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Life isn’t about inding yourself. Life is about creating yourself. 

George Bernard Shaw
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Preface

To control or not to control. That’s the question. Not just when designing or experiencing 

an indoor climate. But also when planning your PhD project, involving Master students 

in your ield or lab research, discussing your draft documents with your (co) promoter 
or when rewriting your thesis chapters.

When did my interest in control over indoor climate start? Maybe during the many 
building investigations that me and my BBA collegues were involved in during the 
last 20 years (with often the most severe problems when occupants could not control 
anything themselves!). Or before that when learning the tricks of the trade from Joe 
Leijten and Stanley Kurvers at my irst job as IEQ consultant for the occupational 
health and safety service of the Dutch government. Possibly it started during my Master 
project on the Sick Building Syndrome and ‘sense and nonsense of sealed façades and 
fully airconditioned buildings’. The latter at the faculty of Mechanical Engineering 
of the Delft University of Technology (under the inspired supervision of Prof. Jaap 
Bekker, dr. Dolf van Paassen and dr. Jan van der Kooij). My paranimf Arthur Bueno 
might even argue that my interest started earlier, during my irst year as a freshman 
in Delft listening daily to Joy Division (yes, you guessed it: ‘she’s lost control’ is my 
favorite Joy Division song). 

Or could it be that my fascination with adjustability of thermal and olfactory 
environments goes back even further? To the day (I was about 15) when I had to 
decide what subjects to choose at my secondary school, the Gemeentelijke Scholen 
Gemeenschap in Emmen. My father Piet Klaas Boerstra (who at the time was both 
vice-principal and study advisor at that school) suggested that I go for a combination 
of hard / technical subjects like mathematics and physics and soft / people oriented 
subjects like French and history. And so I did. Which was quite remarkable because 
at that age like many of my peers I was not used to doing exactly as my parents told 
me. Maybe this parental guidance during my adolescence years explains my interest in 
man-environment interactions?

My sisters Anke and Martine and my 2nd paranimf Ingrid van Schagen might argue that it 
is all just a matter of DNA. Combine a grandfather (Atze Ras) who was physiotherapist 
with a great grandfather from the other side (Pieter Murks Boerstra) who was carpenter 
and windmill builder, plus an unusual technical mother (Anke Christina Boerstra-Ras) 
who was born with 2 right hands and one day you’ll end up (?!) with a guy defending 
a PhD thesis about how building technology and ofice workers tease and please each 
other.

Wow. Talking about that (this thesis): it looks like a 5 year struggle has come to an 
end. Quite a challenge to combine a dayjob (running a small consultancy irm) with 
a nightjob (developing one’s scientiic skills running a PhD project) without loosing 
one’s head (yes, he’s lost control several times). But it was worth it. Not just because 
now I can inally order the new nameplate for our front door (with ‘dr. ir. Atze Boerstra’ 
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on it, next to ‘jf. Joke van Berkum’). But irst and for all because now oficially I 
know (or at least am supposed to know) how to think, argue and act systematically and 
scientiically. And last but not least: because now the gates of the international scientiic 
community are open for business (more iguratively than literally). 

A preface in a PhD thesis is not complete without acknowledgements. 

In my case (sorry Jan and Bjarne) the irst person I should mention is without doubt co-
promotor Marcel Loomans. Marcel, I know that I was not easy at times (at days even 
stubborn) and realize that controlling and/or coaching me has been a challenge. Having 
said that: I am quite sure that without you this thesis would not have made it out of my 
head into the real world. And for that I thank you, Marcel. If ever in the future I will be 
in a position that I oficially supervise Master students or PhD candidates you will be 
my reference. I really hope (but doubt it) that I then will be as patient, positive, wise 
and lexible as you were when supervising me on my long journey into the world of 
building science.

Jan Hensen is the next I should thank. Jan, irst of all thanks for allowing me into 
that fantastic truly international research group of yours. You really know how to 
run a smooth operation and really are an atmosphere maker (talking about creating 
comfortable indoor climates). One of the things I have enjoyed most about you was 
your unique sense of humor; maybe one day a good subject for an M2 project or even 
a PhD thesis by a science philosopher. I was and am very aware of the fact that from 
the start I was a bit of a black sheep and dificult to handle PhD candidate (wanting to 
do all kinds of things with questionnaires, statistics and conceptual models in stead of 
calculations, simulations and mathematical models). Thanks for the space and trust that 
you gave me. And yes, as you said it right at the start, it is true that at the end of a PhD 
project not the world around the PhD candidate has changed, instead the PhD candidate 

himself did!  

And then there’s Bjarne Olesen. Many don’t know this but Bjarne and I go back a long 
time. When I was a 23 year old Master student (yes, that is a while ago) my professor 
(Jaap Bekker) had arranged that I could visit another professor (Per Ole Fanger). And 
at the International Centre for Indoor Environment and Energy of the Danish Technical 
University (DTU) that was run by this other professor I met a couple of very inspiring 
Danish indoor climate researchers, one of them a charming guy with curly hair working 
for Bruell & Kjaer and later for Velta. Bjarne, I am honoured that you agreed to be one 
of my promoters. Thanks for supporting me, my PhD project and cheers for allowing 
me to run the experiment (with Marije te Kulve) at one of your ield labs in Lyngby. 
Did I ever tell you that I really admire the way that you manage to bridge science and 
practice for example in your standardization work? Let’s try this in Danish (the Danish 
I know from reading Tintin comic books, unskuld about that): tusind tak, for Syv Søren!

Preface
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Let me end with thanking the other important people:

Marije, Richard en Patrick: thanks very very much for your support, your hard work 
and your intelligence during respectively the laboratory study (see chapter 6) and the 
ield study (see the chapters 4 and 5). I really meant it when I said (see the propositions, 
appendix IV) that doing a PhD project without the active involvement of (smart) Master 
students is like throwing a birthday party that you only invite yourself to.

Jørn: titusind tak for leading me and Marije the way when we conducted the laboratory 
study at DTU. It is always a pleasure to cooperate with you and e.g. to discuss possible 
explanations for unexpected research results.

Hal: thanks a lot for your last minute editorial assistance and your long term mental 
support. 

Froukje, Tim, Eline, Jaap, Laura, Arjen, Merel, Karen-Anne and Mark: thanks for 
keeping BBA up and running all those days and weeks that I was elsewhere with my 
thoughts, contemplating my next personal control experiment or writing yet another 

journal paper.

Joke, thanks ininitely for your patience, understanding and lexibility. My sincere 
apologies for all those holidays or evenings at home with me behind a text book or 
laptop, working on my PhD project, just half there for you. And sorry of course for the 
fact that the renovation of your atelier (our ‘balkonhuis’) took a bit longer than planned, 
partly due to that other long term project in Eindhoven. 

I would like to end with some advice to those out there that like me at a later age might 
want to get a PhD: just don’t do it unless you have a huge research budget right from 
the start and unless you can really clear your agenda for a few years. Exceptions can be 
made but only if you are as naïve, determined and crazy as I was at the start thinking 
that you actually can break iron with your bare hands. In that case: eyes on the horizon 
and go for it. After all, life is about creating not inding yourself, right?!

Atze Boerstra 

Rotterdam, July 25, 2016

Preface
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Summary

Summary of the PhD thesis ‘Personal Control over Indoor Climate in Ofices: Impact 
on Comfort, Health and Productivity’ by Atze Christiaan Boerstra.

Ofice workers often have no or limited possibilities at their workplace to control their 
indoor climate. They nowadays frequently are exposed to environments deprived of 
operable  windows, adjustable thermostats and other opportunities to ine-tune their 
local air quality and personal thermal environment according to momentary needs. 

When  ofice  buildings  are  (re)designed  personal  control  over  indoor  climate  and 
adjustability  of  facades  and  HVAC  systems are apparently  not  always high  on  the 
agenda. This probably is due to a lack of knowledge in terms of personal control related 
mechanisms amongst relevant decision makers (principals, architects, consultants etc.) 
and amongst building scientists in general.

How does having or not having control over one’s indoor climate affect the average 
ofice worker? What  is  the  impact  of  perceived  and  exercised  control  on  general 
satisfaction with the work environment and, for example, thermal and olfactory 
comfort? To what extent can the incidence of building related (sick building) symptoms 
be inluenced by introduction of optimal control options? And how is individual task 
performance affected by adjustable and responsive heating, cooling and ventilation 
systems? It was these kind of questions that triggered the PhD study presented in this 
thesis.

The primary aim of the study was to investigate the mechanisms behind availability and 
(objective and perceived) quality of indoor climate control devices and the impact of 
control on comfort, health and task performance of ofice building users.

The core research objectives were as follows:
1. to  examine  relationships  between  availability  and  quality  of  HVAC/building 

related control devices in ofice buildings and perceived control over the indoor 
climate;

2. to examine relationships between perceived control over the indoor climate and 
comfort and satisfaction of ofice workers;

3. to  examine  relationships  between  perceived  control  over  the  indoor  climate 
and  health  of  building  occupants,  speciically  the  incidence  of  building  
related symptoms (SBS);

4. to examine relationships between perceived control over the indoor climate and 
(self-assessed and objectively measured) performance and (self-assessed) sick 
leave of ofice workers.

An  additional  objective  was  to  compile  an  inventory  of  available,  exercised  and 
perceived indoor climate control in modern Dutch ofice buildings.

A irst result of the PhD study was a conceptual model that describes the core variables 
at hand and their interrelationships (see Figure 1.2.). The core assumption is that it 
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is not just the objectively measurable indoor climate that affects whether people feel 
warm or cold, or are dissatisied with indoor air quality. Instead the central idea is 
that personal control (availability of adaptive opportunities) also has an impact and in 
fact acts as an interactive variable. Human responses to sensory stimuli like elevated 
temperatures or suboptimal indoor air are assumed to be modiied when those exposed 
have control over these stimuli.

This model was constructed after an analysis of existing related models as found in 
the literature. Speciically  models  that  acknowledge  man-environment  interactions, 
occupant behavior and adaptation were evaluated. See chapter 2.

The conceptual model was further explored through:
 - a (re)analysis of a historical database;
 - a ield study in 9 Dutch ofice buildings, and:
 - a laboratory-intervention study (conducted in cooperation with the Danish 

Technical University).

The database research step (see chapter 3) involved analysing data from 1612 occupants 
working in 21 Dutch ofice buildings (BBA database). This database was selected as 
it contained information on building characteristics, questionnaire  data related to 
available and perceived control, comfort perceptions and SBS symptom incidence. 
The data were explored using a multilevel modeling strategy with occupants nested 

within buildings. In four separate models it was tested whether personal control scores 
were related to comfort, symptom incidence, productivity and sick leave scores (the 4 
outcome parameters studied).

The database analyses outcomes were used to design a ield study. See chapter 4 and 5. 
The ield study was performed during the winter of 2011/2012 in 9 modern Dutch ofice 
buildings  and  involved  inspection  of  relevant  building  and  building  service  system 
characteristics  (including  presence  of  operable  windows,  adjustable  thermostats  
and other controls) and indoor climate measurements. In these 9 buildings, a total of 
236 ofice workers agreed to participate in a questionnaire and a subgroup of 161 were 
also interviewed. The questionnaire contained general questions related to respondents' 

thermal and olfactory comfort and also asked about building related symptoms, comfort 
perceptions, self-assessed productivity and self-reported sick leave. Furthermore, people 
were asked about perceived control and control use (exercised control). The indoor 
climate  measurements included thermostat effectiveness measurements with control 
adjustments done by the research team, that helped to objectify how 'fast' the available 
temperature controls are during the heating season. First, standard tests were used to 
explore relations between available, exercised and perceived control (see chapter 4). 
Next (see chapter 5) the ield study data were analysed using a multilevel strategy 
to ind out what building, installation and organizational factors determine perceived 
control over one’s indoor climate. Multilevel  analysis too was used to investigate 

correlations between combined perceived control over temperature and ventilation on 
the one hand and comfort-, satisfaction-, building symptom and productivity-indices 
on the other hand.
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Next a laboratory study was conducted to further investigate how having or not having 
control, speciically over the thermal environment, affects human responses to the 
indoor environment. This study (see chapter 6) was conducted during summer in a ield 
laboratory that was kept at a constant temperature of 28 °C. During the irst session 
of 2.5 hours (A) subjects were able to ine-tune their local thermal environment at 
any given time with a personal desk fan with continuous, stepless adjustable control. 
During the second session (B) subjects still had the desk fans, but this time the fans 
were controlled from an adjacent room by researchers who adjusted the individual air 
velocity proiles so they were identical to those recorded during the irst session. Thus, 
each subject was exposed  to  two  customized  conditions  with  identical  exposure,  
only  different  from a psychological point of view. During the two sessions identical 
questionnaires and performance tests were used to evaluate subjects’ comfort, SBS 
symptom incidence and task performance.

The  database  analysis  revealed  a  signiicant  association  between  personal  control 
(an aggregated 5 point control index) and 4 outcome parameters (in all cases with a 
p-value of 0.001 or lower). Higher control scores were systematically associated with 
higher comfort scores, lower symptom incidence, higher productivity scores and lower 
sick leave effects. The results imply that when building occupants are provided with 
effective  operable  windows  and  effective  adjustable  thermostats,  they  generally  
will be  more  comfortable  and  more  productive  (at  least according to their own 
estimations). They will also experience less sick building symptoms and will report in 
sick less often due to an inadequate indoor climate.

The  ield  study  results  implied  that  just  about  1  out  of  3  Dutch  ofice  workers  
are satisied with the amount of indoor climate control at their workplace. Mean score 
for perceived control over temperature in winter, over temperature in summer and over 
ventilation (in general) was around 3 on a 7-point scale (with 1 = no control at all, 7 = 
full control). The scores were considerably lower than those for perceived control over 
sun penetration and perceived control over light. The number of colleagues one shares 
the workplace with has a considerable effect: more oficemates means a lower level 
of perceived control over one’s indoor climate. Also men and those with workstations 
further away from the facade have a signiicantly lower level of perceived control.

The majority of the Dutch respondents turned out to have access to both an adjustable 
thermostat and an operable window. And more than 80% of the respondents indicated 
not to take energy use effects into account when using their controls. As far as exercised 
control is concerned, according to the ofice workers themselves, the use of adjustable 
thermostats is less frequent than that of operable windows, especially in winter. Also, 
winter adaptation by clothing adjustment turned out to be more popular than thermostat 
use. Frequency of use of controls showed to be linked to perceived control over indoor 
climate.  For  example,  those  respondents  that  used  their  adjustable  thermostats  less 
frequently  than  monthly,  or  never,  score  signiicantly  lower  on  perceived  control  
over temperature in winter than those that used them monthly, or more often.
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The results of the thermostat effectiveness measurements in the 9 buildings allowed 
for a quantitative estimation of available control over temperature during the heating 
season. The  different  buildings  and  their  heating  systems  showed  large  variation  in 
thermostat  effectiveness.  Measured average of  ‘thermostat  speed’  differed  between 
buildings  from  +0.2  to  +2.5  K/hr  for  upward  interventions.  Upward adjustments 
of thermostats in winter were found to be more effective than downward adjustments in 
winter. A strong correlation was found between measured thermostat speed in heating 
mode and average thermostat speed as perceived by the occupants during winter.

The ield study analysis revealed that access to operable windows and not experiencing 
organisational bans on use of controls (use of thermostats, operable windows etc.) are 
two factors that have a positive and signiicant effect on perceived control over the 
indoor climate. Further analysis of the ield study data showed positive and signiicant 
associations between perceived control and comfort perception, overall satisfaction 
with the indoor climate and self-assessed productivity (in all 3 cases with p-values of 
0.001 or lower). No correlation was found between perceived control and the incidence 
of building related symptoms.  The ield study results imply that perceived control 
over indoor  climate  in  ofice  buildings  can  be  elevated  by  providing  access  to  
operable windows  and  by  not  banning building  occupants from control use.  The  
results furthermore  imply  that  buildings  that  are  designed  for  a  high  amount  
of  perceived control over the indoor climate will have more comfortable and more 
satisied occupants. They furthermore will have occupants that estimate themselves to 
be more productive.

Then, as far as the laboratory study is concerned: perceived control over temperature, 
air velocity, ventilation etc. was signiicantly higher during session A (the with-control 
situation),  but  there  were  no  differences  in  perceived  comfort  and  SBS  symptom 
intensity. About two-thirds of the subjects indicated a preference for the situation as 
during the irst session when they themselves controlled the air movement. Surprisingly, 
self-assessed performance during session B (the no-control situation) was signiicantly 
higher than during session A. On the applied 7-point scale that went from 1 = -30% to 
7 = +30%, self-estimated performance increased by 4.2%-points from session A to B. 
Also objectively measured performance  was  signiicantly  higher  during  session  B,  
speciically  for  number  addition and  multiplication  tests  (performance  differences 
were respectively  10.4%-point  and 8.2%-point). A  further  analysis  indicated  that  
this  task  performance  effect  probably can be explained with the cognitive load theory. 
This theory assumes that the working memory of the human brain has limited capacity 
and can be overloaded when involved in too many (complex) tasks.

The combined outcomes of the database analysis, the ield study and the laboratory 
study support the hypothesis that control (having or not having control) over one’s 
indoor climate alters one’s reactions to that indoor climate. The mechanism involved 

was not totally explained but, overall, the combined studies imply that investing in 
effective and usable indoor climate controls will enhance perceived control over the 
indoor climate. Enhanced perceived control also improves ofice workers’ satisfaction 
with their thermal environment and the indoor air quality at their workplace. It also 
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increases overall comfort perceptions. The results related to the productivity effects 
(both self-assessed and objectively measured productivity effects)  were rather 
inconclusive. Also the results in relation to the incidence of building related (SBS) 
symptoms were somewhat inconclusive.

As  modern  ofice  buildings  become  more  and  more  open  plan  (think:  ‘Het  Nieuwe 
Werken’) ofices of the future, in many instances, will ask for more than just standard 
controls like operable windows and adjustable thermostats. Recent developments in 
the  form  of  personal  ventilation  systems  and  local  climate control  systems  
integrated in ofice furniture seem to open up promising alternative routes towards 
better adjustable indoor climates in ofices.

This  PhD  study  revealed  that  personal  control  over  indoor  climate  is  a  complex 

phenomenon that involves many aspects. The conceptual model was partly validated 

but some mechanism-related questions remain unanswered. To better understand how 
ofice workers use controls and to understand how building occupants’ perceptions 
about  their  indoor  climate  are  inluenced  by  the  presence  and  use  of  these  controls, 
it is necessary to look beyond the traditional borders of building science and indoor 
climate research. Further research is needed in close cooperation with environmental 
psychologists and other social scientists to explore in more detail how control over 

one’s indoor climate affects comfort, health and task performance.
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1 

General Introduction

1.1  Problem description

‘A building irst and for all should offer freedom to it’s end-users’. It was with these 
words that Cees Dam, a famous Dutch architect, and Queen Beatrix in 1986 opened the 
town hall and opera (STOPERA) building in downtown Amsterdam. Hence implying 
(maybe unintentionally) that building professionals should take occupant behavior, user 
preferences and personal control into account when studying and designing buildings 
and their building service systems.

Traditionally both dwellings and non-residential buildings offered a lot of indoor 
climate freedom to their end-users (Nicol, Humphreys & Roaf, 2012). They nearly 
always were provided with operable windows and doors so the fresh air supply could be 
adjusted (at least to some extent) to momentary wishes and needs. And when building 
occupants were cold or hot there was often the option to control (at least to some extent) 
the indoor temperature. For example by throwing more wood or coal upon the ire or by 
closing or opening windows and shutters. 

But then, in the 1920’s, Le Corbusier proposed one building (building type) for all 
climates (with sealed facades or ‘murs neutralisants’) and American HVAC engineers 
like Cramer and Carrier developed air-conditioning that allowed for full, centralized 
control of the indoor climate and ‘man-made weather indoors’ (Banham, 1984). This 
development in turn led to an increase in indoor climate research (see e.g. Yaglou, 
Riley &  Coggins, 1936). Another effect of the introduction of sealed facades and air 
conditioning was that developers, architects, building service system designers and 
construction industry professionals more and more believed in centralized indoor 
climate control especially in non-residential buildings. Which over time lead to more 
and more (ofice) buildings that maybe guaranteed cooler work environments in 
summer but at the same time deprived occupants of controls like operable windows 
and adjustable thermostats. Controls that before 1920 kind of came automatically with 
a standard building design (Nicol, Humphreys & Roaf, 2012). 

The interest in centralized climate control increased exponentially after the 2nd world 

war and resulted in a growing demand from HVAC industry and building service system 
engineers for standards that prescribe what temperatures, air speeds, air exchange rates 
etc. to design for (assuming ‘average’ building occupants, with no access to indoor 
climate controls). From the 1950’s onward thermal comfort and indoor air quality 
researchers like Fanger, Bedford, Webb, Humpreys, Gagge, Stolwijk, Cain, Givoni, 
McIntyre, Berglund, Auliciems, Nicol and Olesen started investigating the subject 
which made it possible to establish design temperatures, air speeds, air exchange rates 
etc that could be used when designing new buildings and their building service systems 
(Fanger, 1970; Hensen, 1990; Auliciems & Szokolay, 2007). From the mid 1960’s this 
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in turn culminated in indoor climate standards (that have been updated several times 
over the last decades) like ASHRAE standard 55 (ASHRAE, 2010) and ISO 7730 (ISO, 
2005).    

