human-building interaction. 
This research suggests that relying on a single reading lens for building design and operation, but also in building research, 
contributes to the gap between expected and real occupant satisfaction in buildings. Designing truly occupant-centric buildings 
may require acknowledging the different players’ biases and gathering more knowledge on occupants’ perceptions, needs and 
preferences directly from the field, both in qualitative and quantitative forms. 

The data collection method also showed some limitations. The intention of the project, to focus on stories, implied a 
certain bias towards reporting failures as opposed to success stories. As mentioned above, we observed that the stories tended 
to focus on discrepancies between the expectations or knowledge of the main character in the story and the reality in the 
building. It appears that the use of the term “story” indicates that the bigger this discrepancy, the more of a story there is to tell, 
whereas a match of expectations and reality (=success) might be more associated with a “report.” This is perhaps related to the 
expectation that the research will confirm the hypothesis that underlies it, and that a negative result is not well regarded. In 
general, publications highlight the successes of the research as its greatest contribution. However, for the development of 
knowledge, both positive and negative results are important for future research. In this sense, the proposed tool fulfilled the 
role of providing an environment in which the researchers felt comfortable to share weaknesses in their research. This process 
offered the possibility of discussing them and identifying ways to improve research procedures related to occupant behavior. 
The identification of solutions will however require a more in-depth analysis of the stories to fully understand their context in 
more detail. Furthermore, as other stories are added to the platform, it is expected that recurring points change and the 
relationships between them expand and are redefined. This iterative process will be important for discovering new connections 
and verifying others. As data collection continues, a point for improvement is to promote the board as a space for exchange 
and make its objective clearer so that it may also gather positive stories and knowledge that respondents want to pass on.  

Given the valuable insights from this pilot study, we plan to promote this story-gathering platform within the IEA EBC 
Annex 79, related conferences, and the broader academic community. We aim to gather approximately 100 additional stories 
from researchers. Using the contributions, we will expand the analysis described in this paper and further enrich our findings 
with semi-structured interviews and focus groups. The end goal of this research is to create a comprehensive guide for the 
implementation and operation of building technology. We will identify the root causes and target sources of challenges, such 
as system commissioning, interface design, HVAC complexity, and occupant education campaigns. By focusing on the users 
of buildings, we believe continued efforts on this research will address a critical gap in the building industry. 
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Abstract. This work suggests a method to evaluate residential building occupants’ neutral 

temperature in winter based on their interaction with their heating system. [1] 

This study applies the developed method on eight new, low-energy apartments in Copenhagen, 

Denmark. A set of indoor temperature, heating setpoint, window opening and floor heating valve 

opening data was collected from mid-January to the end of April, spanning through a large part of the 

Danish heating season. Semi-structured interviews were performed with occupants of three of the 

eight apartments in order to understand their use of their heating system. 

This preliminary study permits to highlight the potential and the current limitations of the proposed 

method, both for neutral temperature estimation as such and for applications in optimizing the energy 

flexibility provided by the building. This article suggests directions for further elaboration of the 

model. The main two influential factors highlighted here affecting setpoint adjustment are the 

occupants’ acceptability of temperature variation and their ability to control the heating system. 

1 Introduction  

The residential building sector accounted for 26% of the 

final energy consumption of the European Union in 2016 

[1]. The need to reduce the residential energy 

consumption has led in Denmark to stricter building 

regulations, and consequently to the appearance of new 

low-energy residences sharing certain characteristics: 

high levels of insulation and airtightness, large thermal 

mass, large glazed surfaces, as well as energy-saving 

building systems such as floor heating [2]. 

These new residential buildings are also expected in a 

close future to tackle the issue of the stability of energy 

systems including a high share of renewable energy 

generation. Buildings, because of their large energy 

consumption and their thermal inertia, are increasingly 

seen as a source of flexibility for the energy grid. For this 

to be possible, the distribution system operators must be 

able to know with a given certainty when and for how long 

households need to consume energy before occupants’ 

comfort starts to degrade – which implies that the latter 

must be accurately defined. 

However, it is widely recognized that there exists a 

gap between the predicted energy consumption of a 

building and its actual consumption once in use, and that 

occupant behavior bears a large responsibility in this gap 

[3, 4]. Preferences in terms of indoor conditions are 

indeed extremely variable from person to person and from 

dwelling to dwelling [5, 6]. Moreover, new building 

system types, seldom present in older houses and 

apartments, are unknown to many occupants. They are 

sometimes perceived as being more complex to use than 

their predecessors [7]. 

There is therefore a critical need for a method to 

investigate building inhabitants’ comfort preferences at 

the individual level, in order to be able to design flexibility 

strategies that do not threaten occupants’ comfort and 

well-being.  

Defining occupants’ comfort temperature range is 

mostly studied in a statistical way, starting from Fanger’s 

PMV model [8]. The adaptive comfort theory [9] focuses 

mainly on office buildings, but some studies have also 

been made on residential cases, showing a wider and in 

some places lower comfort range than in offices [10, 11]. 

The adaptive theory has also been adapted to winter 

conditions by Peeters et al. [12]. Both PMV and adaptive 

theories intend to define the indoor conditions that are 

accepted by the majority in a large population, but do not 

go down to the individual occupant’s level. 

On the contrary, personal comfort models, such as 

those detailed by Kim et al. [13], aim at being applicable 

to any individual occupant. Most of them are directed 

towards office spaces and rely on indoor climate 

measurements combined with thermal sensation  

questionnaires [14–16], which can only be administered 

in relatively small samples and can be quite intrusive. 

With the emergence of smart thermostats, a large 

amount of insider data is potentially available about 
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occupants’ actual comfort-regulating actions, permitting a 

better understanding of their individual thermal comfort 

preferences. Huchuk [17] collected indoor climate data as 

well as setpoint data from over 10.000 ecobee smart 

thermostats and concluded on the effect of seasons and 

climate region on users’ preferences. Setpoint changes 

can in addition be used as an indicator of thermal 

discomfort, as done by Wyon et al. [18] in a covert field 

study: the impact of a disabled heat pump controller on 

occupants’ thermal comfort was evaluated by comparing 

the total number of heating setpoint adjustments during 

that week to that of a prior week. We believe that such a 

resource could be used further to improve the existing 

understanding of occupant comfort in homes and operate 

building systems accordingly in a flexible way. 

This study presents a method to evaluate occupants’ 

neutral temperature in winter based on their interaction 

with heating systems, together with an analysis of 

potential biases coming from non-optimal use, window 

opening and other adaptive strategies. The consequences 

of this behavior on the apartments’ flexibility potential is 

also presented. The case study is a new apartment building 

located in Copenhagen, Denmark. This paper presents a 

preliminary investigation carried out on several 

apartments in this building, comprising both sensor data 

collection and semi-structured interviews. 

2 Methods 

2.1 Case study building and apartments 

The case study building is an apartment block located in 

Nordhavn, Copenhagen, Denmark, that has been occupied 

since October 2017. Eight apartments were chosen, 

located on the same side of the building and therefore with 

similar orientation (Fig. 1). For reasons of confidentiality, 

the apartments and their respective occupants will here be 

called Apartment / Occupant A, B…, H, and the use of the 

feminine gender will be used for all occupants. The 

apartments have a similar structure but present some 

differences, seen on Table 1 and Fig. 1. The apartments 

are equipped with floor heating in all rooms. In each 

room, heating is controlled via a screen located by the 

door displaying the indoor temperature as well as an 

adjustable setpoint. When the setpoint is higher than the 

indoor temperature by at least 0.5°C, a pictogram appears 

and the floor heating valve opens. Moreover, the screen in 

each room also displays the local CO2 concentration and 

relative humidity. 

The balcony door in the living room is equipped with 

a sensor recording door openings; when the door is 

opened, instruction is given to the heating system to 

practically decrease the heating setpoint to 12°C, which 

triggers a heat cut-off. In the period where data was 

recorded, the system failed to restitute the latest setpoint 

after the balcony door was closed, and automatically reset 

the setpoint to 21°C. 

This study focuses on indoor conditions and occupant 

behavior in the living room (colored on Fig. 1). 

2.2 Data description  

Two sources of data were used. The first dataset came 

from a number of sensors that were set up in the eight 

investigated apartments. Data was collected in the 

occupied apartments from January 18th to April 30th 2018, 

covering part of a heating season. An overview of the data 

collected from these sensors is presented in Table 2. 

The second source of data was qualitative data 

collected during interviews carried out with occupants of 

three of the eight apartments (A, B and C). Interviews 

with Occupants A and B were carried out in person while 

the interview with Occupant C was carried out over the 

telephone. The interviews were semi-structured and the 

data consisted in interview transcripts. An interview guide 

was built in advance, with points of interest to touch upon 

gathered in four categories: personal background and 

moving process; opinion of the apartment; technical 

installations; control possibilities and smart systems. The 

interviews were carried out in Danish. 