One could argue (see e.g. Olesen & Brager, 2004) that these standards originally were 
not developed to mandate strict setpoints for ofice buildings and other building types. 
But instead were intended to help HVAC engineers and others to dimension heating, 
cooling and ventilation systems. Nevertheless, as a result of the before-mentioned indoor 
climate standards, during the last 5 to 6 decades the indoor climate in ofice buildings 
more and more has become centrally-controlled instead of occupant controlled (Arens 
et al., 2010).

An effect of the above described development is that nowadays many ofice workers 
spend a substantial amount of their time in environments that do not offer personal 
control over the indoor climate. These ofice workers do not have (or have just limited) 
access to operable windows and e.g. can not adjust their local temperature when hot or 
cold. In our ield study (see chapters 4 & 5) we found that just one third of Dutch ofice 
building occupants are satisied with the amount of indoor climate control provided to 
them at their workplaces. While Langevin, Wen & Gurian (2012) in a ield study found 
that also the majority of American ofice workers are dissatisied with the amount of 
control that they perceive to have over their indoor climate. So no doubt that there is 
room for improvement here.

Present day ofice workers are not just dissatisied with their control options. Several 
studies have shown that ofice workers still often suffer from building related (Sick 
Building) symptoms and regularly are dissatisied with the air at their workplace and 
their thermal environment (Zweers et al., 1992; Mendell et al., 2008; Bluyssen et al., 
2006).

One explanation for the many indoor climate problems in modern ofices might be ‘lack 
of options for personal control’ (Mendell & Smith, 1990; Leyten & Kurvers, 2006). In 
this context, several researchers have argued (see e.g. De Dear, Brager & Cooper, 1998; 
Nicol & Humphreys, 2002 and: Toftum, 2010) that comfort perception in centrally 
controlled buildings with active cooling is different from that in occupant controlled 
buildings with operable windows. This insight even led to the (re)development of the 
so-called adaptive thermal comfort theory that acknowledges the importance of control 
options, especially access to operable windows and permission to adjust clothing (de 
Dear, Brager & Cooper, 1997; Nicol, Humphreys & Roaf, 2012).

Also Fanger acknowledges the importance of personal control (Fanger, 2001): ‘Of 
course 100% satisfaction with indoor climate can be achieved, it just means that 
you have to offer effective personal control right there where people are’ (personal 
communication during the Indoor Air 1999 conference in Edinburgh). In his landmark 
article about the basic requirements for air-conditioned environments of the future 
Fanger (2001) furthermore states that one of the four main success factors for healthy 
and productivity enhancing indoor climates is individual control. 
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When new or renovated ofice buildings are (re)designed and programs of constraints 
or output speciications for future ofice environments are written it is still not standard 
practice to systematically include requirements that imply that personal control options 

will be part of the design (Boerstra & Simone, 2013). Building and building service 
system designers apparently doubt the beneits of personal control over indoor climate 
and often choose to avoid operable windows, adjustable thermostats and other controls. 
Possibly they do not see the comfort, health and productivity beneits of indoor climate 
controls or at least do not attribute much weight to these occupant effects during 
the building design process (Hoof, van Mazej & Hensen, 2010). Especially not in 
comparison to the weight that generally is attributed to other aspects like the (extra) 
costs of controls and interfaces, aesthetics in relation to façade design (with or without 
operable parts), desired loor plan lexibility in relation to innovative ofice concepts 
(‘Het Nieuwe Werken’) and / or anticipated energy use related to unexpected occupant 
behavior and assumed ‘erratic use’ of controls. This weighting dilemma is further 
visualized and explained in Figure 1.1. 

As long as building and building service system designers do not have insight into how 
having or not having control over one’s indoor climate affects comfort, health and task 
performance of ofice workers, they will not be able to attribute adequate weight to 
the above described ‘people effects’ when making decisions about the building façade 
and heating, ventilation and cooling systems including their interface systems. This 
knowledge on building controls and occupant control needs currently is lacking, not 
just amongst building professionals but also amongst many building scientists (Boerstra 
& Simone, 2013; Pfafferott & Boerstra, 2014). 

Figure 1.1. Weight attributed to occupant and other (costs, esthetics etc.) effects when 
deciding about indoor climate controls in ofice buildings: current situation versus desired 
situation.

current situation desired situation 
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1.2  Scientiic context
Over the years several researchers have studied the effects of personal control over 
indoor climate on:
1. general wellbeing;
2. comfort and satisfaction;
3. health and the incidence of building related symptoms, and:
4. productivity and task performance.

The most relevant control-related studies from the past are described below, separately 
for each ‘impact category’. Note that most of the studies described in paragraph 1.2 did 
not explore the mechanisms involved. We did ind a few studies that focussed on that 
aspect, but these are described in paragraph 2.3.

1.2.1  Impact on general wellbeing 

Amongst environmental psychologists there seems to be consensus that some personal 
control is necessary for general wellbeing (Averill, 1974; Bell et al., 2002). A general 
assumption is that offering insuficient possibilities for personal control will result in 
feelings of powerlessness and unhappiness (Veitch and Gifford, 1996). Well known 
studies in the ield of environmental psychology that support this view are the study 
of Seligman (1974) on learned helplessness and the study by Glass and Singer (1972) 
on personal control in relation to noise exposure. A more recent study by Lee and 
Brand (2005) showed that perceived control has a proven, positive inluence on both 
job satisfaction and group cohesiveness. 

Heerwagen and Diamond (1992) looked at personal control and the impact of coping. 
They identiied three distinct coping types that are relevant when studying the built 
environment: 
1. environmental coping (behavior aimed at changing the environment e.g. opening 

a window); 
2. behavioral coping (changing one’s own behavior e.g. moving to another room), 

and: 
3. emotional or psychological coping (adjusting to a situation e.g. managing one’s 

thoughts about the situation). 
Heerwagen and Diamond came to the conclusion that it is generally more ‘healthy’ for 
people to engage in environmental coping. Uncontrollable environmental demands will 
force occupants to engage in emotional or psychological coping. Which within some 
will lead to negative moods, negative social behavior, a sense of hopelessness and 
decreased motivation. Vroon (1990) in this context has argued that building occupants 
that have access to operable windows and adjustable thermostats can use external 
(environmental) coping strategies and are not forced to use (generally less effective) 
internal (psychological) coping strategies.  

Like the previous researchers Brager and De Dear (1998) point out the importance 
of coping and adaptation. An extensive review of both ield and climate chamber 
studies lead the authors to the conclusion that allowing building occupants to engage in 
corrective actions (when necessary) will improve general wellbeing. Leyten, Kurvers 
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& Van den Eijnde (2009) state that the presence of effective options for personal control 
increases ‘robustness’ of buildings which leads to happier building occupants ‘‘because 
it allows occupants to adapt the indoor environment to their speciic personal preference 
and to the temporal variation of their personal preference’’.  

1.2.2  Impact on comfort and satisfaction

Several researchers have studied how personal control over indoor climate impacts 

comfort and satisfaction of building users. Hedge et al. (1992) and O’Neill (1992) both 
found signiicantly higher comfort rates amongst ofice workers that had adjustable 
underloor air distribution systems compared to those with conventional, centrally 
controlled HVAC systems. 

Roulet et al. (2006) conducted a ield study in 64 ofice buildings across Europe. They 
found that a high degree of perceived environmental control was positively correlated 
with occupants’ satisfaction with the thermal, luminous and acoustical environment. 
Haghihat & Donnini (1999) and Choi et al. (2009) came to comparable conclusions.

Paciuk (1990) at a more fundamental level investigated how the presence or absence of 
adaptive opportunities affects thermal comfort and satisfaction of ofice workers. The 
conceptual model that Paciuk used is further described in chapter 2. Paciuk’s landmark 
study was conducted during the winter in 10 Israeli ofice buildings. Workplace 
arrangements ranged from private ofices to large open spaces and featured varying 
numbers of adjustable building components such as operable windows, doors, shading 
devices and fans. The main conclusion of Paciuk (1990) was that one’s perceived degree 
of control over the thermal environment was a very strong predictor for satisfaction 
with that thermal environment. Also the amount of control options available turned 
out to have a positive association with thermal comfort and satisfaction. However, 
for exercised control (relative frequency in which people engaged in adjustments and 
other thermally related behaviors) she found a (small) negative impact. Meaning that 
building occupants that relatively often (several times a day) adjust clothing, open/
close windows, adjust thermostats etc. in general were (slightly) less comfortable and 
less satisied with their thermal environment. 

Baker and Standeven (1996) arrived at conclusions similar to Paciuk (1990). They too 
found that the presence of adaptive opportunities in buildings (like operable windows, 
adjustable shades, freedom to adjust metabolism or clothing) are key factors in 
determining thermal sensation of occupants. 

Brager and De Dear (1998) in this context state that ‘comfort ultimately depends on the 
degree to which the environment matches and contributes to our expectations; studies 
have consistently shown that this is strongly affected by our sense of whether or not 
conditions are under our control’. The researchers furthermore came to the conclusion 
that a ‘more adaptive approach’ is needed in which people are no longer treated as 
passive recipients of given thermal environments, but instead should be regarded as 
active agents interactive with their environment via multiple feedback loops. In their 
own words: ‘‘Behavioral adjustments represents an immediate and conscious feedback 
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link, where the sense of discomfort is not only the outcome but also serves as the starting 
point, initiating an adaptive response. In other words: If a person is uncomfortable, or 
expects to become so, this is a signal to take corrective action’’.

Gossauer and Wagner (2008) conducted a ield study in 17 German ofice buildings, 
both in winter and summer. One of their indings was that thermal sensation is not the 

strongest factor that inluences occupant satisfaction in ofice buildings. Instead, the 
dominant factor turned out to be: perceived effectiveness of available controls. Huizinga 
et al. (2006) reanalyzed ield studies done in over 200 buildings in North America and 
Finland. In line with the results from Gossauer and Wagner they found that people with 
access to thermostats and/or operable windows were signiicantly more satisied with 
their workplace temperature than those without controls. 

Haldi and Robinson (2008) conducted a longitudinal ield study with 60 occupants in 
Swiss ofice buildings. The main focus was on behavior and adaptation in relation to 
thermal comfort in summer. The research team found that comfort temperature irst of 
all depends on the amount and quality of indoor climate controls. In situations where 
occupants had no control options the average comfort temperature turned out to be 
around 24 °C. When more control options were available (e.g. operable windows and 
doors, adjustable blinds, fans, access to cold drinks) the comfort temperature was 
around 27 °C. The conclusion was that the presence of adaptive opportunities had a 
considerable impact on thermal comfort. The Swiss outcome was in line with the results 
of Toftum et al. (2000). Their laboratory study showed that subjects overwhelmingly 
prefer a temperature of 28 °C compared to 26 °C (with ixed airspeeds of 0.2 m/s) when 
people are allowed to select their own preferred airspeed (at that temperature of 28 ºC). 

The comfort effect of personal control is perfectly summarized in the following quote 
from Van Hoof, Mazej and Hensen (2010): ‘‘If each and everyone of us could freely 
adjust the air temperature, air velocity,  activity level and clothing, there would be no 
thermal discomfort in buildings to begin with’’.

1.2.3  Impact on health and incidence of building related symptoms

An often heard explanation for the many indoor climate problems in modern, 
airconditioned ofice buildings is ‘‘lack of options for personal control’’ (Mendell & 
Smith, 1990). But what evidence is there that personal control aspects are linked to 
health problems and a higher incidence of building related symptoms (Sick Building 
Syndrome)?

Hedge et al. (1989) conducted a large ield study in 47 English ofice buildings. 
They found a signiicantly higher prevalence of building related symptoms in air-
conditioned buildings without operable windows than in non-airconditioned buildings 
with (mostly) operable windows. This was especially signiicant for the following 
symptoms: dry eyes, dry throat, stuffy nose, itchy eyes, lethargy and headache. A further 
analyses showed that Sick Building Syndrome was associated with several building 
characteristics. Amongst them: ofice type (landscape layout vs. ofices cells), type of 
humidiication system (spray vs. steam systems) and (last but not least) environmental 
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control over temperature and ventilation (no control vs. some or full control options). 
A strong correlation was found between ventilation type and perceived environmental 
control with higher perceived control in buildings with operable windows and relatively 
simple ventilation systems. The research team explained this by pointing out that the 
air-conditioned buildings had less environmental control options (thermostats, operable 
windows etc.) than the non-air-conditioned buildings. One of the conclusions of 
Hedge et al. was that ‘‘perceived environmental control strongly inluences perceived 
satisfaction with the environment; while environmental satisfaction in turn has a strong, 
direct relation with symptoms of ill-health’’.

Zweers et al. (1992) conducted a comparable epidemiological study in 69 Dutch ofice 
buildings. The Dutch research team came to the same conclusion as Hedge et al.: a 
signiicantly lower prevalence of building related symptoms in naturally ventilated 
buildings than in air-conditioned buildings. The Dutch researchers conducted multiple 
logistic regression analysis to examine the association between health symptoms, 
indoor climate complaints, the ventilation type and aspects like job characteristics, 
workplace layout and options for personal control over indoor climate. Having no 
personal control over temperature at the workplace was associated with an increased 
prevalence of nearly all health symptoms and indoor climate complaints. Absence of 
operable windows was associated with signiicantly more skin symptoms and more 
temperature complaints. Note that the analysis also showed that there was little-to-

no correlation between the measured indoor climate parameters (e.g. temperature and 
CO

2
-concentration) and the incidence of symptoms. 

A meta-analysis by Mendell & Smith (1990) concluded that building related symptoms 
are more prevalent in buildings with complex HVAC systems. Also these authors 
suggest that limited possibilities for personal control might explain this. In line with 
this, Haghighat and Donnini (1999) showed that self-reports of building related 
symptoms in Canadian ofice buildings decreased signiicantly with an increased 
amount of perceived control over indoor climate. 

Jaakkola et al. (1991) conducted an epidemiological study in a Finnish ofice building 
with over 2000 occupants and explored causes for building related symptoms. The 
results of the study were translated into 6 standard recommendations for future healthy 
buildings. Two of their standard recommendations involved personal control: 
 - recommendation #1: Offer individual control over room temperature;
 - recommendation #2: Allow for operable windows. 

The results of a more recent Danish ield study are in line with the Finnish outcomes. 
Toftum (2010) looked at symptom prevalence in 24 ofice buildings of which 15 had 
mechanical ventilation and 9 natural ventilation. Toftum concluded the following:
 - occupants of mechanically ventilated buildings have around 70% more building 

related symptoms than occupants of naturally ventilated buildings;
 - symptom prevalence in both kind of buildings were strongly affected by occupants’ 

satisfaction with environmental control;
 - perceived control was highest in buildings with operable windows and adjustable 

thermostats;
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 - satisfaction with control options has a greater impact on symptom incidence than 
the type of ventilation system per se.

Some studies imply that also sickness absence could be affected by available and 
perceived control. The earlier mentioned epidemiological study by Zweers et al. (1992) 
found that sickness absence in buildings with adequate options for individual control of 
room temperature was signiicantly less. Also Raw et al. (1993) suggest that buildings 
with more perceived control over indoor climate have less sickness absence. 

1.2.4  Impact on productivity and task performance

Some have interpreted productivity guidelines like REHVA, 2006 as if there exists 
one ideal productivity-boosting temperature, one ideal ventilation rate etc. that will 
guarantee ultimate task performance for all. However, several studies imply that 
also adjustability and presence of adequate control options will lead to productivity 
increases.

Kroner and Stark-Martin (1992) conducted an intervention study that involved 
‘Environmentally Responsive Workstations’ (ERW’s). These are microclimatisation 
systems with adjustable air supply at desktop level that offer a high degree of personal 
control over local thermal conditions and local air quality. The ERW’s were introduced 
in a building of an insurance company where people worked in an open ofice 
landscape. At the same time other measures were taken to improve the physical work 
environment and to upgrade the general workplace. Task performance of the employees 
was measured before and after the intervention (up until one year afterwards). Kroner 
et al. found that the objectively measured performance had increased by 16% after the 
ERW’s were introduced of which at least 3%point could be attributed to the introduction 
of the ERW’s. 

Leaman and Bordass (1999) constructed an evidence-based list of building related ‘killer 
variables’ that affect ofice worker productivity. The list was based on a re-analysis of 
ield study outcomes. The irst killer variable on the list was ‘Personal control’. The 
other three were responsiveness (related to the speed with which facility managers 
react to complaints), building depth and workgroups (amount of ofice workers per 
room). Personal control was on the list because according to Leaman & Bordass ield 
studies show that people are more tolerant of conditions (and more productive) the 
more control options are available to them.  

Wyon (2000) conducted a general re-analysis of lab and ield experiments that involved 
objective measurements of productivity. Wyon analyzed how providing an ideal 
temperature control range to building occupants in an ofice environment would affect 
overall group performance in comparison with a situation in which no personal control 
options are present and all are exposed to the group average neutral temperature. 

Providing individual temperature control equivalent to +/- 3 K increased group 
performance by 2.7 % for logical thinking, by 7.0 % for typing, by 3.4 % for skilled 
manual (ofice) work and by 8.6 % for repetitive manual work that involves (inger) 
speed. Wyon came to an average productivity effect for standard ofice work of 5.4 %. 
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Assuming that ofice workers divide their time equally over the 4 different task types.
Wyon, also calculated how the introduction of ideal personal control over the thermal 
environment affects group performance when the reference situation is not (as assumed 
above) the group average neutral temperature (e.g. 24.5 °C in summer according to EN-
ISO 7730 (ISO, 2005)) but situations varying from 3 K below group average neutral 
temperature till 6 K above this group average neutral temperature. Than the group 
averaged productivity effect turned out to vary from +3 to about +12 %. 

Leaman & Bordass (2001) reanalyzed the data from ield studies in a total of 11 UK 
buildings (studies conducted by Building Use Studies in the years 1996 and 1997). 
They found that self-assessed productivity was signiicantly and positively associated 
with perceptions of overall control in 7 out of the 11 buildings studied.

1.3  Aims & objectives

Most of the ield and laboratory studies mentioned in the previous paragraphs used a 
black-box approach in relation to the personal control phenomenon. With as possible 
exceptions of Paciuk who introduced the concepts available control, exercised control 
and perceived control in the indoor climate research area (Paciuk, 1990) and Hellwig 
who systematically (re)explored (partly with reference to the work described in my 
thesis) how perceived control affects people in an indoor climate context (Hellwig, 
2015). 

Therefore a meta-study was designed that aimed at further exploring the mechanisms 
involved. The central aim of this PhD study was:
 - to (further) investigate the mechanisms behind availability and (objective and 

perceived) quality of indoor climate control devices and the impact of personal 
control on comfort, health and (task) performance of ofice building users. 

The core objectives were deined as follows:
1. to examine relationships between availability and quality of HVAC/building related 

control devices in ofice buildings and perceived control over the indoor climate;
2. to examine relationships between perceived control over the indoor climate and 

comfort and satisfaction of ofice workers;
3. to examine relationships between perceived control over the indoor climate 

and health of building occupants, speciically the incidence of building related 
symptoms (SBS);

4. to examine relationships between perceived control over the indoor climate and 
(self-assessed and objectively by measured) performance of ofice workers.

An additional objective was to compile an inventory of available, exercised and 
perceived indoor climate control in Dutch ofice buildings. 
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The underlying hypothesis was that building occupants that have control (that perceive 
to have control) over their thermal environment and (local) indoor air quality generally 
are more comfortable and satisied with their indoor climate, have less SBS symptoms 
and are more productive.

Unless otherwise indicated, within this study the unit of analysis (see Baarda & De 
Goede, 2006) is the occupant of ofice buildings. The characteristics or attributes 
studied are:
i.     comfort & satisfaction with the indoor climates; 
ii.    health (speciically the incidence of SBS symptoms) and: 
iii.   task performance (productivity). 
All in the context of exposure to the thermal environment and indoor air quality in 
ofice environments. The intervening variable studied is: control (control over one’s 
indoor climate).  

For a further explanation of the aspects and relations studied, see Figure 1.2. The 
central assumption that underlies the model is that human responses to sensory stimuli 

are modiied when those exposed have control over these stimuli. Which implies that 
it is not just the objectively measured indoor climate that affects whether people feel 
warm or cold, or experience olfactory discomfort. Instead the idea is that personal 
control (availability of adaptive opportunities) also has an impact and in fact acts as an 
interactive variable. 

The conceptual model that underlies Figure 1.2 is further explained in chapter 2. 

1.4  Deinitions
In the context of this research project the following deinitions are used (with reference 
to Greenberger & Strasser, 1986; Paciuk, 1990 and Lee & Brand, 2005):

CONTROL

(available, exercised and 

perceived)

INDOOR CLIMATE
COMFORT, HEALTH & 

PERFORMANCE

Figure 1.2. Variables & relations studied (see also chapter 2, paragraph 2.5).
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Available control     
Type of control available to building occupants in their ofice environment. In most 
cases the term refers to physical environment and the availability and effectiveness 
of building controls like operable windows, adjustable thermostats, fans and blinds. 
Sometimes the term also refers to available control as deined by the employer or 
building owner in terms of e.g. clothing policies or bans on operable window and 
thermostat use.

Exercised control     
Relative frequency with which building occupants engage in indoor climate related 
behavior in order to regain comfort when needed. Occupants can exercise control by 
adjusting the physical environment (e.g. by opening a window) or by adjusting oneself 
(e.g. by changing one’s clothing insulation).    

Perceived control   
Degree to which building occupants perceive that they can change their thermal 
environment and/or the air quality around them. Perceived control refers to the 
conidence that individual occupants have in their ability to (effectively) inluence the 
indoor climate around them, in a desired direction. 

Personal control  
The combination of available, exercised and perceived control of individual building 
occupants (for deinitions, see above).

The term ‘indoor climate’ in this document refers to the combination of thermal 
environment and indoor air quality. Visual and acoustical aspects are excluded when 
this term is used. On the other hand, where the term ‘indoor environment’ is used this 
refers to the combination of thermal environment, indoor air quality AND lighting and 
acoustics.

1.5  Research steps & thesis outline

Figure 1.3 describes the distinct research steps that have been taken as part of the PhD 
project. The activities and sub-studies are presented in chronological order. The igure 
also communicates the thesis outline: the right part of the igure describes what sub-
study is presented where, in what chapter. All described in relation to the successive 
research steps.

The project started with the development of the conceptual model for the study (see 
chapter 2). This was partly based on a search for literature on interactive models 
developed by others that systematically took occupant behavior, adaptation and 
personal control into account.  

Next the conceptual model was explored by analyzing data from an existing database  
with data from 1612 occupants working in 21 Dutch ofice buildings (BBA database, 
see Boerstra et al., 2012). This database was selected as it contained not just data on 
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Analysis of database (exploratory)

Field study 

(descriptive & exploratory)

Laboratory study

(experimental)

Interpretation of overall findings

see chapter 3

see chapters 4 & 5

see chapter 6

see chapter 7

see chapter 2

Figure 1.3. Graphical representation of the research steps.
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indoor climate and building characteristics, but also questionnaire data on available 
and perceived control on the one hand and comfort, SBS symptoms and other outcome 
variables on the other hand. That is something that many other indoor climate databases 
do not have. The database exploration methodology and the results are further described 
in chapter 3.

Also a second database was analysed. This consisted of data from around 6000 
occupants working in 64 ofice building from all over Europe (HOPE database, see 
Roulet et al., 2006). The results of this second analysis are not presented in this thesis, 
but are available via the article presented in Digital Appendix D1 (see also Boerstra 
et.al., 2013). 

The database analyses outcomes were used to design a ield study. This sub-study was 
performed in 9 Dutch ofice buildings and involved inspection of relevant building 
and building service system characteristics and indoor climate measurements. In these 
9 buildings, a total of 236 ofice workers agreed to participate in a questionnaire and 
a subgroup of 161 were also interviewed. The ield study and it’s descriptive and 
exploratory results are presented in the chapters 4 and 5. Chapter 4 describes on the 
thermal comfort results and presents thermostat effectiveness measurement results. It 
also describes how available and exercised control impacted perceived control over 
the thermal environment in winter. Chapter 5 focuses on the more general relation (for 
winter and summer) between perceived control over the indoor climate (as perceived 
by the 236 respondents) and comfort, satisfaction of the occupants, incidence of SBS 
symptoms and self-assessed task performance.
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The ield study showed that it was hard to correct for certain non-constant, interfering 
variables (e.g. operative temperature and indoor air pollution that differed from one 
room to another and between days) when interpreting the results. So an additional 
experimental study was designed in cooperation with the Danish Technical University 
(DTU). To keep things simple, the laboratory study focussed on just one aspect of indoor 
climate control: (effects of) thermal adjustability under relatively warm conditions. 
During this study 23 subjects irst had direct and continuous control over the local 
thermal environment at their workstation with a stepless adjustable table fan. During 
a second experimental session subjects did not have control over their environment 
but were exposed to ‘automatic control’ that in fact was a regenerated, customized 
exposure to the same temperature / airspeed combination as during the irst 2,5 hour 
session. Chapter 6 explains the laboratory study methodology further and describes 
whether or not there was a difference in comfort, health and performance outcomes 
between the two sessions. 

At the end of the PhD thesis the results of the sub-studies are interpreted in relation to 
each other and conclusions are drawn in relation to the validity and applicability of the 
conceptual model. This general discussion, the overall conclusions and a description of 
the practical implications are presented in chapter 7. 
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2

Modeling Personal Control over 

Indoor Climate

2.1  Introduction

Many of the standard models used in indoor climate research (e.g. the ones underlying 
EN-ISO standard 7730 (ISO, 2005) and ASHRAE standard 55 (ASHRAE, 2010)) 
approach building occupants as passive recipients of thermal and other IEQ related 
stimuli (Brager & De Dear, 1998). The general assumption within these more 
deterministic models is that exposure to a certain environment (e.g. a combination of air 
temperature, radiant temperature, airspeed and air humidity) under certain conditions 
(especially metabolism and clothing) leads to a certain standard (average) user sensation 
(e.g. ‘warm’ or ‘cool’ on the 7 point ASHRAE scale). Within these models (re)actions 
of occupants and user behavior are not addressed. These deterministic models neglect 
the fact that man-environment relations in real life often are interactive and dynamic in 
nature (not passive or one-way). See also paragraphs 1.1 and 1.2. 

Dutch ofice buildings typically have quite a few control options, for example operable 
windows, adjustable thermostats and table fans. Therefore beforehand we decided 
that the model that was supposed to underly the PhD sub-studies (see chapters 3 and 
beyond) had to be interactionistic in nature, also taking behavior and control actions of 
occupants into account. The customized model had to be more than just a physiological 
model for man-environment relations; instead it should be psycho-physiological in 
nature. 

So the decision was made to scan the scientiic literature for psycho-physiological 
models with adequate feedback-loops that address personal control and man-
environment interactions. More traditional models that did not take user (re)actions 
into account were not considered further.  

The objective was to develop a conceptual model that meets the standard requirements 
as described in research methodology handbooks like Fellows & Liu, 2007 and Baarda 
& De Goede, 2006. The central idea was to generate a conceptual model that describes 
the mechanisms involved in indoor climate related man-environment interactions, at 

least partly based upon the literature (models developed by others). 

This chapter is partly based on a paper that was presented at the Healthy Buildings conference 2012 in 
Brisbane and that has been published as: Boerstra A.C., Loomans M.G.L.C. and Hensen, J.L.M., 2012. 
Modeling Personal Control over Indoor Climate. Proceedings Healthy Buildings 2012. Queensland 
University of Technology, Brisbane, Australia, in cooperation with the International Society for Indoor Air 
Quality and climate (ISIAQ) (http://www.isiaq.org/publications.php).

The layout has been adjusted to it the style of this thesis.
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The conceptual model phenomenon is further explained in paragraph 2.2. Paragraph 
2.3 describes the outcomes of the model literature survey. 
The outcomes of the literature survey were used to construct a new conceptual model 
for the present PhD study. This new model became the foundation for the ield and lab 
studies that were conducted later on (see chapters 3 till 6). The new conceptual model 
is presented in paragraph 2.4. The chapter ends with a discussion section (see 2.5) and 
conclusions (see 2.6).

2.2  Working with conceptual models
A conceptual model is often used as foundation for scientiic research, especially within 
the social sciences. Standard text books that describe research methodologies often 
work with conceptual models. See for example Fellows & Liu, 2007 and Baarda & De 
Goede, 2006.

In the most general sense, a model is anything used in any way to represent anything 
else. Some models are physical objects, for instance, a toy model version of a larger 
object. Other models are more abstract and consist of graphical representations of 
(assumed) real world relations. Models are used to help us know and understand the 
subject matter they represent. 

The term conceptual model is used to refer to models that are represented by concepts 
or related concepts formed after a conceptualization process in the mind. A conceptual 
model is a set of variables and their interrelationships designed to represent, in whole 
or in part, some real system or process. 

Researchers can use conceptual models to show how the variables of a theory are 
hypothesized to interact. Such modeling is used to clarify research ideas and limitations 
and to give insights into what should be investigated and tested. The main ingredients 
of conceptual models are boxes with the main variables under study (all related to the 
same unit of analysis, e.g. ‘household’ or ‘building occupant’) and lines or lines with 
arrows (showing the expected cause-effect direction) that depict hypothesized relations 
between the variables. Note that conceptual models can be dynamic in nature and can 
change (to a certain extent) in the course of a research project if research outcomes 
show that they should be changed (induction - deduction cycle Aristotle).   

Often researchers establish conceptual models based on literature reviews. Conceptual 
models are sometimes also called graphical models as they are about depicting - in a 
visual and logical way - the variables studied and their interrelationships. Conceptual 
models can be used as a foundation for study methodology and e.g. the design of 
questionnaires. These models also facilitate the data-analysis phase. Conceptual models 
are often used in the social sciences e.g. when designing and when evaluating results 
from laboratory or ield studies with human subjects.
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Conceptual models are not the same as mathematical or physical models even though 

the two are related. Conceptual models suggest directions of relationships among the 
variables but they do not provide numerical results. Mathematical models explicitly 
specify the relationships among variables in mathematical form. 

Figure 2.1. Examples of conceptual models (courtesy of: W. Heijs): A. Bivariate model that 
communicates that household income is assumed to determine what local shop people go 

to to buy their groceries; B. Multivariate model that communicates that the combination of 
household income, car ownership and age (the 3 independent variables) inluence i. what 
shop people go to and ii. how much they spend in that shop (the 2 dependent variables); 
C. Interactive, conditional model that communicates that choice of local shop (dependent 
variable) is determined by household income (main independent variable) but with 
a ‘background inluence’ of car ownership (having or not having a car); in this case car 
ownership is the moderator or interaction variable D. Indirect model that theorizes that 
choice of local shop  (dependent variable) is determined by household income (independent 
variable) but with an intermediary inluence of car ownership; in this case car ownership is 
regarded as the mediator or intervening variable.

income
choice 

local shop

choice 
local shop

choice 
local shop

expenses in 
local shop

income

car ownership

car ownership

age

income

choice 
local shop

car ownershipincome

(A)

(B)

(C)

(D)
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Conceptual models come in different forms, dependent upon the variables studied 
and the complexity of the relations between those variables. Figure 2.1 presents 
some examples of different types of conceptual models. In some cases a conceptual 
model does not just describe a (hypothesized) interaction between 2 or more variables 
and the situation is more complex, see e.g. subigures C and D in Figure 2.1. Then 
other variables play a role ‘on the side’ (like a catalyst in chemistry or an ampliier in 
electronics) and we speak about ‘interaction variables’ or  ‘intervening variables’. 

For more information on conceptual models, see Fellows & Liu (2007) and Baarda & 
De Goede (2006).

2.3  Historical psycho-physiological models

In this section 6 historical psycho-physiological models of others are described. 

The conceptual models had to satisfy two core requirements to make it through the 
elimination process:
 - the model had to be presented in a graphical way by the original authors, preferably 

with lines or arrows depicting (possible) causal relations;
 - the model had to have a feedback loop (feedback loops) visualizing interactions 

between building occupants and their indoor environment.
The latter as within this study (see also chapter 1) one assumption was that building 
occupants should not be regarded (just) as passive recipients of environmental stimuli  
but (also) as active end-users that at times desire to interact with their environment. 

The 6 most prominent models that were indentiied are presented in the Figures 2.2 
to 2.7 below. For a detailed description of each model and the relations described in 
the models see respectively the following papers: Nicol & Humphreys (1973); Hensel 
(1981); Gärling (1982); Bell et al. (2002); Paciuk (1990) and De Dear et al. (1997).

Nicol & Humphreys deined an interactive process model (Nicol & Humphreys, 1973). 
See Figure 2.2. Note that this model is a low diagram and not a conceptual model in 
the original sense. Cooper (1982) reanalyzed the model of Nicol & Humphreys and 
summarized the model as follows: ‘‘People relate to their thermal environment through 
their aim of maintaining a satisfactory body temperature... A person who feels too hot 
or too cold will usually make some changes to his/her clothing, posture or activity 
in order to become comfortable again. He/she might also make use of any available 
environmental control… Subjective warmth should, therefore, be seen as an active link 
in the control system, and not merely as a passive response to the thermal environment... 

There are three ways in which people may voluntarily adjust their low of metabolic 
heat to an internal environment: irst, by alterations in metabolic rate brought about by 
changing posture or activity; secondly, by changes in the amount of insulation provided 
by the clothes they choose to wear and thirdly, by making changes to their thermal 
environment.’’ (Cooper, 1982). Nicol & Humphreys (1973) postulate that responses 
made by an individual to any particular stimulus will depend upon social conditions too 
(think e.g. of clothing policies that might differ from company to company). The whole 
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Figure 2.3. Interactive procesmodel Hensel (1981).

Figure 2.2. Interactive procesmodel Nicol & Humphreys (1973).
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is seen as a ‘self-regulating control system’ that is working to secure thermal comfort 
and that only can function when building occupants have adaptive opportunities, and 
are (to a certain extent) allowed to alter metabolism and e.g. clothing insulation, and 
can inetune heating and cooling systems and e.g. open windows when needed. 
Special about the process model of Nicol & Humphreys (1973) is that they make a clear 
distinction (see the different arrow types in Figure 2.2) between heat low, information 
low and building occupant actions. 

Hensel (1981) developed a process model that is thermophysiological in origin but that 
on the side also addresses control and ‘behavioral regulation’. See Figure 2.3. Note 
that this model from a formal point of view is a low diagram and not a conceptual 
model. Thermoregulation according to Hensel is a very complicated mechanism that 
incorporates more control principles than any technical control system. Core ingredient 
is thermoregulation controlled by the hypothalamus that relies on autonomic control 
actions of the human body like internal heat production changes, adjustment of skin 
blood low (vasodilatation / vasoconstriction) or sweating. But Hensel states that 
behavioral thermoregulation also plays an important role. Examples of the latter are 
use of thermostat adjustments and conscious changes of clothing insulation. Hensel 
postulates that both conscious temperature sensation and general feelings of thermal 
discomfort can trigger corrective behavior. The model of Hensel can be interpreted 
(see also Hensen, 1990) as that thermal comfort should be deined as a condition in 
which there are no driving impulses (external stimuli) that trigger building occupants 
to correct the environment by behavior. For a further analysis of the Hensel model see 
Hensen (1990) and Loomans (1998). 

Person

Social and physical 
environment

Situation
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Perception of the 
situation

Interpretation

Action plan

Memory

Cognitive map

Traits, styles

Action

Figure 2.4. Interactive model Gärling (1982).
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Gärling (1982) describes a conceptual model that integrates environmental and 
interactional psychology. See Figure 2.4. Garling states that the interaction between 
a building occupant and the physical environment can be conceptualized as a ‘lux 
of situations which are perceived, evaluated and acted upon’ (in that order). The 
occurrence and objective character of these situations are supposed to be determined 
by the environment, especially if this is deined in a broader sense and when not just 
the physical environment but also the social environment is included. ‘‘How a person 
perceives and interprets a situation depends on the information (stimuli) available, 
the memory representation of the environment (that persons cognitive map which 
is assumed to store knowledge about the particular environment acquired in past 
situations), and more enduring memory representations underlying general knowledge, 
cognitive styles and personality traits.’’ (Gärling, 1982). The author furthermore 
postulates that when a situation is interpreted as undesirable (e.g. as ‘too hot’) an action 
plan is formulated. This is deined by Gärling as a predetermined course of action with 
some speciied goal (in this case e.g. ‘lower temperature’). If possible (when adequate 
adaptive opportunities are  available) the action plan will result in an action. 

A later study by Heerwagen and Diamond (1992) in this context describes 3 categories 
of adaptive control actions that building occupants can choose from:
1. Personal adjustment (adjusting clothing, changing metabolism, eating/drinking hot 

or cold food/drinks, changing posture, moving to a different location etc.);

WEATHER VARIABLES
(temperature, wind, 

barometric pressure, sunlight)
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RANGE OF STIMULATION
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violence, impaired task 

performance)

Figure 2.5. Interactive model Bell et al. (2002) (model for weather perception, can be used 
indirectly in the context indoor climate perception too).
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2. Environmental or technological adjustment (opening/closing windows or shades, 
turning on/off of fans or local heaters/coolers, adjusting thermostats, blocking air 
diffusers etc.), and:

3. Cultural adjustment (changing working times, adapting dress codes etc.).
 

Bell et al. (2002) developed a model for weather perception that also indirectly can be 
used to analyze how people perceive their indoor climate. See Figure 2.5. This model 
assumes that homeostasis and a general state of pleasure / comfort is reached when the 
environment is regarded as ‘within optimal range of stimulation’. Which according 
to Bell et al. is not just dependent upon physical environmental factors (weather or 
indoor climate variables) but also on individual differences, situational factors, social 
conditions and cultural factors. 
When the environment becomes more extreme and is regarded (by those exposed) as 
‘outside optimal range of stimulation’ the Bell model postulates that people will react 
by coping. This can be external coping (adjustment of the environment e.g. by using 
controls or (indirectly) by moving somewhere else) or internal coping (psychological 
adaptation, e.g. by just accepting the situation). If coping turns out to be unsuccessful 
and e.g. people ind they have limited opportunities to control the situation and regain 
homeostasis, this is assumed to lead to continued arousal and stress. This in turn 

according to Bell et al. might have after effects like increased aggression and impaired 
task performance. 
The Bell model refers to the so-called ‘Adaptation Level Theory’ (ALT). For a further 
analysis of the Bell model in an indoor climate context and a further explanation of 
ALT, see Bell et al., 2002 and Hellwig, 2015.
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Figure 2.6. Interactive model Paciuk (1990).
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Paciuk (1990) developed another interactive indoor climate model. See Figure 2.6. The 
two main groups of independent variables identiied by Paciuk are i. thermal factors 
and ii. available control. The thermal factors are those described in standards like 
ISO 7730 (ISO, 2005) and ASHRAE standard 55 (ASHRAE, 2010): air temperature, 
radiant temperature, humidity, air velocity, metabolic rate and clothing insulation. 
Available control according to Paciuk relates to the degree and type of control made 
available by the environment. This was operationalized in terms of physical features 
of the environment (on the one hand building components such as operable windows, 
blinds, sunshades, doors etc. and on the other hand HVAC system components such as 
adjustable thermostats and ventilation interfaces) and in terms of organizational norms 
(clothing policies, ban on use of adjustable thermostats etc.).   
Exercised control according to Paciuk should be analyzed in terms of manipulative 
behavior (adjusting the environment) and adaptive behaviour (adjusting oneself to 
the environment). Exercised control is assumed to be strongly affected by the control 
alternatives available to the building occupants.  
Paciuk furthermore postulated that perceived control is related to both available and 
exercised control as and experience with controls and feedback about effectiveness of 
controls determine how much control occupants perceive to have.

Within the Paciuk model the assumption is that thermal sensation is a direct product 
of the thermal factors and physical exposure (see upper part of Figure 2.6). However, 
whether a certain thermal sensation will be interpreted as comfortable or uncomfortable 
is assumed (also) to be inluenced by the controls available to building occupants, 
exercised control and perceived control. Satisfaction with the (thermal) environment in 
turn is assumed to be a product not just of thermal sensation and thermal comfort (upper 
part of the igure) but also of control aspects (especially perceived control) (lower part 
of the igure).
The model was tested in a ield study in 10 Israeli ofice buildings (Paciuk, 1990). 
Analysis of the data showed that thermal comfort is not just dependent upon the 
traditional 6 thermal factors; but that also ‘environmental opportunities’ (physical but 
also organizational) have an effect. Perceived control was found to have a strong impact 
in shaping both comfort and satisfaction outcomes. Availability of control opportunities 
turned out to considerably enhance perceptions of control and indirectly through it: 
satisfaction outcomes. 

De Dear, Brager & Cooper (1998) developed an ‘adaptive’ model, partly based on 
an earlier psycho-physiological model developed by Auliciems (further described in 
Auliciems, 1981). The model of De Dear et al. is presented in Figure 2.7. The model in 
fact consists of 3 separate sub-models; the irst one describes the behavioral feedback 
loop, the 2nd one the physiological feedback loop and the 3rd one the psychological 

feedback loop. 
The so-called adaptive comfort theory that comes with the igures communicates that 
building occupants are not passive recipients exposed to an environment, but instead 
‘active agents’ interacting with their environment via feedback loops. Based on a 
reanalysis of the literature (referring to e.g. Nicol & Humphreys (1972), Wohlwill 
(1974), Canter (1983) and Baker & Standeven (1994)). De Dear, Brager & Cooper argue 
that one’s satisfaction with an indoor climate is achieved only by a correct matching 
between the actual thermal environmental conditions prevailing at that point in time 
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and space, and one’s thermal expectations of what the indoor climate should be like.
The behavioral feedback loop depicted in the upper part of Figure 2.7 refers to the 
extent to which building occupants can behaviorally interact with their indoor climate. 
De Dear, Brager & Cooper (1998) in this context speak of “adaptive opportunities”. 
When building occupants experience discomfort and are dissatisied with their 
environment they are assumed to either adjust their metabolism and clothing or change 
the environment itself. The latter e.g. by opening windows, adjustments of thermostats, 
use of fans etc. All of this in the context of social and organizational conditions (think 
e.g. of speciic clothing policies or restrictions related to operable window use).
The physiological feedback loop of De Dear, Brager & Cooper (middle part of Figure 
2.7) refers to physiological acclimatization or cardiovascular responses and sweat 
secretion changes that occur when people are exposed for several days or even weeks 
in a row to heat or cold. Acclimatization is an unconscious feedback loop mediated 
by the autonomic nervous system, that directly affects physiological thermoregulation 
‘setpoints’. According to De Dear, Brager & Cooper this occurs especially when people 
move from one climate zone to the other or e.g. within people that work outside or in 
heavy industry. In non-industrial buildings and dwellings physiological acclimatization 
can occur too but the relative effect is limited compared to the effects related to the 
behavioral and psychological feedback loops.
De Dear et al.’s psychological feedback loop (see lower part of Figure 2.7) refers to 
habituation and expectation effects. Psychological adaptation encompasses the effects 
of cognitive and cultural variables, and describes how habituation and expectation 
alter thermal perceptions. De Dear et al. in this context refer to the Adaptation Level 
Theory described before (and further explained in Bell et al., 2002). The basic idea 
is that optimal psychological adaptation levels result from past exposures, and act 
as benchmarks for environmental evaluations (Wohlwill, 1974). Whether a certain 

Figure 2.7. Interactive model De Dear, Brager & Cooper (1998).