2.3 Data preparation and processing 

 As described earlier, a balcony door opening was 

identified in the setpoint data by a data point at 12 °C, 

followed by a data point at 21 °C when the door was 

closed again. The decrease of setpoint to 12 °C was 

excluded from the data, and the point at 21 °C was also 

excluded if another setpoint change was recorded within 

the 6 hours following the closing of the balcony door. Past 

Data type Frequency of data points 

Air temperature (°C) Every 5 minutes 

Temperature setpoint (°C) Triggered by a change 

Balcony door opening Triggered by a change 

Heating valve opening status Every 15 minutes 

Apartment A B C D E F G H 

Living room type 1 2 1 1 1 1 1 1 

Floor 4 0 1 0 2 4 5 5 

3rd bedroom No No Yes No No Yes Yes No 

Extra room above No No  No No No No Yes Yes 

Fig. 1. Representative floor plans: living room type 1 with blue 

hatched 3rd bedroom (left), living room type 2 (right) 

N 

Table 1. Overview of the investigated apartments Table 2. Overview of the data collected from sensors 
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this period, it was considered that the occupant had 

deliberately let the setpoint decrease to 21°C, and 

therefore this change was recorded as a behavioral 

feature. 

When comparing the occurrence of punctual events 

(window openings, changes in setpoint) with temperature 

data (collected at fixed intervals), the last value of the 

temperature was brought forward and given the 

timestamp of the punctual event. 

The interviews were recorded and transcribed 

manually. The transcribed interviews were loaded into the 

qualitative data analysis software MaxQDA and coded.  

2.4 Simple neutral temperature estimation  

The method for estimating occupants’ neutral temperature 

presented here is based almost literally on the adaptive 

principle: “if a change occurs such as to produce 

discomfort, people react in ways which tend to restore 

their comfort” [9]. Focus was put on setpoint changes in 

the heating season, explaining them in this model by a 

proportional discomfort. The idea behind this theory is the 

following: the larger the discomfort, the larger the 

setpoint change, and therefore a large setpoint change 

implies that the neutral temperature is far from the current 

indoor temperature. As a result, the relation between the 

indoor temperature Tind and the corresponding positive or 

negative setpoint change ΔTset was approximated by a 

linear relation:   

 

   𝑇𝑖𝑛𝑑 = 𝑎 × ∆𝑇𝑠𝑒𝑡 + 𝑇𝑛          (1) 

 

The neutral temperature Tn is the temperature at which 

there is no need for a setpoint change (the intercept of the 

linear relation). 

The slope and intercept were obtained by performing 

a linear regression on the sensor data points. 

It is however shown in literature that multiple factors 

impact occupants’ feeling of comfort on top of the indoor 

air temperature: radiant surface temperature, air speed, 

metabolic rate, clothing level and relative humidity in 

Fanger’s PMV model [8], or outdoor temperature in the 

adaptive comfort theory [9]. Since the goal of this paper 

is to estimate comfortable indoor conditions by using 

easily available data, these parameters were not 

considered in the present model. Therefore, the calculated 

neutral air temperature must be complemented by a 

comfort range in which occupants can feel comfortable 

depending on the value of the previously mentioned 

factors. The following section will propose different 

possible ranges, calculated as different inter-percentile 

ranges of the distribution (central 50% to 90% ranges).  

3 Results 

3.1 General picture of indoor temperature 

Fig. 2 show the probability density functions (PDF) of the 

indoor air temperature for the 8 apartments. Even though 

the considered living rooms are similar in size and 

orientation, the observed indoor air temperature 

distributions are very variable. Apartment C has a very 

narrow temperature distribution, and so do Apartments B 

and F to a lesser extent. Some apartments show large 

temperature variations along the winter, as Apartments D 

and G. In Apartments A, E and H, most of the winter is 

spent in a 3-degree temperature range. The average indoor 

air temperature varies a lot from apartment to apartment. 

These dissimilarities can partly be explained by the 

differences exposed in Table 1, but are also a reflection of 

differences in occupancy (number of occupants and 

schedules), as well as the occupants’ different preferences 

and heat control strategies. 