Behavioral feedback loop

Physiological feedback loop

Psychological feedback loop
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thermal sensation is evaluated as being satisfactory or unsatisfactory is assumed to be 
partly inluenced by expectations related to the circumstances the building occupant is 
in (McIntyre, 1980). 
Psychological adaptation is conceived by De Dear, Brager and Cooper (1998) as the 
most important of the three adaptive mechanisms when analyzing comfort in non-
industrial buildings, but the authors at the same time (with reference to e.g. Heijs 
& Stringer, 1988 and Oseland, 1995) notice that it is the least studied and the least 
well understood mechanism of the three, especially within the engineering research 
community.

2.4  Conceptual model for this PhD study

The models that are described in paragraph 2.3 can teach us a few things. First of all 
that already in the 70’s and 80’s some researchers included the aspect of user control 
and occupant behaviour in their process models and/or conceptual models. However, 
these  dynamic, interactionistic models did not make it into the standard text books 
on indoor climate or into mainstream standards like ISO 7730, ASHRAE 55 and EN 
15251. Nevertheless, apparently insights on how to include the aspect of personal 
control in indoor climate theory have been around for some time. 
  

Furthermore the model inventory showed that the ield of indoor climate research 
can learn a lot from the environmental psychology literature when it comes to man-
environment relations; see for example Figure 2.4 (Gärling, 1982) and 2.5 (Bell et 
al., 2002). According to environmental psychologists perception of one’s environment 
(indoor climate) is situational and dynamic by deinition and is irst and foremost a matter 
of meeting expectations (given an individual ‘cognitive map’ of that environment) and 
creating indoor environments that are within the ‘optimal range of stimulation’ taking 
into account whether those exposed do or do not have control over the situation.

All 6 conceptual models imply that not just temperature and other physical parameters 
inluence satisfaction, wellbeing and/or health of building occupants. The models 
suggest that also availability of adaptive opportunities and perceived control matters. 

Note that a limitation of all of the 6 historical models that are described in paragraph 2.3 
is that they do not address indoor air quality effects and ventilation related behaviour. 
We did not ind any examples of conceptual models (models presented in graphical 
form) that address (perceived) control over ventilation and indoor air adjustability 
(think of exposure to CO

2
, ine particles, Volatile Organic Compounds and other indoor 

air pollutants). Nevertheless the decision was made to extrapolate (see further down 
this paragraph) the interactionistic thermal comfort models to a more general indoor 
climate model (describing the effect of control over both the thermal environment and 
indoor air quality).   

Of the 6 models, the Paciuk model (Paciuk, 1990) most directly refers to the old school 
(non-interactionistic) model that underlies (the non-adaptive parts in) standards such 
as ASHRAE 55, ISO 7730 and EN 15251. Paciuk developed a model that expands 
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upon traditional approaches to thermal comfort which have usually ignored potential 
contributions of cognitive, behavioral, and non-thermal environmental variables. This 
was done with a clear reference to the traditional approach: in the Paciuk model the 6 
‘Fanger / PMV-PPD parameters’ (air temperature, radiant temperature, air velocity, air 
humidity, clothing insulation and activity level) are clearly recognizable, see Figure 
2.4, left (upper) part. 

Therefore the Paciuk model was chosen as the number 1 inspirational source for the 
conceptual model of this PhD study. With the remark that in the context of the present 
study a conceptual model is needed that not just addresses the effects of control over 
the thermal environment (as in the Paciuk model) but also the effects of control over air 
quality and ventilation.  

Another reason to choose the Paciuk model as leading example was the fact that this 
model at least partly has been validated, see the ield results and the outcomes of the 
multifactorial analysis described in Paciuk (1990). What is appealing too of the Paciuk 
model is that it is not (visually) overcomplicated and is relatively simple to explain to 
key decision makers and indoor climate researchers with a technical or physiological 
backgrounds who are used to working with the non-adaptive PMV-PPD thermal 
comfort model. 

We decided to not just copy/paste the Paciuk model. Paciuk assumes that available 
control, exercised control and perceived control mainly act as mediators. While there 

is ample evidence that control (having control) should be regarded as moderator, not as 
mediator. See Figure 2.1. 

Paciuk (1990) in this context states the following: ‘‘Critical to the process seems to 
be the role played by mediating variables - and speciically personal control of the 
near environment - that intervene between objective environmental stimuli and human 
response’’. Compare this with Staw & Kramer (2005) who state that a mediating 
variable is an intervening variable that deines whether a certain circumstance will lead 
to another circumstance (focus is on ‘when’). While a moderating variable according 
to Staw & Kramer is a variable that inluences, or moderates the relation between two 
other variables and thus produces an interaction effect (focus is on ‘how’). Think in 
this context of an ampliier that can strengthen or weaken the relationship between 
an independent variable (e.g. temperature) and an dependent variable (e.g. thermal 
sensation). 

There are also other scholars that, unlike Paciuk, have argued that (perceived) control 
should be regarded as a moderator. Lee & Brand (2005) conducted a ield study that 
explored how the ofice environment affected task performance and job satisfaction. 
One of the conclusions was that ‘‘perceived control may function as a moderator of 
the expected relationship between distraction and perceived performance’’. An older 
study by Glass & Singer (1972) that focussed on the effects of controllable and non-
controllable noise on task performance effects also leads to the conclusion that control 
should be regarded as a moderator and not as a mediator. 
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Therefore the conclusion was that a version 2.0 of the Paciuk model was needed that 
addresses control (the combination of available control, exercised control and perceived 
control) as a moderator variable, not a mediator variable. 

Based on the indings described above a new basic model that will serve as a foundation 
for the present PhD study was constructed. This new conceptual model is presented in 
Figure 2.8. With reference to De Dear & Brager (1998), Paciuk (1990) and Humphreys 
& Nicol (1998) the core assumption is that it is not just the objectively measured indoor 
climate that determines whether people feel warm or cold, are dissatisied with the 
indoor air quality, have building related symptoms and are not fully productive. 

Instead the hypothesis is (see the upper text box labeled ‘Control’ in Figure 2.8) that 
personal control (availability of adaptive opportunities) also has an impact and in 
fact acts as a moderator. The basic idea is that exposure to suboptimal temperatures 
and impurities in the air in itself has physiological effects (= standard theory) but 
that when this exposure is partly voluntary, when building occupants co-created their 
immediate environments and are able to inetune their local indoor climate (when 
feeling uncomfortable) e.g. by opening a window or adjusting a thermostat, those 
physiological and psychological effects are tempered. This basic idea is in line with the 
‘adaptive principle’ as described by De Dear & Brager (1998). Core assumption within 
that principle is that if a change occurs that produces discomfort, people react in ways 
which tend to restore their comfort.

Apart from the simpliied model as presented in Figure 2.8 an extended version of 
the model was also developed. This is presented in Figure 2.9. This second version 
describes in more detail the (sub)variables at hand and their mutual interrelations. 
The independent variable ‘indoor climate’ has been split up in ‘thermal environment’ 
and ‘indoor air quality’. Also the dependent variables (people effects) have been 
further speciied in ‘comfort & satisfaction’, (incidence of) ‘SBS symptoms’ and ‘task 
performance’. Within the ‘control box’ a further distinction has been made (see Paciuk, 
1990) between available control (presence/absence of operable windows, adjustable 
thermostats and other indoor climate controls), exercised control (actual use of those 

CONTROL

(available, exercised and 

perceived)

INDOOR CLIMATE
COMFORT, HEALTH & 

PERFORMANCE

Figure 2.8. Simpliied conceptual model for this PhD study.



35

Figure 2.9. Extended conceptual model for this PhD study.

controls) and perceived control (degree to which occupants perceive that they can 
change their local indoor climate). 

This is how the variables of Figure 2.9 are assumed to interrelate:
 - thermal environment and indoor air quality combined are assumed to have a 

direct impact on comfort, satisfaction, the incidence of SBS symptoms and task 
performance (arrow nr. 1);

 - this effect can be ampliied (i) or tempered (ii) when the exposed occupants have i) 
adequate control over their local indoor climate or ii) no control at all (arrow nr. 2 
in combination with arrow nr. 1);

 - apart from that control (especially perceived control) is assumed to have a direct 
impact on comfort, satisfaction, the incidence of SBS symptoms and possibly also 
task performance (arrow nr. 3);

 - when building occupants are uncomfortable, dissatisied with their indoor climate 
and start to suffer (temporarily) from SBS symptoms they will take corrective 
actions (arrow nr. 4);

 - available controls like operable windows and adjustable thermostats will be used 
(arrow nr. 6) to alleviate the situation (when people are uncomfortable) which in 
turn will lead to e.g. changed temperatures or increased local air freshness and an 
overall change in physical / chemical exposure (arrow nr. 5);

 - over time occupants will learn what the effects are of control use (arrows nr. 4 and 
5) which will help establish (arrow nr. 7) their perceived level of control.

Concerning the latter: note that also just the presence of controls and knowing that a 
room has operable windows and adjustable thermostats that can be used in an ‘indoor 
climate emergency’ without actually using them is also assumed to have a direct effect 
on perceived control (effect of available control on perceived control, not via exercised 

control). This has not been further indicated in Figure 2.9.

Modeling Personal Control over Indoor Climate
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2.5  Discussion

This study is limited to the effects of (control over) the thermal environment and indoor 
air quality. The impact of light and noise and other environmental parameters is not 
further addressed in the conceptual model. A future version of the conceptual model 
could have a wider scope and might include (control over) light, noise and other IEQ 
stimuli. That could be a useful extension as several studies (see e.g. Veitch & Gifford, 
1996; Leaman & Bordass, 2001 and Bluyssen et al., 2016) have shown that (perceived) 
control over lighting and noise also has an effect on comfort, task performance and the 
incidence of building related symptoms. 

In real life it is dificult to study the effects of controls and control actions one variable 
at a time as opening a window or e.g. closing a sun shade does not only affect the indoor 
climate; it simultaneously affects for example noise levels inside (e.g. when a window 
is opened) or lighting levels (e.g. when a sun shade is closed). Including such trade-off 
or ‘linked pair’ effects (Santos & Gunnarsen, 1999) would be another challenge when 
developing a future, more advanced version of the conceptual model.

The present model as presented in the Figures 2.6 and 2.7 is meant as a irst step to 

improve the generally used one-dimensional model that underlies mainstream standards 

like ASHRAE standard 55, ASHRAE standard 62.1, ISO 7730 and EN 15251 (see also 
paragraph 1.1). The new model is meant as an extension of the traditional ‘heat balance 
model’ or ‘PMV-PPD model’ that solely describes man-indoor climate relations in 
terms of physics and physiology (Loomans, 1998). Instead of the one-dimensional 
thermo-physiological model a two-dimensional psycho-physiological interactive 

model is proposed. And within this new model the core assumption is that it is not 
just temperature, CO

2
 concentration and other physical stimuli that determine building 

occupant reactions, but also psychological processes like perceived control and indoor 
climate occupant behaviour.

As suggested in Bluyssen et al. (2011) a future, more advanced, multidimensional 
version of the conceptual model might take additional psycho-social and personal 
factors into account. This could involve aspects like family circumstances, cultural 
background, socio-economic status, average workload and job strain, job level and job 
insecurity (Bell et al., 2002). Examples of personal factors that might act as intervening 
variables are: gender, age, extra/introversion, education, temperament, intelligence, 
creativity, self-esteem, social skills and general health status. According to Bluyssen 
et al. (2011) not just (perceived) control but also several of the other psychosocial 
and personal factors mentioned above act as moderator or mediator. Frontczak & 
Wargocki (2011) in this context conducted a meta-analysis and stated that there is 
some to substantial evidence that the following non-environmental ‘additional factors’ 
inluence people’s comfort perceptions in buildings: level of education, type of job, 
psychosocial atmosphere at work, gender, general job satisfaction, relationship with 
superiors and colleagues. The same study also concluded that many individual and 

psycho-social aspects do not have an impact on people’s comfort perceptions, e.g. age, 
body build, itness, smoking and coffee drinking habits, job stress and number of hours 
worked per week.   
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These additional factors might not just inluence how certain environments are 
perceived. They might also inluence how controls in buildings are used and to what 
extent individual building occupants perceive themselves to be in control in a certain 
situation. Before the present model is redeveloped into an even more multidimensional 
model (a model that takes additional psycho-social and personal factors into account as 
suggested by Bluyssen et al.) more research is needed, preferably in close cooperation 
with social scientists. 

2.6  Conclusions

The literature search for psycho-physiological models showed that several others in the 
past have attempted to systematically address occupant behaviour and personal control 
over indoor climate. 

A total of 6 historical models were described and analyzed. The model of Paciuk 
(1990) was selected as the number 1 inspirational source. Unlike Paciuk, we postulate 
that control should be adressed as moderator (not as mediator). The end result, the 
conceptual model for this PhD study, is presented in the Figures 2.8 (simpliied model) 
and 2.9 (extended model).

The new conceptual model (see Figure 2.9) is further explored and tested by analyzing 
a database (see chapter 3), by conducting an extensive ield study (see chapters 4 
and 5) and via an intervention, laboratory study (see chapter 6). Often not the whole 
model was tested but just parts of the model (e.g. just the effect of perceived control 
on incidence of building related symptoms). All chapters explore the conceptual model 
from a different angle. Therefore, at the start of each chapter, a customized version 
of the conceptual model is presented. The chapter-igures visualize (in orange) what 
characteristics / attributes the focus was on in each chapter (each sub-study) and what 
speciic relations were explored. 
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Impact of Perceived Control over 

Indoor Climate on Health and 

Comfort in Dutch Ofice Buildings
    

Database Analysis Results

In orange: speciic aspects and relations explored in this chapter (see also paragraph 2.4).

This chapter is partly based upon the text for an article that has been published as: Atze C. Boerstra & Tim 
C. Beuker, Impact of perceived personal control over indoor climate on health and comfort in Dutch ofices 
in: Proceedings Indoor Air 2011, paper nr. 833. 

The layout has been adjusted to it the style of this thesis.
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Abstract 

A historical database was analysed to determine relationships between available and 
perceived control over the indoor climate on the one hand and effects on ofice workers 
on the other hand. The database contained questionnaire data from 1612 occupants that 
worked in 21 ofice buildings. 

For each building occupant indoor climate control was objectiied with a new (5-point 
scale) composite control index that referred to self-reported presence of operable 
windows and adjustable thermostats and to self-reported effectiveness of these two 
control types. Also some (composite) indices were constructed to objectify comfort 
perceptions of building occupants and the incidence of building related (sick building) 
symptoms (PSI 5). The two other outcome variables that were studied were related to 
self-assessed productivity and self-reported sick leave effects. 

The data were explored using a multilevel modelling strategy with occupants nested 

within buildings. In four separate models it was tested whether differences in personal 
control scores were related to differences in comfort, symptom, productivity and sick 
leave scores. 

The analysis revealed a signiicant association between the personal control index and 
the 4 outcome parameters (in all cases with a p-value of 0.001 or lower). Higher control 
scores were systematically associated with higher comfort scores, lower symptom 
incidence, higher productivity scores and lower sick leave effects. 

The database analysis results imply that when building occupants are provided with 
effective operable windows and effective adjustable thermostats they generally will be 
more comfortable and more productive (at least they themselves estimate to be more 
productive). They also will experience less sick building symptoms and will report in 
sick less often due to an inadequate indoor climate. 
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3.1  Introduction

The design of modern ofice buildings (often with relatively complex building service 
systems and sealed façades) seems to be based upon the assumption that maintaining 
a predeined set of environmental variables (temperature, CO

2
 concentration, etcetera) 

by deinition assures the comfort and satisfaction of building occupants. However, 
occupants in many of these new ofice buildings are not satisied with the indoor 
climate (BOMA 1997). An often heard explanation is for this effect a ‘‘lack of options 
for personal control’’ (Mendell & Smith, 1990). 

Several studies have shown that the amount of perceived personal control over the 
indoor climate positively relates to a decrease in complaints over the indoor climate. 

Hedge et al. (1989) conducted a large ield study in 47 English ofice buildings. They 
analysed their data to ind out what factors cause ‘Sick Building Syndrome’ (building 
related symptoms). One of their main conclusions was that symptoms like dry eyes, dry 
throat, stuffy nose, itchy eyes and lethargy had the highest prevalence in air conditioned 
buildings without operable windows. One of the possible underlying causes that was 
identiied by the authors was ‘‘limited possibilities for personal control of temperature 
and fresh air supply’’. 

Zweers et al. (1992) conducted a large epidemiological study in 69 Dutch ofice 
buildings and came to comparable conclusion as Hedge et al. (1989): less options for 
personal control leads to a higher risk for building related symptoms. Also a meta-
analysis by Mendell & Smith (1990) concluded that building related symptoms (and 
also occupant dissatisfaction) is more prevalent in buildings with complex HVAC 
systems. Also these authors concluded that limited possibilities for personal control 
might play an important role.

Leaman & Bordass (2001) analysed data from a ield study conducted in 11 UK 
buildings and also concluded that self-assessed productivity was signiicantly and 
positively associated with perceived control. A ield study conducted by Roulet 
et al. (2006) in ofice buildings in Europe showed a positive correlation between a 
high degree of perceived personal control and satisfaction with the thermal, luminous 
and acoustical environment. A recent ield study by Bluyssen et al. (2016) came to 
comparable conclusions. This research team concluded that an increase of perceived 
control over indoor climate is positively associated with perceived environmental 

quality.

The present study aimed to further determine relationships between control on the 
one hand and comfort, the incidence of building related symptoms and building 
occupants’ self-assessed productivity and sick leave effects on the other hand. The 
above mentioned studies (especially those of Leaman & Bordass, Roulet et al. and 
Bluyssen et al.) systematically worked with direct assessment of perceived control by 
building occupants using Likert scales rated from ‘no control at all’ to ‘full control’.  
The present study used a different approach to objectify an individual building user’s 
control situation: personal control over the indoor climate was characterized with a 
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combination of available control factors (speciically the presence/absence of operable 
windows and temperature knobs as reported by the occupants themselves) and perceived 
control factors (perceived effectiveness and usability of one’s operable window and 
temperature knob). The latter (inclusion of perceived effectiveness of controls) was 
done as a recent study has shown that objectively measured effectiveness (‘speed’) 
of adjustable thermostat is signiicantly associated with thermostat effectiveness as 
reported by building occupants (Boerstra, Loomans & Hensen, 2013). 

The analysis consisted irst of an analysis at the building occupant level as the prime idea 
was to further explore the validity of the conceptual model as presented in paragraph 
2.4 (building occupant is the unit of analysis within this model). Additionally relations 
at the building level (e.g. correlations between mean control score of the buildings 
and average amount of building related symptoms in those buildings) were explored 
graphically. 

During the study the central focus was on control over room temperature (e.g. with 
adjustable wall thermostats or radiator thermostats) and control over fresh air supply 
(especially with openable windows). Effects of control over e.g. light and noise were 
not further explored.

3.2  Methods

3.2.1  Data collection strategy

The data were obtained from the questionnaire database of BBA Binnenmilieu, a 
consultancy irm specialized in indoor climate research. This organization conducts 5 
to 15 surveys a year in Dutch ofice buildings. In most cases the investigation consists 
of not just indoor climate measurements and  building and HVAC system inspections 
but also involves questionnaires amongst a sample of the building occupants. In this 
paper the focus is on the analysis of those questionnaire data.

Initially all questionnaire data from the ofice buildings that were investigated in 
the years 2005, 2006, 2007, 2008, 2009 and 2010 were selected. Data from smaller 
buildings with less than 20 respondents were removed. In some cases the questions 
about temperature control options and absence of operable windows missed. Also the 
responses from those buildings were deleted. In all cases the standard BBA indoor 
climate questionnaire was used (see Digital Appendix D2). This questionnaire 
originally was developed to objectify a building’s comfort and health performance and 
to determine occupants’ possible problems with regard to the indoor environment. The 
questionnaire for a large part is based upon a validated questionnaire that has been 
developed in the 90’s by the Dutch Government (see Kurvers & Leyten, 1990). This 
questionnaire in turn was partly based upon the indoor climate questionnaire that was 
developed (and tested) by Zweers et al. (1992) in the context of a large ield study in 
Dutch ofice buildings.
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The questionnaires in all cases were distributed by email. Ofice workers received an 
invitation to ill in the online-questionnaire. When they wanted to accept the invitation 
all they had to do is click on a link and start answering the questions. In the invitation it 
was made clear to the candidate respondent that the survey was conducted completely 

anonymously. At no point in time during the questionnaire were they asked to ill in 
their name or a room number.

The original questionnaire had 83 questions (see again Digital Appendix D2). For the 
study described in this paper 17 relevant questions were selected from the original 
questionnaire. See Table 3.1.
These speciic questions were related to available control, perceived effectiveness of 
controls, perceived thermal comfort, perceived olfactory comfort, the incidence of ‘sick 
building’ symptoms, self-assessed effects of the indoor environment on productivity, 
and self-reported sick leave during the previous 12 months caused by a suboptimal 
indoor climate.

The available answers to each of the questions mentioned in Table 3.1 was either ‘Yes’ 
or ‘No’ (with an exception for the productivity question). 

Selected questions to determine personal control over the indoor climate
- ‘‘During winter, can you adjust the temperature in your workspace yourself?’’
- ‘‘If YES, do temperature adjustments during winter normally have an adequate effect?’’
- ‘‘Is there an openable window in your workspace?’’
- ‘‘If YES, can you use the operable window at will (freely)?’’

Selected questions to determine the perception of thermal and olfactory comfort 
- ‘‘In summer, is it often too warm at your workstation?’’
- ‘‘In spring / autumn, is it often too warm at your workstation?’’
- ‘‘In winter is it often too cold at your workstation?’’
-  ‘‘In general, is it often too draughty at your workstation?’’
- ‘‘In winter, is the air at your workstation often too dry?’’
- ‘‘In general, is the air at your workstation often stale or stuffy?’’

Selected questions to determine Personal Symptom Index (PSI)
- ‘‘Do you often suffer from headache or a heavy head?’’
- ‘‘Do you often suffer from tiredness?’’
- ‘‘Do you often suffer from itching or watering eyes?’’
- ‘‘Do you often suffer from a dry or sore throat?’’
- ‘‘Do you often suffer from a stuffy or runny nose?’’
Note that respondents speciically were asked about symptoms that they experienced when at their workstation and 
that normally disappeared when they went outside.

Productivity question
- ‘‘How do you estimate the indoor climate in your building affects your productivity?’’

Sick leave question
- ‘‘During the last 12 months, did you ever report in sick due to the indoor climate in your building?’’

Table 3.1. Selected questions from the original questionnaire (translated from Dutch); answering 
categories for all questions were yes/no, with one exception: the productivity question used a 9 
point scale varying from -20% (productivity diminishing) to +20% (productivity enhancing).
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3.2.2  Personal control index

First a 5-point composite index was deined to describe the availability of controls and 
perceived usability and effectiveness of those controls. This involved generating an 
aggregated variable ‘personal control index’, partly with reference to the methodology 
described in Leaman & Bordass (2001). The personal control index was constructed 
based on the answers on the following 4 yes/no questions: ‘In your workspace, during 
winter, can you adjust the temperature yourself?’, ‘If yes, do temperature adjustments 
during winter normally have an adequate effect?’, ‘Is there an openable window in 
your workspace?’, ‘If yes, can you use the operable window at will (freely)?’. Note that 
the original questionnaire also had questions about the temperature control options in 
summer. The answers to those questions were not further used for the composite index. 
The personal control score could vary from 1 to 5. See table 3.2 below for a further 
explanation of the scoring options. The reliability (Cronbach’s alpha) of the aggregated 
personal control variable was α = 0.56.

Table 3.2. Scoring options for the personal control index.

Temperature control option winter Operable window Score

No temperature control option available No operable window available 1

No temperature control option available Operable window available but according 
to occupant it cannot be used at will

2

No temperature control option available Operable window available that according 
to occupant can be used at will

3

Temperature control option available but it 
is perceived as being ineffective

No operable window available 2

Temperature control option available but it 
is perceived as being ineffective

Operable window available but according 
to occupant it cannot be used at will

3

Temperature control option available but it 
is perceived as being ineffective

Operable window available that according 
to occupant can be used at will

4

Temperature control option available that is 
perceived as being effective

No operable window available 3

Temperature control option available            
that is perceived as being effective

Operable window available but according 
to occupant it cannot be used at will

4

Temperature control option available             
that is perceived as being effective

Operable window available that according 
to occupant can be used at will

5

3.2.3  Outcome variables

In line with the UK PROBE study approach described in Leaman & Bordass (2001), 
a summary comfort index was constructed: the Personal Comfort Index. This is a 

variable measured at interval level on an scale from 1 to 7, with 1= low comfort and 
7= high comfort. The comfort index is an aggregated variable based on the recoded, 
combined answers on the following yes/no questions about indoor climate perceptions 
in one’s workspace: ‘‘In summer, is it often too warm?’’, ‘‘In autumn/spring, is it often 
too warm?’’, ‘‘In winter is it often too cold?’’, ‘‘In general, is it often too draughty?’’, 
‘‘In winter, is the air often too dry?’’, ‘‘In general, is the air often too stuffy or stale?’’. 
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An individual’s comfort score was calculated by subtracting the amount of positively 
answered questions from 7. So when one for example had answered 2 of the discomfort 
questions with ‘yes’ this would have resulted in a comfort score of 5 (7 minus 2). When 
an individual had answered all 6 questions with ‘yes’ (the worst case scenario) this 
resulted in a minimum comfort score of 1 (7 minus 6). This comfort outcome variable 
provides an implication on how comfortable respondents perceived themselves to be 
in their workspace. The reliability (Cronbach’s alpha) of the personal comfort variable 
is α = 0.58.  

A second outcome variable that was used was the Personal Symptom Index (PSI5), 
with reference to e.g. Roulet et al. (2006) and Spengler et al. (2001). The PSI5 is based 
on the incidence of 5 core ‘sick building’ symptoms: dry eyes, blocked or stuffy nose, 
dry throat, headache and tiredness. Respondents were asked (one symptom at a time) 
whether they often experienced (when in their workspace) dry eyes, blocked/stuffy 
nose, etc. An individual had a score of 0 when he/she had none of the 5 symptoms. 
And a maximum score of 5 when he/she had experienced all 5 symptoms on a regular 
basis. The PSI5 index communicates to what extent an individual respondent had any 
building related symptoms at their workstation. The reliability (Cronbach’s alpha) for 
PSI5 is α = 0.68.  

The third outcome variable is self-assessed productivity impact of the indoor climate 
(measured in percentage). The productivity score was based on the answer of the 
following standard question from the BBA questionnaire: ‘‘How do you estimate the 
indoor climate in your building affects your productivity?’’. People could answer on a 
scale from: -20% (productivity diminishing), via -15%, -10%, -5%, 0%, +5%, +10%, 
+15% to +20% (productivity enhancing). Note that the original questionnaire used the 
word ‘productivity’ (and not ‘task performance’ or ‘performance’) as this term is more 
generally used by ofice workers themselves. The productivity index communicates to 
what extent an individual respondent thought of their indoor climate as productivity 
diminishing or productivity enhancing.

The fourth outcome variable is self-reported sick leave in relation to a suboptimal indoor 
climate. The sick leave score was based upon the answer on the following question: 
‘‘During the last 12 months, did you ever report in sick due to the indoor climate in 
your building?’’. Individuals could answer this question with 1=yes or 0=no. The sick 
leave score is an indication of whether an individual had one or more days of absence 
due to sickness during the previous 12 months due to an inadequate, suboptimal indoor 
climate.

3.2.4  Statistical analysis

First the descriptive statistics were generated, both at the building occupant level (Level 
1) and the building level (Level 2).  

Next the data were explored using a multilevel modelling strategy. 
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Multi-level modelling or MLM refers to a powerful and highly lexible statistical 
technique designed for data like those in the present database that have a hierarchical 
or nested structure (Gifford, 2015). A standard example of a nested dataset is students 
sampled from classrooms, that in turn are sampled from different schools. MLM can 
be conceptualized as a multi-level form of multiple regression. At the lowest level 
of analysis (Level 1, in our case: the building occupant level), one or more predictor 
variables are arranged in a linear equation to predict a dependent variable. Next, separate 
regression analyses are run for each Level 2 group (in our example: for each building 
or each group of building occupants that work in the same building), producing a Level 
1 set of intercepts and coeficients for each group (for each building separately). After 
that the Level 1 intercepts and beta coeficients are used as dependent variables in 
subsequent Level 2 analyses. MLM also enables researchers to investigate potential 
interactions across different levels of data. For example by comparing the (Level 1) 
within-group variability or intraclass correlation with the (Level 2) between-group 
variability (Gifford, 2015).
Multi-level modelling is not used broadly yet in the building sciences. Gifford (2015) 
in this context mentions the following: ‘‘To date, Multi-level modelling (or MLM) has 
not been used extensively in environment and behaviour research’’. Nevertheless, we 
decided to apply MLM to further analyse of our data as the database clearly consisted 
of hierarchical data, with building occupants at the lowest analysis level (Level 1) and 
buildings at the highest level of analysis (Level 2).

In four separate models we tested whether differences in personal control scores were 
related to differences in comfort, symptom incidence, productivity and sick leave 
scores. Associations were examined using multilevel logistic regression analysis taking 
into account the hierarchical structure using the factor building as random effect and 
covariates as ixed effects. The multilevel modelling was done stepwise. The covariates 
sex, age and ofice space type (private ofice vs. 2-3 persons room vs. 4-10 persons 
room vs open plan ofice) were added to the model as (background) factors to control 
the models for. Note that it was not possible to correct for other personal factors or e.g. 
psychosocial work aspects as the original database had just limited information at the 
personal level (apart from age, gender and workspace type).  
All analyses were performed using the MIXED procedure in IBM SPSS, version 20.0.

For each outcome parameter the intra-class (or intra-cluster) correlation (ICC) was 
calculated. This is a measure that allows comparison of the within-group variance with 
the between-groups variance (Field, 2009). It describes how strongly units in the same 
group resemble each other. An ICC value of 0.2 or 20% for example indicates that just 
20% of the overall variation in the effect can be explained by clustering. Which means 
that the different groups (buildings) tend to perform at comparable levels (in our case: 
tend to impact building occupants similarly). 

For those output variables that had an ICC < 20% scatterplots were generated to further 
explore (at level 2) how mean building scores (e.g. for control and comfort) were 
correlated. In this context a new control variable was deined: building control index. 

The building control index of e.g. building X is calculated from the mean personal 
control score of all respondents from building X. 
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Also several generic output variables were deined:
 - the building comfort index (calculated, one building at a time, from the mean  

       personal comfort scores); 
 - the building symptom index, BSI(5) (calculated from the mean Personal Symptom  

       Index 5 scores);
 - the building productivity score (calculated from the mean personal productivity  

       scores, measured in percentages), and:
 - the sick leave percentage (calculated from the mean percentage of respondents in  

      each building that indicated to have been sick for one or more days during the last  
      12 months due to an inadequate, suboptimal indoor climate).                                                                

3.3  Results

The full questionnaire results are available via Digital Appendix D3. 

In Table 3.3 the core characteristics of the respondents are described. The average 
age of the respondents was a little over 42 years and 53% reported to be male. The 
mean amount of hours that respondents indicated to spend in their ofice building 
(during regular working weeks) was a little more than 31 hours. And about 1 in 10 
of the respondents had a private ofice, 1 out of 3 worked in a 2- or 3-person room 
(which meant that they shared their workspace with 1 or 2 others), around 4 out of 10 
respondents worked in a larger space (with up to 10 persons in total in the room) and a 
bit less than 1 out of every 6 persons worked in an open plan ofice.

Response rates varied from building to building. The mean response rate for the 21 
buildings was 67%. One building (B19) had a response rate of 29%, one (B12) of 40% 
and the rest all had response rates between 50 and 90%.

Table 3.3. Characteristics of the respondents (n=1612).

Perc. 

%

Mean 

(S.D.)

Gender Male 53.0

Female 47.0

Age 42.5
(11.0)

Hours inside* 31.2
(9.0)

Workspace type Private ofice 9.6

2 or 3 person ofice 33.1

Lager ofice up to 10 persons 41.7

Open plan ofice 15.6
    

* respondents were asked to indicate how many hours a week they were inside the building during a regular 
working week
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For each building separately the mean and standard deviations (S.D.) were calculated. 
Both for the personal control index and for the outcome variables. See Table 3.4. 
Note that the table is organized vertically based upon the mean personal control score 
(building control score) of each building. This was done in descending control score 
order: the table starts with the building with the highest control score and ends with the 
building with the lowest score. 

Table 3.4. Mean control, symptom, comfort, productivity and sick leave score per building 
(with standard deviation S.D.)
  

Building N Control Index

(5 point scale 

with 1= no 

control;  5= 

max. control)

Symptom Index

(6 point scale 

with 0= no 

symptoms; 5= 

all 5 symptoms)

Comfort Index 

(7 point scale 

with 1= low 

and  7= high 

comfort)

Productivity 

effect

(9 point scale 

from -20% to 

+20%)

Sick 

leave 

effect

(Y/N)

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Perc.

^

HIGH 
control

LOW 
control

˅

B13 57 3.8 0.9 1.5 1.3 4.9 1.4 -2.9% 7.4%p 3.6%

B16 42 3.8 1.0 1.4 1.4 4.1 1.6 -3.1% 9.4%p 0.0%

B21 29 3.8 1.2 1.6 1.0 4.5 1.7 -0.2% 9.5%p 0.0%

B4 38 3.7 1.1 1.0 1.2 4.4 1.8 -0.9% 6.6%p 0.0%

B14 93 3.6 1.1 1.2 1.4 5.2 1.4 -2.0% 8.1%p 1.1%

B1 47 3.4 1.4 1.2 1.3 5.1 1.6 0.0% 4.8%p 0.0%

B5 48 3.4 1.5 1.2 1.4 5.0 1.5 -0.6% 6.9%p 2.1%

B9 57 3.4 1.0 1.9 1.3 4.3 1.7 -3.5% 10.1%p 3.5%

B18 217 3.4 1.0 2.0 1.6 4.6 1.5 -3.9% 9.0%p 6.5%

B6 24 3.4 1.2 1.2 1.2 5.1 1.2 0.00% 6.9%p 0.0%

B11 53 2.9 1.0 1.5 1.4 4.7 1.5 -1.6% 7.9%p 7.6%

B19 86 2.9 1.0 2.4 1.7 3.8 1.6 -2.2% 11.4%p 8.3%

B7 79 2.9 1.1 1.7 1.4 5.0 1.4 -1.2% 9.2%p 5.1%

ALL 1612 2.9 1.2* 1.8 1.6* 4.5 1.6* -3.3% 9.1%p* 6.7%

B3 190 2.8 0.6 1.3 1.5 5.4 1.5  - - 6.5%

B20 30 2.6 0.5 1.8 1.5 4.2 1.4 -0.7% 9.8%p 3.3%

B2 87 2.6 1.2 2.1 1.7 4.3 1.7  -  - 11.8%

B15 30 2.6 1.0 2.4 1.4 3.7 1.3 -4.7% 10.8%p 0.0%

B17 41 2.5 1.0 1.7 1.5 4.4 1.8  - - - 

B8 63 2.1 0.8 2.4 1.6 4.1 1.5 -5.9% 8.5%p 9.5%

B10 99 2.0 1.3 1.5 1.5 5.0 1.5 -3.9% 8.3%p 6.1%

B12 202 1.6 0.6 2.8 1.5 3.3 1.4 -7.1% 9.6%p 17.2%
      

*  standard deviation as calculated for the whole sample with all respondents
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The mean and standard deviation as calculated for the whole sample of respondents 
is presented in bold in one of the middle rows. The mean control score for all 1612 
respondents combined was 2.9 (S.D. 1.2). The mean personal symptom index score or 
PSI5 value was 1.8 (1.6). The mean comfort index score was 4.5 (1.6). The respondents 
on average estimated their indoor climate to affect their performance negatively with 
3.3%, with a S.D. of 9.1 %point. And 6.7% of the respondents indicated to have been 
reporting in sick due during the previous 12 months due to an inadequate indoor climate. 

The results of the multilevel analysis are presented in Table 3.5. The analysis revealed 
that personal control signiicantly predicts comfort (F= 31.5; p< 0.001), PSI5 (F= 20.3; 
p<0.001), self-assessed productivity (F= 8.8; p<0.001) and self-reported sick leave (F= 
4.6; p=0.001). For comparison: only in one case workspace type signiicantly predicts 
the outcomes (speciically for comfort). The results are corrected for gender and age 
effects. 

The ICC values for the 5 outcome parameters were calculated too, see Table 3.6. The 
ICC values all were around 10% or lower which implies that a relative small amount of 
the variance can be explained by clustering effects. 

Table 3.5. Relations between personal control index and workplace type (amount of ofice 
mates) on the one hand and comfort, PSI5, self-assessed productivity and self-reported sick 
leave on the other hand; the results are corrected for gender and age (results from the multilevel 
logistic regression analysis; with n= 1612 ofice workers in 21 buildings).

Predictor* F-value p-value

Personal comfort index
(scale 1-7)

Intercept 1790.02 <0.001

Personal control index 

(scale 1-5)

31.46 <0.001

Workspace type** 2.81 0.038

Personal symptom index 

(PSI5)
(scale 0-5 symptoms)

Intercept 318.31 <0.001

Personal control index  

(scale 1-5)

20.28 <0.001

Workspace type** 1.92 0.125

Self-assessed productivity                  
(scale -20% to +20% / 9 
point)  

Intercept 2450.13 <0.001

Personal control index 

(scale 1-5)

8.81 <0.001

Workspace type** 1.97 0.117

Self-reported sickness 
for 1 or more days due to 
inadequate indoor climate 

(yes/no)

Intercept 32.82 <0.001

Personal control index 

(scale 1-5)

4.62 0.001

Workspace type** 1.39 0.244
    

* independent variables that turned out to explain a signiicant amount of variance in the outcome variables 
(as presented in column 1) are presented in bold; only for intercept an exception was made.
** workspace type answering categories: 1 = private room, 2 = 2-3 persons room, 3 = 4 to 10 persons room, 
4= open plan ofice.
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Table 3.6. Intraclass correlation coeficients (ICC’s) for the four multilevel models in which the 
effects of comfort index, symptom index, self-assessed productivity, and self-reported sick leave 
were tested with respect to personal control index. Subjects were regarded as level 1 variables 
nested within buildings (level 2). The ICC and the 95% conidence interval are reported for each 
model separately.

Outcome variable ICC (in %) 95% C.I.

Comfort Index 10.5 2.9 - 18.0

Symptom Index - PSI5 6.8 1.6 - 12.1

Self-assessed productivity effect 2.3 -0.3 - 5.0

Self-reported sick leave effect 1.1 -0.7 - 2.8

For illustration purposes Figure 3.1 has been included. This igure communicates for 
one of the outcome variables (the personal comfort index) what the distinct regression 
lines in the 21 buildings looked like. The igure helps to explore between-buildings 
similarities in beta-coeficients (slopes) and indirectly visualizes one of the in between 
steps that the multilevel analysis consisted of.

Figure 3.1. Relation between personal control index and comfort index for all 21 buildings 
separately; regression lines show comparable beta coeficients (slopes), with 3 exceptions: 2 with 
above-average steep slopes (building B3 and B20) and 1 (building B15) with negative slope. The 
legend to the right refers to binned data plotting
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As the analysis showed that control is signiicantly related to all four outcome 
parameters, after correction for the nested character of the data, the decision was made 
to graphically further present the relations. The impact of the control index on comfort, 
SBS symptom incidence, self-assessed productivity and self-reported sick leave is 
visualized in the Figures 3.2 to 3.5. In these igures ’sub control groups’ are compared 
with each other across all buildings. Figure 3.2 for example allows one to compare the 
mean comfort score of those that had a personal control score of 1 with the comfort 
score of those that had a personal control score of 2, 3, 4 or 5. 

The next step consisted of a graphical comparison of aggregated scores at building 
level (level 2), see the Figures 3.6 till 3.9. Figure 3.6 for example communicates how 
the mean personal control score at building level (the building control score) impacts 
the mean personal comfort score in those buildings (the building comfort score). The 
regression coeficients of the trend lines depicted in the 4 igures are respectively 0.4 
/ -0.5 / 2.0 and -5.5 for respectively the building comfort index, the building symptom 
index (BSI 5), self-assessed productivity (in %) and amount of occupants reporting IEQ 
related sick leave in the previous 12 months (also in %). 

Figure 3.2. Relation between personal control index and personal comfort index; n for sub 
control group 1 to 5 is respectively: 236, 362, 578, 203 and 202; the error bars represent the 95% 
conidence intervals.
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Figure 3.3. Relation between personal control index and personal symptom index (PSI5); n for 
sub control group 1 to 5 is respectively: 236, 362, 578, 203 and 202; the error bars represent the 
95% conidence intervals.  

Figure 3.4. Relation between personal control index and self-assessed productivity; n for sub 
controlgroup1 to 5 is respectively: 236, 362, 578, 203 and 202; the error bars represent the 95% 
conidence intervals.  
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Figure 3.5. Relation between personal control index and percentage of respondents that reported 
1 or more days of sickness absence during the previous 12 months due to inadequate indoor 
climate; n for sub control group 1 to 5 is respectively: 236, 362, 578, 203 and 202; the error bars 
represent the 95% conidence intervals.

Figure 3.6. Relation between aggregated scores at building level (level 2): correlation between the 
building control index (measured on a 5 point scale with 1 = minimal control and 5 = maximum 
control) and building comfort index (measured on a 7 point scale with 1 = low level of comfort 
(many comfort complaints) and 7 = high level of comfort (N= 21 buildings).
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Figure 3.7. Relation between aggregated scores at building level (level 2): correlation between 
building control index (measured on a 5 point scale with 1 = minimal control and 5 = maximum 
control) and building symptom index / BSI 5 (average amount of building related symptoms in 
each building with a maximum of 5) (N= 21 buildings).