3.2 Simple neutral temperature estimation 

Fig. 3 shows the setpoint changes performed during the 

winter season and the indoor temperature at which they 

were performed. The regression line is shown, as well as 

the calculated neutral temperature Tn. Several potential 

comfort ranges are shown, represented at the intersection 

of the colored regions (inter-percentile ranges 

corresponding to the central 50% to 90% ranges of the 

distribution) with the x-axis. 

The y = -x line (black dotted line) is also drawn (for 

reasons of visibility, the x and y axes have different 

scales), representing the following situation: if one feels 

two degrees too cold, one increases the heating setpoint 

by two degrees (no matter what the original setpoint was 

and how it compares to indoor temperature). The slope of 

the regression line for all eight apartments seems to show 

that occupants react much more strongly to uncomfortable 

indoor temperatures. One explanation to this slope is the 

defective reset of the heating setpoint after a window 

opening, probably making large setpoint increases and 

decreases (to and from 21 °C) more frequent than 

normally – even though the data filtering described in 

Section 2.3 partially eliminates this bias. 

The steep regression slope is also due to the fact that 

for all apartments, there is a range of temperatures around 

the neutral temperature where both positive and negative 

setpoint changes are registered. This shows that many 

factors influence one’s comfort perception and actions on 

heating, which will be investigated further in this article.  

Even though they were recorded during the same 

period, the number of setpoint changes varies a lot from 

apartment to apartment. The 8 cases can be grouped in 3 

Fig. 2. Probability density functions of indoor air temperature in 

the living room 
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categories: apartments with many setpoint changes and a 

small spread (C and H), apartments with few setpoint 

changes and a large spread (B, D, E, F and G) and 

apartments with many setpoint changes and a large spread 

(A). 

The first category could be interpreted as occupants 

with a large level of control of their indoor environment 

and precise expectations from it, who are able to adjust 

the setpoint to fit their well-defined preferences. The 

second category can be seen as occupants with a larger 

acceptability or larger adaptation capacity, who do not 

consider that they need to act more on their indoor 

environment to be comfortable. The third category seems 

to reflect an occupant with a very active interaction with 

the floor heating system, but who does not achieve a stable 

temperature, which may reveal a misfit between the 

occupant’s wishes and the performance provided by the 

heating system. The next section will investigate further 

one apartment in each of these categories (A, B, and C). 

3.3 Further explanation of setpoint changes 

3.3.1 Analysis of setpoint and window opening data 

Fig. 4 shows the actual setpoint changes and the indoor 

temperature at the moment of the change for Apartments 

A, B and C. Setpoint changes are represented by an arrow 

from the original setpoint to the final setpoint. Blue 

arrows represent a setpoint decrease while red arrows 

represent a setpoint increase. In the red area, heat is on 

(Tset > Tind + 0.5 °C) while it is off in the blue area. The 

middle zone shows the heating dead-band. 

In all three apartments, a large part of the setpoint 

changes occur from or to 21°C, which in most cases 

corresponds to a balcony door opening without setpoint 

adjustment during 6 hours after the closing. This can to 

some extent be interpreted as a negligence from occupants 

(and therefore constitute a bias in the data), but can also 

be seen as a deliberate strategy to cool down the apartment 

for a period.  An element supporting this last hypothesis 

is the small share of setpoint decreases that do not end at 

21°C: 13 (25%) for Apartment A, 3 (20%) for Apartment 

B and 5 (24%) for Apartment C: not increasing the 

setpoint after a window opening is the main way to 

decrease indoor temperature. 

Occupant A is from far the one interacting the most 

with heating setpoints. However, most of these 

interactions consist in changes from 21°C to 24°C and 

back, which mainly shows that Occupant A did not restore 

the original setpoint shortly after a window opening, but 

still had a routinized practice of setting it back to 24°C. 

She did so even when this action did not result in turning 

heat on (when the indoor temperature was already above 

23.5°C).  

For indoor temperatures below the calculated neutral 

temperature, a subsequent part of the setpoint increases 

(57% for Apartment A, 56% for Apartment B and 30% 

for Apartment C) result in turning heat on by setting the 

setpoint more than 0.5°C above indoor air temperature. In 

many cases, this implies increasing the setpoint above the 

usually chosen setpoint, which shows a deliberate attempt 

to turn heat on. This is an additional explanation to the 

steep slope of the regression lines drawn in Fig. 3: when 

feeling cold, occupants increase the heating setpoint until 

triggering the opening of the floor heating valve, in order 

to achieve a change. Apartment C is the one with the 

largest number of setpoint increases that do not start from 

21°C, potentially revealing a dissatisfaction with the 

current setpoint and a search for a better option. 

Fig.  5 shows the probability density function of 

indoor air temperature when only considering the time 

points when occupants open the living room window 

(balcony door) for more than 3 minutes (colorful bars and 

curve). The gray bars and curve represent the overall 

probability density function of indoor air temperature on 

the considered period (it is the same data as on Fig. 2). In 

Apartments A and B, the distribution of points 

corresponding to a window opening has a similar shape to 

the general distribution, but shifted by about 1.5°C 

Fig. 3. Amplitude of setpoint changes, corresponding indoor temperature and neutral temperature estimation 
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towards warmer temperatures, showing that warm indoor 

temperatures are a trigger to window opening. In 

Apartment C, the distribution in temperature of window 

openings is more spread than the general distribution, 

showing an overrepresentation of window openings for 

cold indoor temperatures, as well as for warm indoor 

temperatures (window opening is then expected to be a 

consequence of warm conditions). 

 

3.3.2 Further insights from interviews 

Occupant A used to live in a house with radiators, and she 

had difficulties adapting to the long time constant of floor 

heating. She felt this had to a certain extent discouraged 

her from regulating heating via the setpoint panel: 

“But I haven’t used it [the panel] a lot. Because 

there go so many hours before it works. So I just 

put on a sweater” – Occupant  A 

She also kept mentioning “turning on” and “turning 

off” floor heating. She was not very familiar with the idea 

of setpoint, and attached importance to the floor being 

warm as an indicator of the system working as expected. 

“I mean, it has to be really cold for me to turn it 

on. It is not so often that I have it on in the living 

room. […] Even though I think it would be nice, 

if the floor was warm sometimes.” – Occupant A 

She acknowledged sometimes forgetting to increase 

the setpoint again after closing the window. 

“Sometimes I say okay, I try to turn it on. So it is 

on, and then, because, you know, I need some 

fresh air, or to use the balcony, I open the door - 

and then I forget I turned it on, and so it is back to 

21°C” – Occupant A 

She also mentioned having to open windows in the 

winter to cool the house down due to regulating problems: 

“For example, I had turned it on, and then my 

children came to visit, and it was just so warm that 

they had to open the windows to just be able to… 

- In the middle of the winter? 

- Yes! [laughs] Because, I mean when it 

becomes 26-27 degrees, it is just too warm”             

– Occupant A 

Occupant B understood perfectly how heating was 

regulated based on indoor temperature. She was not 

particularly enthusiastic about it, but did not consider it a 

big issue – and did not mention the large time constant as 

a problem either. 

 “I mean. It works the way it should… but there is 

no guarantee to get heat. Or you should turn it up 

higher than air temperature [laughs]. And then 

there would only be heat in the floor as long as the 

air temperature is below, right. It is a bit…but I 

mean, it is fine, it is the right way to save energy 

– floor heating, I mean”. – Occupant B 

She chose to operate all rooms at the same 

temperature, meaning that the common setpoint could be 

chosen based on conditions in any room. 

Fig.  5. Probability density function of indoor temperature all winter long (grey) and at the moment occupants open windows (color) 

Fig. 4. Temperature setpoint, corresponding indoor temperature and calculated neutral temperature 

    
 

, 0 (201Web of Conferences https://doi.org/10.1051/e3sconf/20191110409)
201

E3S 111
CLIMA 9

4063 63

5



 

“We run the whole house with the same 

temperature. Yes, I think it somehow makes more 

sense than if you for example set a higher 

temperature in the bathroom – if you leave the 

door open then it keeps running in there.”                 

– Occupant B 

Occupant B also showed an interest in finding 

alternative ways to get fresh air without having to open 

the windows, in order not to waste energy. She found it in 

the small openings present on top of all windows: 

“We do have to get some fresh air inside, and I 

think that it [venting openings] is a very nice way 

to get a little bit of air inside without getting too 

much, right, without having to open the window 

and so on. We have a lot of those that we can 

open.” – Occupant B 

Occupant C had difficulties regulating the 

temperature. The main problem according to her was the 

temperature asymmetry within the living room: 

“It is a bit as if it was either on or off. So…close 

to the window, it is typically cold, and then you 

have to increase the temperature [setpoint] a lot 

before it starts to heat, and then it is almost too 

warm in the apartment.” – Occupant C 

Occupant C therefore did not manage to find the 

setpoint guaranteeing the most comfortable solution. She 

tried different setpoints one after the other but without 

result so far. 