Figure 3.8. Relation between aggregated scores at building level (level 2): correlation between 
building control index (measured on a 5 point scale with 1 = minimal control and 5 = maximum 
control) and mean score for self-assessed productivity effect of the indoor climate that one is 
exposed to (measured on a 9 point scale from -20 to +20%) (N= 21 buildings).
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Figure 3.9. Relation between aggregated scores at building level (level 2): correlation between 
building control index (measured on a 5 point scale with 1 = minimal control and 5 = maximum 
control) and percentage of occupants that communicate to have been ill during the previous 12 
months due to an inadequate / suboptimal indoor environment at the workplace (N= 21 buildings).

3.4  Discussion

The present study aimed to further determine relationships between control over 
the indoor climate on the one hand and comfort, the incidence of building related 
symptoms, building occupants’ self-assessed productivity and self-reported sick leave 
on the other hand.

A new composite index, the personal control index, was introduced to describe 
individual occupant’s control situation. Also two new outcome indices were introduced, 
one composite index for comfort and one for symptom incidence. The reliability 
(Cronbach’s alpha) of the 3 new aggregated variables varied from α = 0.56 to 0.58 and 
0.68. Normally (see Kline, 1999) an α of around 0.7 or higher is regarded as acceptable 
so in this case especially the reliability of the aggregated variables personal control 
index and personal comfort index can be regarded as somewhat questionable. This 
should not be too much of a problem as the two aggregated variables were meant to 
give an overall impression of respectively the control situation and experienced overall 
comfort and beforehand it was not assumed that access to operable windows was 
strongly correlated to access to temperature knobs or that experience of overheating in 
summer was strongly related to cold discomfort in winter.  
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The multilevel analysis (see Table 3.5) showed that control (the personal control index) 
had a signiicant effect on all 4 outcome parameters. Taking into account the fact 
that the databases consisted of nested variables; and controlling for the background 
variables age and sex.

Those with high scores on the personal control index (score of 4 or 5) scored about 
1 scale unit higher on the (7 point) personal comfort index scale than those with low 
control scores (score of 1 or 2). See Figure 3.2.  
Those with low scores on the personal control index (score of 1 or 2) had a personal 
symptom index (PSI5) that is about a factor 1.8 higher than those with high control 
scores (score of 4 or 5) (see igure 3.3). For the low control group the PSI5 value is 
around 2.4; for the high control group this is about 1.3. See Figure 3.3.
Those with high scores on the personal control index (score of 4 or 5) estimated 
themselves to be 4 to 5% more productive than those with low control scores (score of 
1 or 2). See Figure 3.4.
And respondents with low scores on the personal control index (score of 1 or 2) 
indicated a factor 4 times more often (12% vs. 3%) that they had reported in sick due 
to a suboptimal indoor climate than those with a high control score (score of 4 or 5). 
See Figure 3.5. 

Clustering effects were relatively limited (see the ICC values in Table 3.6) therefore the 
decision was made to graphically compare average scores between buildings. See the 
Figures 3.6 to 3.9. These igures imply that in general when buildings and their controls 
are designed in such a way that the average control score of the future occupants of those 
buildings is high these buildings will enhance comfort and (self-assessed) productivity, 
limit the incidence of building related symptoms and decrease sick leave. This insight 
can be used to the advantage of organisations and employees when existing buildings 
are retroitted or new buildings are constructed.

Concerning the sick leave effects: one could wonder what the mechanisms are that 
explain this (self-reported) effect. It is unlikely that a lack of (effective) temperature 
controls options in ofice environments directly causes people to be ill more often. A 
link between control over fresh air supply and sick leave however is more likely as this 
could be directly linked to (periodical) exposure to airborne pathogens. According to 
Milton, Glencross & Walters (2000) the relative risk for short-term sick leave amongst 
people that work in ofice spaces with lower ventilation rates is signiicantly higher than 
that for those working in well-ventilated ofice spaces. Access to operable windows 
allows ofice workers to now and then boost their ventilation rates which in turn might 
limit cross-contamination risk between ofice workers in one space when one of them is 
ill. Zweers et al. (1992) in this context analyzed the relation between perceived control 
and sick leave amongst Dutch ofice workers and found that those that indicate to be in 
control of the indoor climate were 34% less days sick at home. 
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This database analysis came with several limitations:

Unfortunately the standard BBA questionnaire at the time (the period 2005-2010) did 
not have any direct questions about perceived control over temperature, ventilation etc. 
(7 point ‘no control - full control scale’ questions as the one e.g. used when the HOPE 
and the OFFICAIR studies were conducted, see Roulet et al., 2006 and Bluyssen et al., 
2016). Therefore a new control index had to be constructed; one that referred to on the 
one hand access to operable windows and adjustable thermostats (available control) 
and on the other hand perceived effectiveness / usability of those two control types.

Another limitation of the database used was that it did not include speciic respondent 
information on personal and psychosocial aspects. One of the reasons for this is that 
when engineering companies conduct indoor climate investigations in Dutch ofice 
buildings most employers (and employees) are reluctant to answer questions about the 
psycho-social work environment.
As suggested in Bluyssen et al. (2011) an ideal questionnaire should ask about aspects 
like family circumstances, cultural background, socio-economic status, average 
workload and job strain, job level and job insecurity. Examples of other personal 
factors that might act as intervening variables and that could be included in version 
2.0 of the questionnaire are: extra/introversion, education, temperament, intelligence, 
creativity, self-esteem, social skills and general health status (Bell et al., 2002). 
Frontczak & Wargocki (2011) in this context conducted a meta-analysis and stated that 
there is some to substantial evidence that the following non-environmental ‘additional 
factors’ inluence people’s comfort perceptions in buildings: level of education, type 
of job, psychosocial atmosphere at work, gender, general job satisfaction, relationship 
with superiors and relationship with colleagues. The same study also concluded that 

many individual and psychosocial aspects do not have an impact on people’s comfort 
perceptions, e.g. age, body build, itness, smoking and coffee drinking habits, job stress 
and number of hours worked per week.   

A third limitation of the present analysis is related to the origin of the data. The database 
contents were gathered during building surveys as conducted by an engineering 
company. These surveys have been conducted in ofice buildings of which beforehand 
it was known that the building occupants reported some complaints about the 
indoor environment. Therefore, the data might be skewed towards an overall higher 
percentage of complaints and discomfort than one can assume for the average Dutch 
ofice building. Having said this: when one looks at the different symptom scores for 
the 21 buildings (see Table 3.4, column nr. 5) the overall impression is that certainly 
not all of those building are ‘sick’. The building symptom index (BSI5) value for all 
21 buildings together was 1.8 (S.D. 1.6). Compare this with Bluyssen et al. (2016) 
who found in the OFFICAIR study for European ofice buildings in general a mean 
building symptom index (BSI5) of 1.3 (S.D. 1.3). While Spengler et al. (2001) state 
that a symptom index < 1.5 indicates ‘minimal problems with SBS (Sick Building 
Syndrome) while a building with a symptom index > 2.5 according to Sprengler should 
be regarded as a ‘problem building’. 
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Even when one assumes some skewness towards above average indoor climate 
complaint incidence this still should not be a major problem as the main focus in this 
study was on relations not on absolute values.  
Another limitation has to do with the timing of the distinct surveys. Sometimes the 
questionnaires were distributed in summer, sometimes in winter and sometimes in 
spring or autumn. This might have inluenced respondents’ answers. E.g. conducting a 
survey in winter might have resulted in an underestimation of the amount of overheating 
complaints in summer. Building owners and employers to a large extent dictate the 

timing of surveys when those surveys are done by consultancy irms in a commercial 
context. So this timing issue was something that could not be avoided. 

3.5  Conclusions

The present study aimed to determine relationships between control (more speciically 
available control and perceived effectiveness of controls) on the hand and comfort, the 
incidence of building related symptoms, self-assessed productivity and self-reported 
sick leave due to a suboptimal indoor climate on the other hand. 

The multilevel analysis revealed a signiicant association between the personal control 
index and the 4 outcome parameters; in all cases with a p-value of 0.001 or lower. 
Higher control scores were systematically associated with higher comfort scores, a 
lower symptom incidence, higher productivity scores and lower estimated sick leave 
effects. 

The database analysis results imply that when building occupants are provided with 
effective operable windows and effective adjustable thermostats they generally will 
be more comfortable and more productive (at least themselves estimate to be more 
productive). They also will experience less sick building symptoms and will report in 
sick less often due to an inadequate indoor climate. 
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Abstract

A ield study was conducted during the heating season in nine modern ofice buildings 
in the Netherlands. A irst objective of the study was to investigate what kind of control 
Dutch ofice workers have over temperature in winter (available control), to map how 
often these controls are used (exercised control) and to identify how much control 
the ofice workers perceive to have over temperature in winter (perceived control). 
A second objective was to objectify the amount of control over temperature in winter 
with thermostat effectiveness measurements. The third objective was to investigate 
how available control and exercised control impacts the level of control over indoor 
climate in winter as experienced by ofice workers (perceived control). 

The study consisted of (i) a systematic inventory of relevant building and HVAC system 
characteristics, (ii) a questionnaire amongst building occupants and (iii) indoor climate 
measurements. Concerning the latter: to evaluate the effectiveness of controls dynamic 
experiments were conducted. These experiments consisted of manual adjustments 
of thermostats by the researchers. After these interventions response times and step 
responses for room temperature were identiied to quantify how effective controls were 
in changing room temperature.

The ield study showed that only 31% of the respondents indicated to be satisied with 
the amount of control they have over their indoor climate. And just 1 out of 5 of the 
ofice workers indicated to take energy effects into account when using adjustable 
thermostats or operable windows. The temperature measurements revealed a large 
variation in thermostat effectiveness: for example, ‘thermostat speed’ differed between 
buildings from +0.2 to +2.5 K/hr for upward interventions. Upward adjustments of 
thermostats were found to be more effective than downward adjustments. Also, 
measured thermostat speed in heating mode turned out to be correlated signiicantly 
with average thermostat speed as perceived by the occupants. The analysis also revealed 
a link between available control and perceived control. Those occupants that reported 
having access to controls scored signiicantly better (higher) on the 7-point perceived 
control scale. Furthermore, there are indications that frequency of control use also is 
linked to perceived control over indoor climate.

The outcomes of the study can be used to improve temperature control in existing and 
new ofice buildings. 
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4.1  Introduction

Several studies have shown that having or not having control over one’s indoor climate 

affects how that indoor climate is perceived (Bell et al., 2002; Boerstra, Beuker, 
Loomans & Hensen, 2013). There is growing evidence that human responses to sensory 
stimuli such as suboptimal temperatures modify when those exposed have control over 
these stimuli, i.e. when building users have adaptive opportunities (Brager & DeDear, 
1998). In this context Rohles (2007) mentions that personal preferences differ a lot, 
therefore the ability of an individual to control his or her environment does have a 
considerable effect on satisfaction with the surroundings. 

Bordass, Leaman & Ruyssevelt (2001) conducted the so-called Probe study in the UK. 
One clear conclusion from that study was that occupants like buildings that can respond 
to them. According to the authors people are most comfortable, healthy and productive 
in buildings that have operable windows and effective and usable temperature controls. 
Nicol & Humphreys (1973) and Paciuk (1990) arrived at similar conclusions. 

These results support the hypothesis that feedback loops for personal control should be 
taken into account when assessing and designing indoor climates.   

Modern Dutch ofice buildings typically have several control options. Especially 
operable windows and adjustable thermostats are quite common. Sometimes, in 
the case of single person rooms, these controls offer individual control. Often these 
controls are shared with others, for example in the case of ofice landscapes. A lot is 
still unclear about control over indoor climate in Dutch ofices. Unanswered questions 
are for example: How effective are adjustable thermostats and other controls? How fast 
does the temperature change when you use the controls? How often do people use their 
controls? And how does having or not having control and the frequency of control use 
affect the perceived level of control over one’s thermal environment? And how does 
the quality of indoor climate controls and their effectiveness affect perceived control 
over temperature?

A ield study was designed to answer the above mentioned questions and to further 
study personal control over indoor climate in Dutch ofice buildings. Central aspects to 
investigate were (with reference to Paciuk (1990)): available control, exercised control 
and perceived control. In this paper the results related to control over temperature in 
winter (thermal environment in winter) are presented. 

The irst objective of the ield study was to ind out how much control Dutch ofice 
workers have over temperature in winter, to map how often their winter controls are used 
and to identify how much control the ofice workers perceive to have over temperature 
in winter. A second objective was to objectify the amount of control over temperature 
in winter through thermostat effectiveness measurements. The third objective was to 
investigate how available control (access to controls) and exercised control (frequency 
of use of controls) impacts perceived control over indoor climate in winter. 
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4.2  Methods

The ield study was carried out in nine ofice buildings located in different cities in the 
Netherlands. The buildings were selected based on the following criteria:
- State-of-the art ofice work environment (relatively modern ofice concept);
- Well maintained building and HVAC systems;
- Gross net loor surface at least 2,000 m2 (around 22,000 sq.ft);
- Easy access for the research team to the workspaces (and the ofice workers).

The selected buildings were used by either governmental institutions or commercial 
organizations and the buildings were equipped with different types of HVAC systems 
ranging from traditional to more innovative systems such as slab heating/cooling 
systems. 

Note that Dutch ofice buildings differ in an important way to average ofice buildings 
in North-America and Asia: they normally have more options for control. Eight of the 
nine buildings studied had operable windows and seven buildings offered possibilities 
for manual temperature control in winter at room level. 

The buildings were visited at different times between November 2011 and March 2012. 
Average maximum outside temperatures during winter in the Netherlands normally lie 
at around 3 to 6 °C (37 - 43°F). 

Inside the buildings relevant building  and HVAC system characteristics were mapped 
with the use of a checklist. For example, an inventory was made of the kind of heating 
systems that were installed in the buildings and of the ways these heating systems 
could be controlled by the building occupants. A more detailed description of the nine 
buildings can be found in Appendix I. 

Also building occupants’ perceptions were mapped. In each building between 20 and 30 
people were asked by the lead researcher to manually ill in a questionnaire. See Appendix 
D4 for the full version of the questionnaire (in Dutch). The total number of respondents 
for the nine buildings was 236. The respondents were selected at random. Purposely we 
looked for respondents spread out over different loors, different departments, different 
facades etc. The response rate was > 95%: more or less everybody that was approached 
agreed to ill in the questionnaire. After the respondents illed in the questionnaire they 
were asked to participate in an extra 10 minute face-to-face interview. A total of 161 
building occupants agreed to participate in this part of the research. 

In each building also several measurements were conducted (on average 10-15 per 
building). These interventions consisted of an active control action done by the 
researchers. Most interventions were upward adjustments of adjustable thermostats or 
downward adjustments of thermostats. Sometimes also other controls, like operable 
windows and blinds were tested. No further results of these non-thermostat experiments 
are presented in this chapter.
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The interventions and their follow-up measurements were meant to objectify the 
available level of control that occupants had over the indoor climate in winter. The 
measurement outcomes were used to quantify the effectiveness of controls, especially 
adjustable thermostats. For more information see the separate text box ‘thermostat 
effectiveness measurement procedure’. The main assumption here was that in an ideal 
winter scenario with good control options building occupants are able to control the 
operative temperature at their workstation with adequate speed, within a bandwidth of 
at least 20- 24 °C (68-75 °F), in accordance with the PMV = +0.5 and PMV = -0.5 limits 
for heating season as mentioned in ISO 7730 and ASHRAE standard 55.

THERMOSTAT EFFECTIVENESS MEASUREMENT PROCEDURE

The thermostat effectiveness measurement procedure consisted of 4 steps:

Step 1 ‘Room selection’:

Upon arrival in each building a walk through survey was conducted. Indicative measurements with 
handheld devices of the actual room conditions (especially air temperature, relative humidity and 
CO

2
-concentration) were used to identify suitable rooms to perform an intervention experiment in. For 

example, rooms with a relatively low air temperature (around 21 °C / 70 °F or lower) in which an adjustable 
thermostat could be readjusted by the researchers from a low setting (‘0’ on a 0-5 scale) to a high setting 
(‘5’ on the 0-5 scale). Or rooms with a relatively high air temperature (around 23 °C / 73 °F or higher) in 
which an adjustable thermostat could be readjusted from a high to a low setting. Selected rooms were 
expected not to have substantial changes in terms of external and internal heat loads during  the irst 2-3 
hours after the thermostat setting was changed. This meant that for example rooms on the West side 
were selected for experiments during the morning and rooms on the East side were selected for afternoon 
experiments (in both cases to avoid temperature disturbances from changes in solar energy inlux in the 
rooms). 

Step 2. ‘Start intervention’:

Next the measurement equipment was installed in the selected rooms. For the measurements a 
calibrated Brüel & Kjær 1213 climate analyzer was used and several calibrated CaTeC klimabox 5000 
logging devices (measurement accuracy for air temperature: 0.2 and 0.3 °C or 0.36 an 0.54 °F). The 
measurement equipment was placed as close as possible to one of the workstations in the room, at 
table height (around 0.7-1 m above loor level).  The main focus was on (changes in) air temperature (not 
operative temperature or radiant temperature). Nevertheless, at the start and end of each intervention 
(see below) control measurements (with the Brüel & Kjær 1213) were made to check for any unusual 
changes in radiant temperature and relative humidity during the experiment. After an acclimatization 
period of 15 minutes the actual intervention was performed, i.e. one of the researchers readjusted an 
adjustable thermostat from a low setting to a high setting or vice versa. 

Step 3. ‘End intervention’:

At intervals of about 30 minutes, handheld devices were used to determine whether and how air 
temperature and other indoor climate aspects had changed since t0. During these inspection rounds it 
was also assured that no major changes in terms of ‘loading’ of the rooms had taken place. For example 
because some of the occupants had left the room for longer periods of time. In the rare situations that this 
was the case, the experiment was cancelled. As soon as a new steady state was reached in a room (this 
varied and sometimes lasted more than 3 hours) the intervention was stopped (at t,end) after which the 
measurement data were retrieved for further analyses. Next the thermostat was put back to the original 
setting (as at t0).

Step 4. ‘Measurement data analysis’:

Each intervention was quantiied in terms of step response and response time. These terms are graphically 
explained in Figure 4.1. Step response is deined as the difference between the measured value (air 
temperature) at the new steady state conditions and the value at t0. The response time is deined as 
the time interval between t0 and the time tend at which the new steady state has been reached. Also the 
concept of half-life is explained in Figure 4.1. Half-life (t½) is the time interval after which the measured 
value (in this case air temperature) is equal to T(t0) plus 0.5 times the step response. Half-life is a general 
concept that is also used in other ields (chemistry, physics, biology etc.) to describe any phenomenon 
which follows an exponential change in time. The prime indicator that is calculated is ‘thermostat speed’ 
(in Kelvin per minute or Kelvin per hour). This refers to (an approximation of) the average rate at which 
the temperature changes during the time interval t0 to t½. The thermostat speed is calculated by deviding 
0.5 times the step response with (t½ -t0).
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Figure 4.1. Example nr. 1 of an upward thermostat effectiveness measurement outcome and explanation 
of the concepts response time, step response and half-life. Note that below the igure additional 
information is presented such as the date of the experiment and the maximum outside temperature of 
that day according to the KNMI (Dutch Meteorological institute).

As far as the data analysis is concerned:

The outcomes of the inventory, questionnaires, interviews and interventions were 
compared to investigate relations between available control, exercised control and 
perceived control. 

In this context the following information was used:
 - For available control: 1. access to an adjustable thermostat, 2. access to an operable 

window, 3. limitations on control use as enforced by building manager, and 4. 
measured upward thermostat speed. The irst three aspects were derived from 
the questionnaire / interview outcomes. The fourth aspect was obtained from the 
intervention experiments.

 - For exercised control: 1. frequency of use of adjustable thermostats (in winter), 
2. frequency of use of operable window (in winter), and 3. frequency of clothing 
adjustments (in winter). All three aspect were derived from the questionnaire / 
interview outcomes.

 - For perceived control: 1. perceived control over temperature in winter, 2. perceived 
control over ventilation, 3. perceived control over air velocity and 4. perceived 
thermostat speed (in winter). These aspects were derived from the questionnaire 
/ interview outcomes. The fourth aspect, perceived thermostat speed, furthermore 
was compared to the measured average thermostat speed in the building.  
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Correlations between available, exercised and perceived control were investigated with 
the statistical program SPSS 20. Speciic tests used were: the Mann Whitney U test, 
Pearson’s product-moment correlation and Spearman’s rank correlation. The tests used 
were selected based on the methodological recommendations presented in Baarda, De 
Goede & van Dijkum (2011) and Baarda & de Goede (2006). 

4.3  Results

In the next sections the results are presented and interpreted. First (see ‘Part 1’) the 
questionnaire and interview outcomes and descriptive results related to available and 
exercised control are presented. Than the intervention outcomes for the thermostat 
effectiveness measurements are described (under ‘Part 2’). The third results section (see 
‘Part 3’) focuses on relations between available control, exercised control, measured 
control effectiveness and perceived control. Note that the questionnaire results and the  
thermostat effectiveness measurement results are available via Digital Appendix D5 
and D6. For a further description of the respondents see Tabel 5.2 (next chapter).