“We have tried to increase by half a degree at a 

time, and then say, we try half a degree higher for 

three-four days and see how it works. So suddenly 

it turns on, and so it just gets really warm in the 

apartment. We tried to […] be a bit patient. But I 

mean, we had a sauna for three days [laughs]. On 

the fourth day [we said]: no, it just doesn’t work.”                     

– Occupant C 

Occupant C had a defective ventilation system for a 

period, and therefore she had to open windows to get fresh 

air – which can explain the spread distribution on Fig.  5. 

“I have opened the window and I often create a 

draft, because ventilation doesn’t work so well. 

[…] In winter I just do it for a shorter time 

[laughs]” – Occupant C 

3.3.3 Conclusion on heating regulation 

A deeper analysis of setpoint changes and of occupants’ 

own words reveal a number of factors other than 

temperature-induced discomfort with an influence on 

occupants’ interaction with heating systems, and that 

should be included in setpoint change interpretation. 

The complementary data regarding Apartment A 

confirms the hypothesis formulated based on Fig. 3: 

Occupant A has difficulties controlling the indoor 

temperature by adjusting setpoints. The main problem for 

her lies in the long response time of the floor heating 

system. Occupant B did not express particular concerns 

regarding the heating system and has understood that she 

is not expected to interact much with setpoints. The 

interpretation made out of Fig. 3 regarding Apartment C 

shows to be partially wrong: even though there is little 

temperature variation in the living room according to the 

sensor data, Occupant C experiences temperature 

asymmetry within that room, which results in 

dissatisfaction and frustration towards heating control. 

In this precise building, technical failure of the 

setpoint panel after window closing has a large influence 

on the number and nature of setpoint changes. Routine is 

also a factor to consider and to identify from the data. It is 

important as well to acknowledge that some occupants are 

not familiar with the concept of setpoint, and will adjust 

them just enough to “turn on” or “turn off” heating. 

3.4 Application: flexibility potential 

A simple scheme for “desirable flexible behavior” of 

apartments connected to the Copenhagen district heating 

system has been examined by the greater Copenhagen 

utility HOFOR as part of the EnergyLab Nordhavn project 

[19]. In this work, they define two periods for typical peak 

hours (06-09.00, and 17-20.00) where shifting of load to 

off-peak hours would be beneficial in terms of both 

system cost and environmental impact – the peak load 

currently being covered by expensive and polluting fossil-

fired burners.  

Fig.  6 shows the 10 – 90 % temperature quantiles for 

all days in the period divided into 30-minute intervals 

(red). Also shown is the total number of valve openings 

of the living room floor heating system (blue) and the 

positive setpoint changes of the occupants in the living 

room (green). The valve openings represent the moments 

of the day where the floor heating system is used – and 

thus where there is a potential for flexible consumption. 

The setpoint change bars show at what time occupants are 

actively trying to restore comfort by acting on the heating 

system. The temperature quantiles show the temperatures 

for all hours of the days in the period.  

Apartment A shows a much more frequent valve 

opening than the other two. Two hypotheses can explain 

this: the overall higher setpoint chosen (leading to valve 

openings particularly at night when indoor temperature 

drops below setpoint) and the frequent alternation in 

setpoint between 21°C and a higher value (Fig. 4). 

For Apartments A and C the patterns of valve 

openings have a pronounced dip during mid-day, which 

corresponds both to unoccupied hours and periods of high 

solar irradiance. For Apartment B the dip is less 

pronounced, and there are no valve openings at night. The 

temperature distribution shows that the temperature in the 

living room is close to the identified neutral temperature 

for all the apartments, but also that there is a certain 

variation and a tendency to overheating in the afternoon. 

Fig.  6 also shows that for the apartments under 

investigation, the habit of increasing the heating setpoint 

in the morning is in direct conflict with the desirable 

behavior as seen from the district heating system. 

Temperature tends to fall at night, and is in average below 

the neutral temperature as occupants get up in the 
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morning. This suggests that the idea of pre-heating the 

building as a way to shift load by starting heating in the 

night would have the dual benefit of bringing the room 

closer to the neutral temperature in the morning and 

shifting peak load to a more beneficial hour of the day. 