4.3.1  Questionnaire and interview outcomes

Available control - general  
Of the respondents that participated in the interviews 70% indicated they had access to 
a thermostat for temperature adjustment in winter. In most cases this was an adjustable 
wall thermostat or an adjustable thermostatic valve on a radiator or convector; 87% 
indicated they had access to an operable window. Other examples of controls that people 
indicated having were: blinds (inside and outside), electrical heaters and table fans (the 
latter mainly for ‘summer use’). As far as blinds are concerned: these appeared mainly 
to be used in summer and/or at moments that people experienced visual discomfort. 
Therefore, this aspect is not addressed further in this paper.
As far as organizational norms and available control is concerned: 34% of the 
interviewees indicated that their facility manager has imposed restrictions on the use of 
controls (a ‘ban’ on the use of adjustable thermostats and/or operable windows). 

Exercised control - frequency of control use
Those that participated in the interviews were asked how often they use their ‘winter 
controls’. The results are presented in Table 4.1. Only 21% use adjustable thermostats on 
a daily or weekly basis in winter; 43% use an operable window daily or weekly during 
the heating season, while 49% make clothing adjustments (in reaction to a suboptimal 
thermal environment) on a daily or weekly basis during the winter season. These results 
show that adjustable thermostats are used less often in winter than operable windows 
and adaptation through clothing adjustment. 

There is a signiicant difference between man and women in the use of thermostats 
during heating season. Men use thermostats less frequent than women (Chi2 = 11.9; df 
= 4; p (2 sided) = 0.018). No signiicant difference between men and women in the use 
of operable windows in winter was found. As far as clothing adjustments in winter are 
concerned: men do this signiicantly less often than women (Chi2 = 9.2; df = 3; p (2 
sided) = 0.026). Overall, men are more passive and use their winter controls less often 
than women.
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Table 4.1. Exercised control in winter: frequency of use for temperature knobs (adjustable 
thermostats), operable windows and clothing adjustments. Note that the total amount of 
respondents for this part (interview part) was 161; in the case of operable window use and 
clothing adjustment a few respondents (respectively 2 and 16) did not answer the question.

Count Perc.

Operable window use daily 30 19%

weekly 38 24%

monthly 23 14%

less than monthly / never 48 30%

not applicable 20 13%

Total 159 100%

Temperature knob use daily 16 10%

weekly 18 11%

monthly 31 19%

less than monthly / never 48 30%

not applicable 48 30%

Total 161 100%

Clothing adjustment daily 33 23%

weekly 38 26%

monthly 26 18%

less than monthly / never 48 33%

Total 145 100%

Exercised control - standard reactions when cold 
During the interviews the participants were asked how they normally react (at their 
workplace) when they are cold. They had the possibility to name one or more standard 
(re)actions (up to three in total). Of the 161 respondents, 45 said never to experience 
that situation (never being cold at work). Of the remaining 116 16% indicated to 
normally react, when cold, by adjusting their thermostat only (no other actions); and 
27% indicated using their thermostat, when cold, in combination with other actions 
which brings the total for thermostat adjustment as a standard reaction to being cold on 
43%. This means that 57% of the respondents do not use a thermostat when cold but 
will resort to other actions (one or more).

These standard reactions included: adding extra clothing (putting on a sweater, shawl 
etc.), raising metabolism (taking a walk through the building to become warm again) 
and taking a hot drink. Several respondents also mentioned resorting to internal coping 
(just accepting that it is cold at certain moments and just to wait until it gets warmer). 
In Table 4.2 the incidence of standard reactions is presented. The ‘other’ score in Table 
4.2 refers to (re)actions like walking away to a warmer room, plugging in one’s own 
electrical heater, closing windows or doors, closing or opening blinds or curtains, 
putting clothing or other things in/on air inlets, going home earlier, and sitting on one’s 
hands.
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Table 4.2. Incidence of standard reactions when feeling cold, in order of frequency (n=116). 
People were free to indicate up to three reactions; this explains why the numbers add up to more 
than 100%.

Standard reaction Percentage of respondents that say to  

normally resort to this reaction

Add extra clothing 66%
Adjust thermostat (upward) 43%
Internal coping / just accepting situation 15%
Raise metabolism / move around 11%
Drink warm drink 11%
Contact building manager 3%
Other 24%

Exercised control - energy use awareness
Those that were interviewed were asked whether they take energy use effects into 
account when using adjustable thermostats and other controls. A total of 82% said they 
do not take energy use into account when (re)adjusting thermostats and when using 
other indoor climate controls like operable windows. The respondents were asked why 
they normally do not think about energy use effects. Some example responses:
 - ‘‘Comfort is more important at the workplace than energy use, therefore I never 

think about energy effects when changing the temperature or opening a window’’.
 - ‘‘At home off course I do think about energy effects when adjusting the thermostat, 

but no, never at my workplace. Probably this has something to do with the fact that 
at home I pay the energy bill myself’’.

 - ‘‘When I leave my ofice I always shut off my computer and switch off the light, but 
guess with heating I never think about the energy-effect therefore never readjust 
the wall thermostat when leaving the room’’.

 - ‘‘Energy use is of secondary importance at work; most important is that I feel 
good’’.

Perceived control - general satisfaction
The respondents that participated in the interviews were also asked whether in general 
they are satisied with the amount of control they have over their indoor climate: 31% 
answered ‘yes’, 38% answered ‘no’ and the remainder (31%) said ‘not yes, not no’. 
In addition the respondents were asked to explain why they were satisied or dissatisied 
with the amount of control. Those that answered ‘yes’ (those that were satisied) had 
explanations like:
 - ‘‘I can adjust the heating, open a window and open or close blinds so overall I am 

very satisied with the indoor climate’’.  
 - ‘‘I work alone in a private ofice therefore I can control everything quite all right’’.
 - ‘‘There is no possibility to control the temperature, nevertheless I am satisied with 

the amount of control as it normally is never too hot or too cold here’’.

Respondents that indicated not to be satisied with the amount of control gave the 
following types of explanations: 
 - ‘‘It’s often cold here and there’s nothing you can do about it’’.
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 - ‘‘It would be nicer if everyone for him/herself could adjust the temperature’’.
 - ‘‘The temperature in winter can be adjusted yes, but personally I would prefer to 

have a wall thermostat as I have at home because that works much better and faster 
than this one here’’. 

Further analyses of the answers to the open-ended questions revealed that there are large 
individual differences. Some do not seem to be interested in having control over their 
indoor climate (and are satisied with the level of control anyway). Their experience 
is that their indoor climate normally is good anyhow without periodical (manual) 
adjustment of the indoor climate. In the words of one of the respondents: ‘‘The indoor 
climate is OK here so I do not need control over it; because of that I hardly ever use 
my thermostat and operable window…’’ While others indicated that they can only be 
satisied with the amount of control if they themselves are in charge and when adequate 
options for effective control are offered. In this context, one respondent indicated: ‘‘It 
is all about how much control over the indoor climate you really want; this differs from 
person to person’’. 

Perceived control - 7 point scale scores
The respondents furthermore were asked to indicate on a 7-point scale (with 1 = no 
control whatsoever and 7 = full control) what level of control they perceive to have 
over temperature in winter, ventilation and air velocity. The results are presented in 

Table 4.3. For comparison the results from the questions on control over temperature in 
summer, sun penetration, light and sound are included as well. 

Table 4.3 shows that the perceived level of control over temperature in winter is more 
than one point lower than for example the perceived level of control over sun penetration 
and light. Perceived control over air velocity is rated lowest of all.

With respect to perceived control no clear differences were found between men and 
women (Table 4.4). The only exception was perceived control over temperature in 
winter. Here men scored signiicantly lower (spearman’s rho -0.111, p=0.045 with 
1-tailed test) than women. The mean score of the men was 3.06 on the 7 points scale 
(mode was: 1.5), while the mean score for women was 3.44 (with mode of 5). 

Table 4.3. Perceived control over temperature in winter, ventilation and air velocity on a 7 point 

scale (1 = no control whatsoever and 7 = full control); perceived control over temperature in 
summer, sun penetration, light and sound is added for comparison purposes.

N Mean Standard 

deviation

Median Mode

Valid Missing

control over temperature in winter 233 3 3.24 1.76 3 2

control over ventilation 233 3 3.03 1.91 3 1
control over air velocity 229 7 2.14 1.56 1 1
control over temperature in summer 231 5 2.91 1.57 3 2

  control over sun penetration 235 1 4.33 2.07 5 5
control over light 235 1 4.34 2.12 5 7

  control over sound 235 1 3.11 1.77 3 1
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The number of persons that an ofice worker shares his workroom with (oficemates) 
impacts perceived control (Table 4.4). There is a signiicant (negative) correlation 
between the number of oficemates and the perceived level of control over temperature 
in winter (spearman’s rho -0.375, p=0.000 with 1-tailed test). The relation is presented 
in more detail in Figure 4.2. The igure shows that the more persons one shares a room 
with, the lower the perceived level of control over temperature is. The number of 
oficemates also has a signiicant negative effect on perceived control over ventilation, 
sun penetration, light and sound.

The self-estimated distance between one’s workstation and the facade also was 
signiicantly correlated with some of the perceived control levels (see Table 4.4). For 
example, there is a signiicant (negative) correlation between the distance and the 
perceived level of control over temperature in winter (spearman’s rho -0.243, p=0.000 
with 1-tailed test). This means that those that sit farther away from the façade do 
perceive having less control over temperature in winter. The distance between one’s 
workstation and the facade also had a signiicant negative effect on perceived control 
over temperature in summer, ventilation, sun penetration, light and sound.

Figure 4.2. Impact of the number of colleagues (oficemates) the workspace is shared with on 
the perceived level of control over temperature in winter. Depicted are mean value and standard 
deviation of each group. The two variables are signiicantly correlated (spearman’s rho -0.375; 
p=0.000 with 1-tailed test).
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Table 4.4. Correlation between perceived control over indoor climate (on a scale from 1 = 
no control whatsoever and 7 = full control) and sex, number of oficemates and distance of 
workstation to facade.

Sex (female, male) Number of oficemates          
(none, 1 or 2, 3 until 9, 

10 or more)

Distance of 

workstation to facade 

( <2.5 m, 2,5-5 m, >5m)

Perceived control over 

temperature in winter 

(scale 1-7)

Spearman’s rho -0.111* -0.375** -0.243**

Signiicance 
(1-tailed) 0.045 0.000 0.000

N 233 229 230

Perceived control over 

temperature in summer 

(scale 1-7)

Spearman’s rho -0.080 -0.064 -0.132*

Signiicance 
(1-tailed) 0.112 0.170 0.023

N 231 227 228

Perceived control over 

ventilation

(scale 1-7)

Spearman’s rho 0.022 -0.139* -0.264**

Signiicance 
(1-tailed) 0.369 0.017 0.000

N 233 229 230

Perceived control over 

airspeed 

(scale 1-7)

Spearman’s rho 0.065 0.068 -0.086
Signiicance 
(1-tailed) 0.164 0.154 0.098

N 229 226 226

Perceived control over 

sun penetration 

(scale 1-7)

Spearman’s rho -0.043 -0.187** -0.206**

Signiicance 
(1-tailed) 0.257 0.002 0.001

N 235 231 232

Perceived control over 

light 

(scale 1-7)

Spearman’s rho 0.010 -0.328** -0.254**

Signiicance 
(1-tailed) 0.441 0.000 0.000

N 235 231 232

Perceived control over 

sound 

(scale 1-7)

Spearman’s rho 0.027 -0.389** -0.244**

Signiicance 
(1-tailed) 0.339 0.000 0.000

N 235 231 232
 

* signiicant (1-tailed) at the 0.05 level. 
** signiicant (1-tailed) at the 0.01 level.

4.3.2  Thermostat effectiveness measurement outcomes

Some examples of the thermostat effectiveness measurement outcomes are presented 
graphically in Figures 4.3 through 4.7. Figures 4.3, 4.4 and 4.5 present the results of 
‘upward experiments’ (where thermostats were adjusted from a low setting to a high 
one with the intention to increase the room temperature). Figures 4.6 and 4.7 present 
the results of ‘downward experiments’ (where thermostats were adjusted from a high 
setting to a low one with the intention to decrease the room temperature).

The results for all upward thermostat effectiveness measurements are summarized in 
Table 4.5. The results of the downward experiments are summarized in Table 4.6.
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Figure 4.3. Example nr. 2 of an upward thermostat effectiveness measurement outcome.

The Tables 4.5 and 4.6 show that large differences between buildings can be found. 
For example, with the upward experiments, sometimes hardly anything happens when 
thermostats are adjusted (average thermostat speed +0.2 Kelvin per hour) while in other 
buildings air temperature changes relatively rapidly after adjustment of the thermostat 
(average thermostat speed > +2 Kelvin per hour). Furthermore, upward adjustments of 
thermostats generally were more effective than downward adjustments (compare last 
columns of the two tables with each other). In some buildings downward adjustments 
resulted in contradictive outcomes as a temperature increase was measured while the 

intention was to decrease the temperature.  
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Building X5, experiment 1.5: Upward adjustment of thermostatic valve radiator from 0 to 5 

T(outside, max.): 6 °C (43 °F) 

Date: 16-01-2012 Response time: 240 minutes Step response: +6.5 K 

Half-life: 60 minutes Thermostat speed: +3.25 K/hr 
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Figure 4.5. Example nr. 4 of an upward thermostat effectiveness measurement outcome; note that 
in this case adjustment of the thermostat apparently had little effect. 

Figure 4.4. Example nr. 3 of an upward thermostat effectiveness measurement outcome.
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Building X7, experiment 1.2: upward adjustment thermostatic valve radiator from 0 to 5 

T(outside, max.): 10 °C (°50 F) 

Date:  02-03-2012 Response time: 195 minutes Step response: +4.2 K 

Half-life: 40 minutes Thermostat speed: +3.15 K/hr 
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Building X8, experiment 1.1: Upward adjustment thermostatic valve radiator from 0 to 5 

T(outside, max.): 5 °C (41°F) 

Date:  05-03-2012 Response time: 205 minutes Step response: +0.7 K 

Half-life: 70 minutes Thermostat speed: +0.30 K/hr 
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Figure 4.7. Example nr. 2 of a downward thermostat effectiveness measurement outcome. 

Figure 4.6. Example nr. 1 of a downward thermostat effectiveness measurement outcome; note 
that in this case adjustment of the thermostat apparently had little effect. 

66

68

70

72

74

76

78

19

20

21

22

23

24

25

26

-10 t=0 10 20 30 40 50 60 70 80 90 100110120130140150160170180190200210220230240250260270280290

A
ir

 t
e
m

p
e

ra
tu

re
 (

°F
) 

A
ir

 t
e
m

p
e

ra
tu

re
 [

°C
] 

Time (minutes) 

Building X3, experiment 2.6: Downward adjustment of wall thermostat from max. till min. setting 

T(outside,max.): 10 °C (50 °F) 

Date:  02-12-2011 Response time: 240 minutes Step response: -0.7 K 

Half-life: 75 minutes Thermostat speed: -0.28 K/hr  
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Building X4, experiment 2 A.1: Downward adjustment of thermostatic valve radiator from 5 to 0 

T(outside, max.): 5 °C (41 °F) 

Date: 16-12-2011 Response time: 255 minutes Step response: -2.4 K 

Half-life: 105 minutes Thermostat speed: -0.69 K/hr 
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Table 4.5. Results for the UPWARD experiments (thermostat adjusted from low to high setting); 
K/min. and K/hr. refer to Kelvin per minute and Kelvin per hour; halftime values are rounded off 
to a number (amount of minutes) that can be divided by 5.

Nr. of 

experi-

ments

Step response

(Kelvin)

Response time

(minutes)

Halftime

(minutes)

Thermostat 

speed* 

(Kelvin/unit of 

time)

Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. K/min. K/hr.
X1 3 -0.4 +0.5 +1.6 90 135 175 5 50 100 +0.005 +0.3
X2** 3 +0.1 +0.9 +1.4 30 50 90 15 25 ∞ +0.018 +1.1
X3 4 -0.2 +0.7 +1.2 130 195 290 65 110 ∞ +0.003 +0.2
X4 7 +1.4 +4.2 +5.9 155 190 255 30 50 85 +0.042 +2.5
X5 5 +1.5 +3.7 +6.5 160 190 240 40 60 70 +0.031 +1.9
X6*** - - - - - - - - - - - -

X7 3 +1.8 +2.7 +4.2 130 160 195 40 40 45 +0.034 +2.0
X8 4 +0.4 +0.7 +0.9 28 155 205 5 65 90 +0.005 +0.3
X9 4 +1.0 +1.1 +1.1 120 135 160 25 40 55 +0.014 +0.8

  All 
  buildings

+1.8 150 55 +1.1

* Thermostat speed is further explained in the separate text box ‘thermostat effectiveness measurement procedure’.
** Building X2 did not have adjustable wall thermostats or radiator/convector thermostatic valves; instead people could 
change the temperature of their own workspace (setpoint of the local climate ceiling) via their desktop computer that was 
connected with the building management system.
*** Building X6 turned out not to have possibilities for temperature control at workplace level; therefore no measurement 
outcomes are presented for this building.

 

Table 4.6. Results for the DOWNWARD experiments (thermostat adjusted from high to low 
setting); K/min. and K/hr. refer to Kelvin per minute and Kelvin per hour; halftime values are 
rounded off to a number (amount of minutes) that can be divided by 5.

Nr. of 

experi-

ments

Step response

(Kelvin)

Response time

(minutes)

Halftime

(minutes)

Thermostat 

speed* 

(Kelvin/unit of 

time)

Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. K/min. K/hr.
X1 4 -1.8 -0.1 +0.9 55 135 220 15 45 ∞ -0.001 -0.1
X2** 6 -1.2 -0.5 -0.1 40 100 185 15 70 ∞ -0.004 -0.2

X3 6 -0.7 +0.5 +1.5 25 130 240 5 25 ∞ +0.010 +0.6
X4 2 -2.4 -1.3 -0.2 255 260 260 105 180 250 -0.004 -0.3
X5 5 -1.5 -0.8 +0.9 220 245 265 55 95 170 -0.004 -0.3
X6*** - - - - - - - - - - - -

X7 2 -0.3 +0.5 +1.2 175 190 200 15 100 190 +0.003 +0.2
X8 5 -1.9 -1.0 -0.3 24 55 110 5 35 90 -0.014 -0.9

X9 5 -0.6 +0.5 +1.0 50 95 140 15 20 40 +0.013 +0.8
 All  
 buildings -0.3 150 70 0.0

* Thermostat speed is further explained in the separate text box ‘thermostat effectiveness measurement procedure’.
** Building X2 did not have adjustable wall thermostats or radiator/convector thermostatic valves; instead people could 
change the temperature of their own workspace (setpoint of the local climate ceiling) via their desktop computer that was 
connected with the building management system.
*** Building X6 turned out not to have possibilities for temperature control at workplace level; therefore no measurement 
outcomes are presented for this building.
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4.3.3  Relations

The third objective of the ield study was to investigate how available control and 
exercised control impact perceived control over indoor climate in winter. 

Link between available control and perceived control
Those that do not have access to an adjustable thermostat score lower on perceived 
control over temperature in winter (Figure 4.8). The difference is statistically signiicant 
(Mann-Whitney U-test; mean rank respondents without thermostats is 55.29, mean rank 
for those with thermostats is 91.92; Z= -4.645; p= 0.000 (2-tailed)). Access to adjustable 
thermostats also has a signiicant (positive) correlation with perceived control over 
ventilation (mean rank resp. 65.61 and 87.54 ; Z= -2.794; p= 0.005 (2-tailed)) but it 
does not correlate with perceived control over air velocity. 

These outcomes imply that people working in ofice spaces that have adjustable 
thermostats generally perceive to be more in control over temperature in winter and 
over ventilation. 

Access to operable windows does not have a signiicant effect on perceived control 
over temperature in winter. On the other hand: those that do not have access to an 
operable window score lower on perceived control over ventilation than those that do 
have access (Figure 4.9). This difference is signiicant (Mann-Whitney U-test; mean 
rank respondents without operable windows is 39.85, mean rank for those with operable 
windows is 85.78; Z=-4.269; p = 0.000 (2-tailed)). Access to operable windows also 
has a signiicant (positive) effect on perceived control over air velocity (mean rank 
resp. 75.18 and 81.09; Z=-2.412; p=0.016 (2-tailed)).  
This implies that persons working in ofice spaces with operable windows generally 
feel more in control over ventilation and air velocity, but not over temperature in winter. 
Further analysis of the data showed that access to operable windows was also positively 
correlated with perceived control over temperature in summer. 

Organizational restrictions on the use of controls do affect all three perceived control 
indicators. Those that indicated to experience restrictions on the use of controls score 
signiicantly lower on perceived control over temperature in winter (Mann-Whitney 
U-test; mean rank respondents without restrictions is 77.86, mean rank for those with 
restrictions is 51.47; Z=-3.742; p = 0.000 (2-tailed)).  The same holds for perceived 
control over ventilation (mean rank respondents without restrictions is 74.45, mean rank 
for those with restrictions is 58.23; Z=-2.305; p = 0.021 (2-tailed)) and for perceived 
control over air velocity (mean rank respondents without restrictions is 72.56, mean 
rank for those with restrictions is 56.13; Z=-2.497; p = 0.013 (2-tailed)).  
The implication here is that if ofice buildings have adjustable thermostats, operable 
windows and other (winter) controls while people are not allowed to use them the 
perceived level of control in those buildings is lower than in buildings with unrestricted 
use of the (winter) controls.  
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Figure 4.9. Impact of access to an operable window (indicator for available control) on the 
perceived level of control over ventilation (n=159). Depicted are mean value and standard 
deviation of each group. The difference is statistically signiicant (Mann-Whitney U-test; mean 
rank respondents without operable windows is 39.85, mean rank for those with operable windows 
is 85.78; Z= -4.269; p= 0.000 (2-tailed)).