Thus, shifting load to the night hours for Apartments A 

and C would potentially lead to an increase in comfort. 

For Apartment B the current control strategy of the 

floor heating system causes it to place all heating during 

the daytime. Indeed, when only looking at the last setpoint 

chosen every day, it is seen that 94% of them are lower 

than 22.5°C, while this temperature is never reached at 

night – therefore no activations are registered at night. For 

this apartment the synergetic effect of heating earlier is 

thus even more relevant than for Apartments A and C. 

A re-design of the control strategy of the floor heating 

system based on e.g. fixed hour pre-heating could easily 

and cost-effectively be implemented for the apartments 

under investigation. This would have the potential benefit 

of reducing the load on the district heating system as well 

as limiting overheating. This is currently being tested in 

the apartments in Copenhagen. 

Such a system would however not respect the neutral 

temperature for those times where the temperature is in 

fact too high in the morning, which we can see from Fig.  

6. A more sophisticated approach would be to use a 

dynamic measure of the neutral temperature in 

combination with forecasted values for the indoor climate 

as it is done in e.g. predictive control methods. Combining 

the simple time-based load shifting strategy with Model 

Predictive Control (MPC) could lead to e.g. a full 

economic MPC where the needs of the district heating 

system are captured by a forecasted dynamic heating 

price. The proposed control strategy design is shown in 

Fig.  7. The development of such a control system to the 

point of implementation is an ongoing work in the 

EnergyLab Nordhavn project.  

4 Discussion 

Due to the small size of the dataset used in this example, 

no general conclusions can be reached about occupant 

behavior in low-energy homes, and the factors mentioned 

in Section 3.3. to nuance the interpretation of setpoint 

change constitute by no means an exhaustive list. The 

insights shown here are also very case-dependent; in 

particular, the faulty setpoint setback certainly had a large 

influence on the dataset. This issue is now fixed in most 

apartments, therefore future data collection in the same 

building will be more true to the occupants’ wishes. 

This work is a preliminary study exposing the method, 

potential applications and directions for developing the 

concept further. Future work will be based on a larger 

number of apartments and a longer collection period. 

More interviews will also be carried out until theoretical 

saturation is reached [20], and the possible biases 

observed will be integrated in the model. A more thorough 

investigation of the heating strategy employed in the 

apartments, also including data from adjacent rooms, 

would possibly reveal more insight into the differences in 

heating that take place in very similar apartments. 

Distinguishing different setpoint-indoor temperature 

relations depending on outdoor conditions, as suggested 

by the adaptive comfort theory, is considered for future 

investigations. Investigating the relation of setpoint 

changes to existing comfort metrics, such as predicted 

mean vote, is also envisaged. 

Fig.  6. Count of 15-minute valve openings in floor heating circuit (blue), count of positive setpoint changes by occupants (green) and 

daily temperature 10-90% quantiles (red) in the living room calculated for 30-minute windows. 

Fig.  7. Generic control system architecture to account for dynamic occupant neutral temperature, district heating needs and energy 

efficiency 
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5 Conclusion 

This study puts forward a simple method to estimate 

residential building occupants’ winter neutral temperature 

based on data that is expected to be largely available in 

the close future due to the spread of smart home 

thermostats: setpoint change data. Setpoint change 

amplitudes are used as a measurement of discomfort and 

neutral temperature is calculated accordingly. This simple 

method is followed by an analysis of the mechanisms 

behind setpoint changes in three newly built low-energy 

apartments as well as a study of window openings as 

temperature regulation. Finally, the consequences of the 

highlighted heating behavior on energy flexibility 

potential provided by these apartments are put in light. 

The case study permits to link setpoint adjustment 

behavior with thermal preference and to distinguish three 

occupant types. This article also highlights several 

instrumental factors to take into account when refining 

this method. Window openings are to some extent used as 

temperature regulation tools in the heating season and 

must be included in the model. Making heating 

technology in low-energy building more user-friendly is a 

necessity, not only for occupants’ own well-being but also 

in order to be able to use setpoint data to define comfort 

and plan for flexible operation of buildings. Educating 

occupants to these new systems can contribute to a 

smoother, more reliable and more sustainable building 

design and operation. 

 
This work is funded by Saint-Gobain Denmark, 

Innovationsfonden and Realdania as part of the first author’s 

PhD project. The data collection was carried out in the context 

of the research project EnergyLab Nordhavn funded by EUDP. 
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