Figure 4.8. Impact of access to an adjustable thermostat (indicator for available control) on 
the perceived level of control over temperature in winter (n=161). Depicted are mean value 
and standard deviation of each group. The difference is statistically signiicant (Mann-Whitney 
U-test; mean rank respondents without thermostats is 55.29, mean rank for those with thermostats 
is 91.92; Z=-4.645; p = 0.000 (2-tailed)).
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Link between exercised control and perceived control
The impact of exercised control on perceived control is presented in Table 4.7. The 
analysis shows that there is a signiicant and strong correlation between frequency 
of use of adjustable thermostats in winter and perceived control over temperature in 
winter (Spearman’s rho = -0.456; p= 0.000 (1-tailed)). Those that use their thermostats 
less frequent than monthly or never score signiicantly lower on perceived control over 
temperature in winter. Perceived control levels over temperature in winter for those that 
use their thermostats daily, weekly or monthly however are comparable (Figure 4.10).  
The frequency of operable window use is signiicantly correlated with not just perceived 
control over ventilation (Spearman’s rho = -0.380; p= 0.000 (1-tailed)), but also with 
perceived control over temperature in winter (Spearman’s rho = -0.197; p= 0.007 
(1-tailed)) and perceived control over air velocity (Spearman’s rho = -0.204; p= 0.006 
(1-tailed)). Those that use their windows relatively infrequent feel less in control over 
ventilation, air velocity and temperature in winter.

The frequency of clothing adjustment was not signiicantly correlated with perceived 
control over temperature in winter, ventilation or air velocity. 

Table 4.7. Correlation between exercised control and perceived control.

Perceived control                                                                 

(1= no control whatsoever to 7= full control)

Control over 

temperature in 

winter

Control over 

ventilation

Control over air 

velocity

Frequency of adjustable 
thermostat use in winter           

(daily, weekly, monthly, 
never) 

Spearman’s rho -0. 456** -0.124 -0. 023
Signiicance 
(1-tailed) 0.000 0.059 0.388

N 161 161 157
Frequency of operable 
window use in winter                              

(daily, weekly, monthly, 
never)

Spearman’s rho -0.197** -0.380** -0.204**

Signiicance 
(1-tailed) 0.007 0.000 0.006

N 159 159 155
Frequency of 
clothing adjustment                              

(daily, weekly, monthly, 
never)

Spearman’s rho -0.095 -0.030 0.053
Signiicance 
(1-tailed) 0.129 0.361 0.267

N 145 145 141

* signiicant (1-tailed) at the 0.05 level.
** signiicant (1-tailed) at the 0.01 level. 
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Figure 4.10. Frequency of adjustable thermostat use in winter (exercised control) and it’s 
impact on perceived control over temperature in winter. The difference is statistically signiicant 
(Spearman’s rho = -0.456; p= 0.000 (1-tailed)). 

Relation between measured and perceived thermostat speed
For each building available control over temperature in winter was objectiied by 
measuring the thermostat speed (see Table 4.5 and 4.6). At the same time information 
was obtained on perceived control over temperature by asking respondents how fast 
their thermostats normally respond (with answering categories 1. slow, 2. not slow / 
not fast, 3. fast). 
For each building the average perceived thermostat speed score was derived to allow 
comparison with the average measured thermostat speed in each building during the 
interventions. See Figure 4.11. The data points are numbered and refer to the different 
buildings, i.e. label ‘1’ indicates building X1. The intervention results refer to average 
outcomes of the upward intervention as summarized in Table 4.5 (inal column). No 
scores are presented for building X2 and X6 because these buildings did not have 
adjustable thermostats (X6) or offered only very limited possibilities for temperature 
adjustment indirectly through the Building Management System (X2).  

A positive, strong correlation between measured (average) thermostat speed and 
perceived thermostat speed was found (Pearson’s test R = 0.834, R2 = 0.695; p = 0.010 
(1-tailed)). This indicates that subjective thermostat speed as perceived by occupants 
(on a 3-point scale) is a good indicator for objective, measured thermostat speed. 
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4.4  Discussion 

This ield study investigated a selection of nine modern Dutch ofice buildings, spread 
out over the Netherlands. Due to practical reasons we used a restricted sample. So 

formally spoken, the buildings are not a true representative sample of Dutch ofice 
buildings and therefore this study should be regarded as a irst pilot study that presents 
an indication of the personal control status-quo in the average modern ofice building 
in the Netherlands.

As far as the thermostat effectiveness measurements are concerned: the outcomes should 
be regarded with some prudence. Due to practical circumstances it was not possible to 
quantify the thermostat speed in all buildings under comparable weather conditions. 
All experiments were done during the winter months, however: outside temperatures 
differed. For comparison: the maximum outside air temperatures (at around 2 PM) 
during the investigation days were: building X1: +17 °C (63 °F); building X2: +9 °C 
(48 °F); building X3: +10 °C (50 °F); building X4: +5 °C (41 °F); building X5: +6 
°C (43 °F); building X6: -3 °C (27 °F); building X7: +10 °C (50 °F); building X8: 
+5 °C (41 °F) and building X9: +12 °C (54 °F). Ideally the thermostat effectiveness 
measurements should be repeated (in a future study) in each building one or two times 

Figure 4.11. Correlation between objective average measured thermostat speed (upward 
experiments) for each building and subjective average perceived thermostat speed; the correlation 
is statistically signiicant (Pearson’s test R = 0.834, R2 = 0.695; p = 0.010 (1-tailed). Note that 
each data point refers to the average of thermostat speed results from several measurements 

(experiments) done in one building (see Table 4.5, 2nd column).
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with other outside temperatures to further validate the thermostat speed results under 
winter conditions as presented in this paper.

Having said that: the objective of the measurements was to obtain a general idea of 
typical response times and step responses when using adjustable thermostats in Dutch 
ofice buildings under winter conditions applying a standard assessment approach. That 
objective was met.  

Comparison of the results of this study to other ield studies is not straightforward, 
partly because this type of study is quite rare. The authors are not aware of any other 
ield studies that used thermostat effectiveness measurements similar to the ones 
described in this paper. 

As far as the link between exercised and perceived control is concerned: our results 
show that those that use their adjustable thermostats less frequent than monthly score 
signiicantly lower on perceived control over temperature in winter than those that use 
their thermostats daily, weekly or monthly. This inding is partly in contradiction with 
the results of Paciuk (1990). She conducted a somewhat comparable ield study in 
ofice buildings in Israel and found a reversed U-shape correlation between exercised 
control and perceived control. Israeli ofice workers that very often were involved in 
indoor climate related control actions (once a day or even more frequent) and those 
that hardly ever (monthly or less than monthly) were involved in such control actions 
were signiicantly more dissatisied with their thermal environment than those that only 
now and then (about on a weekly basis) used thermostats, changed clothing etc. The 
difference with the results from our study and those from Paciuk might be explained by 
the fact that Paciuk’s study was conducted in Israeli buildings in a very different (much 
warmer) outdoor climate with buildings mostly in cooling mode instead of heating 
mode. 

Another interesting study to compare our results with is the Finnish ield study done by 
Karjalainen & Koistinen (2007). They interviewed a total of 27 ofice workers in their 
ofice space, distributed over 13 different buildings. Similar to our indings, they found 
that temperature controls are often not used when people experience thermal discomfort. 
The Finnish researchers identiied several problems with adjustable thermostats that 
might explain why they are not used as frequently (and effectively) as expected: (-) 
it is often not known that there is the possibility for individual temperature control in 
a room, (-) lights and symbols on user interfaces are often not understood correctly, 
and (-) it is not always known (visible) whether temperature controls are operating or 
not. The overall conclusion of Karjalainen & Koistinen was that adjustable thermostats 
often are overcomplicated and not well designed and constructed without a realistic 
view of ofice building occupants. 

Haldi and Robinson (2007) studied personal control over indoor climate in eight 
Swiss ofice buildings under summer conditions. Obviously it is not easy to compare 
their summer results with the winter results presented here. Nevertheless, Haldi and 
Robinson (2007) also found that people normally react to suboptimal temperatures 
not just by adjusting thermostats but by a complex array of control actions (changing 
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activity level, opening or closing windows, taking warm or cold drinks etc.).
The present ield identiied several correlations but cannot answer yet in detail what 
the underlying mechanisms are that dictate how available, exercised and perceived 
control  interact and how they affect other aspects. Some further questions that need to 
be answered in the future are:
 - Does frequency of control use impact perceived control or is it the other way 

around?
 - How does effectiveness of control actions relate to the perception of being (or not 

being) in control over one’s indoor climate?
 - How are (periodic) clothing adjustments related to the presence or absence of 

other control options? 
 - Are the relations any different if control over indoor climate is offered at workstation 

level (through so-called personal or microclimatisation systems) and not at room 
level (with room based HVAC systems)? 

 - How is (available, exercised and perceived) control related to health and comfort 
of building occupants?

 - How is (available, exercised and perceived) control related to performance and 
productivity of building occupants?

One of the clear indings of the present ield study is that about 80% of the ofice 
workers do not take energy effects into account when using indoor climate controls. 
Some might see this as an invitation to impose (extra) restrictions on the use of controls 
in ofices (or even worse: to skip them altogether). But we also know that ‘bans’ on 
the use of adjustable thermostats and operable windows will make people feel less 
in control over their indoor climate which on it’s turn increases the risk for health 
and comfort problems (Boerstra, Beuker, Loomans & Hensen, 2013). A better solution 
might be to develop indoor climate control systems and control algorithms that allow 
ofice workers some (fast enough) control over their indoor climate while at the same 
time discourage extreme energy ineficient use of thermostats and operable windows.   

4.5  Conclusions

The irst objective of the ield study was to investigate what kind of control Dutch ofice 
workers have over temperature in winter (available control), to map how often their 
winter controls are used (exercised control) and to identify how much control the ofice 
workers perceive to have over temperature in winter (perceived control).
 

The ield study showed that the average ofice worker in these buildings does have 
access to both an adjustable thermostat and an operable window for indoor climate 
control in winter. As far as exercised control is concerned, the occupants in the buildings 
use adjustable thermostats in winter less frequent than operable windows. Also winter 
adaptation by clothing adjustment is more popular than thermostat use. The majority 
of occupants do not react to too low temperatures in winter by adjusting thermostats. 
Instead they resort to actions like adding extra clothing, raising metabolism, taking a 
hot drink or internal coping (just accepting the situation). 
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Four out of ive occupants generally do not take energy use effects into account when 
using adjustable thermostats and other controls. Only 31% of the respondents indicated 
to be satisied with the amount of control they have over their indoor climate. Perceived 
control over temperature in winter was around 3 on a 7-point scale (with 1 = no control 
whatsoever, 7 = full control). Which was considerable lower than for example perceived 
control over sun penetration or perceived control over light. 

The number of colleagues one shares the workplace with has a considerable effect on 
perceived control over temperature (and ventilation): more oficemates means a lower 
level of perceived control over one’s indoor climate. Also men and those that have 
workstations farther away from the facade have a signiicantly lower level of perceived 
control over indoor climate in winter.

The second objective was to objectify the amount of control over temperature in winter 
through thermostat effectiveness measurements. 

An assessment method has been developed to quantify the amount of control over 
temperature that was available to the occupants in heating mode. From the application 
of the method in the investigated buildings it is concluded that the assessment procedure 
is applicable in practice and that buildings show a large variation in thermostat 
effectiveness (for example, thermostat speed differed between buildings from +0.2 to 
+2.5 K/hr for upward interventions). Upward adjustments of thermostats were found to 
be more effective than downward adjustments.

The third objective of the study was to investigate how available control (access to 
adjustable thermostats and operable windows, but also measured effectiveness of 
thermostats) and exercised control (frequency of use of controls in winter) impact 
the level of control over indoor climate in winter as experienced by ofice workers 
(perceived control). 

A clear link between available control and perceived control was found. Those 
occupants that reported having access to adjustable thermostats scored signiicantly 
better (higher) on the 7-point perceived control scale than those that did not. The same 
is true for access to operable windows. 

Frequency of use of controls was linked to perceived control over indoor climate. 
Those that use their adjustable thermostats less frequent than monthly or never score 
signiicant lower on perceived control over temperature in winter than those that use 
them monthly or more often. 

Also, a strong correlation has been found between measured thermostat speed in heating 
mode and average thermostat speed as perceived by the occupants during winter. 

Future ield research in other buildings (preferably with the involvement of 
environmental psychologists) should be performed before the conclusions from this 
study can be generalized.
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Abstract

A ield study was conducted in nine modern ofice buildings in the Netherlands. The 
study focused on perceived control over indoor climate and its impact on comfort and 
satisfaction of building occupants, the incidence of building related (SBS) symptoms 
and self-assessed performance.

The study involved a questionnaire amongst 236 ofice workers. The mean combined 
perceived control (PPCI3) score for the respondents was 3.1 (S.D. 1.4), using a 7 point 
control scale ranging from 1 = no control at all to 7= full control. The average (BPCI3) 
control score differed considerably from one building to another. The best building of 
the 9 buildings studied had a BPCI3 score of 4.5; the worst building had a score of 1.8. 

Multilevel statistical analyses were performed to ind out what building, installation 
and organizational factors determine perceived control over one’s indoor climate. The 
same method was used to investigate correlations between combined perceived control 
over temperature and ventilation on the one hand and comfort-, satisfaction-, building 
symptom and productivity-indices on the other.

The irst analysis revealed that access to operable windows and not experiencing 
organisational bans on control use (use of thermostats, operable windows etc.) are two 
factors that each have a positive and signiicant effect on perceived control over the 
indoor climate.

The second analysis showed a positive and signiicant association between perceived 
control and comfort perception, overall satisfaction with the indoor climate and self-
assessed productivity. No correlation was found between perceived control and the 
incidence of building related symptoms.  

The ield results imply that perceived control over indoor climate in ofice buildings 
can be elevated by providing access to operable windows and by not enforcing control 
use bans on building occupants. The results furthermore imply that buildings that are 
designed for a high amount of perceived control over the indoor climate will have 
more comfortable and more satisied occupants that themselves believe to be more 
productive.
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5.1  Introduction

Several studies imply that having or not having control over one’s indoor climate affects 
how that indoor climate is perceived (Bell et al., 2002; Paciuk, 1990; Boerstra, Beuker, 
Loomans & Hensen, 2013). And there is growing evidence that human responses to 
sensory stimuli such as suboptimal temperatures modify when those exposed have 
control over these stimuli (Nicol & Humphreys, 1973; Brager & DeDear, 1998). 

Nevertheless, standard indoor climate theory implies (or at least is interpreted by many 
practitioners as if it implies) that comfort and adequate indoor climate is achieved 
primarily by offering a group-averaged, non-adjustable indoor climate to building 
occupants (Wyon, 1974; Cooper, 1982; Nicol, Humphreys & Roaf, 2012). 

Some (see e.g. Boerstra et al., 2013 and Hellwig, 2015) are developing  new models 
that do take personal control and it’s effect on building occupants into account. These 
models are based on the outcomes of ield and laboratory studies that explored how 
individual control over the indoor climate affects the impact of that indoor climate on 
building occupants. 

As far as speciic effects of (perceived) control are concerned: Raw & Royce (1986) 
performed a ield study in 46 UK ofice buildings and found that perceived control 
over ventilation and especially over temperature had a signiicant and rather strong 
effect on self-assessed performance. Bordass, Leaman & Ruyssevelt (2001) conducted 
a large ield study in the UK (PROBE study) and concluded that occupants are most 
comfortable and more satisied with their indoor climates in buildings that have 
operable windows and effective, usable temperature controls. Hellwig (2005) studied 
indoor climate perceptions in 16 German ofice buildings and found a strong correlation 
between perceived control over the thermal environment and comfort complaints. The 
lower the degree of control people reported having the more dissatisied they were 
with their thermal comfort. Schweiker et al. (2012) came to similar conclusions after 
a laboratory study with German subjects. Bluyssen, Aries & van Dommelen (2011) 
reanalyzed the data from a large European ield study (HOPE study). A stepwise linear 
regression analysis of relationships between comfort factors, indoor climate aspects 
and building aspects showed the following: the more satisied ofice workers are with 
the control over their indoor environment, the more satisied they are with their comfort 
(Bluyssen, Aries & van Dommelen, 2011).

The impact of control over lighting  on ofice workers has been studied more extensively 
than the impact of control over temperature and ventilation. Newsham et al. (2004) for 
example conducted a laboratory study with Canadian subjects and found evidence that 
control over lighting beneits satisfaction, mood, comfort and self-assessed performance. 
Boyce et al. (2006) found that individually controllable lighting conditions were rated as 
more comfortable by a larger percentage of people than conventional ixed conditions. 
Boyce et al. (2006) also registered large differences in preferred illuminances between 
individuals. Which according to the researchers partly explains the beneicial effect of 
personal control: it allows individuals to achieve conditions closer to their personal 
preferences. Veitch, Stokkermans & Newsham (2013) came to comparable conclusions.
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In this context Rohles (2007) mentions that interpersonal indoor climate preferences 
differ a lot which implies that introducing control options is beneicial for overall 
occupant comfort: ‘‘One rather subtle aspect of personal (comfort) preference and one 
that affects our satisfaction with the surroundings is the ability of the individual to 
control his or her environment’’. 

Wyon (1996) came to similar conclusions and showed with calculations based on 
extensive laboratory data that task performance is positively affected when building 
occupants have adequate means to inetune their local thermal environment. 

The importance of this is rarely appreciated by designers and managers who often follow 
their own rationalist precepts (Leaman & Bordass, 2001). As a result, controllability (of 
e.g. openable windows) is removed and replaced with control strategies and computer-
controlled automation which are supposed to provide optimal conditions but seldom do 
so with consistency (Hellwig, 2015).

A lot is still unclear about control over indoor climate in Dutch ofices. Unanswered 
questions are for example: What is the status quo in Dutch buildings with respect to 
perceived control? How are perceived control scores affected e.g. by sex, age, work 
type and ofice layout? Are Dutch ofice workers that perceive to be in control over their 
indoor climate more satisied about that indoor climate and more comfortable? Do 
ofice workers that say they are able to control their thermal environment and (local) 
indoor air quality have less building related (health) symptoms? And is there a link 
between perceived control and self-assessed performance? 

A systematic study about personal control over temperature and ventilation and its 
effect on building occupants to date have not been conducted in The Netherlands. 
Therefore the decision was made to design a ield study aimed speciically at indoor 
climate control in (modern) Dutch ofice buildings. 

The study had to answer the above mentioned questions and to further study personal 
control over indoor climate in the context of Dutch ofice work. Central aspects to 
investigate were (with reference to Paciuk (1990) and Hellwig (2015)): available 
control, exercised control and perceived control. 

A previous paper (see Boerstra, Loomans & Hensen, 2013) describes other results 
of this ield study, especially those related to available and exercised control over 
the thermal environment. That other paper also presents the outcomes of physical 
measurements that were conducted during the ield study. These measurements were 
done in the context of local interventions that consisted of an active control action 
done by a member of the research team (e.g. upward or downward adjustments of 
adjustable thermostats). The measurements were meant to objectify the available level 
of control (measured in terms of temperature bandwidths) that occupants had over their 
indoor climate. See Boerstra, Loomans & Hensen, 2013 for a further description of the 
measurement protocols and the measurement results.
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The text below focuses on control over the indoor climate and its effect on ofice 
workers. The irst objective was to make an inventory of the status quo related to 
(available and perceived) control over indoor climate in Dutch ofice buildings. The 
second objective was to ind out what building, installation and organizational factors 
determine perceived control over one’s indoor climate. The third objective was to 
explore how perceived control over the indoor climate affects comfort, satisfaction, the 
incidence of building related symptoms and self-assessed productivity. 

5.2  Methods

5.2.1  General methodology

The ield study was carried out in 9 ofice buildings located in seven different cities 
spread out across the Netherlands. The buildings were selected based on 3 criteria. The 
buildings had to have:            
 - state-of-the art ofice work environments (relatively modern ofice concepts);      
 - well-maintained building and HVAC systems (and no previous history of  severe  

       indoor climate problems), and; 
 - a gross net loor surface of at least 2000 m2.

The buildings were visited at different times between November 2011 and March 2012. 
Relevant building and HVAC system characteristics were mapped using a dedicated 
checklist. 
A detailed description of the nine buildings can be found in Appendix I. The second row 
of the Appendix table describes the organizations housed in the 9 buildings.                                                                           

Building occupants’ perceptions were at the heart of the survey. In each building the 
lead researcher asked between 20 and 30 people to manually ill in a questionnaire. 
Only in one (relative small) building (X6) too few ofice workers were present during 
the investigation day to reach the minimum target of 20. 

The respondents were selected at random. Purposely we looked for respondents spread 
out across different loors, different departments, different facades etc. The response rate 
was > 95%. More or less everybody that was approached agreed to participate. When 
people refused to participate this in all cases was because of lack of time (respondents 
indicating being too busy with other things).  

Before the ield study had started (the study was conducted in the winter of 2011/2012) 
the research team made an analysis to determine whether it was necessary to formally 
apply for ethical approval via the university. This turned out not to be necessary as 
ethical approval at the time was only needed when participation in a study would have 

impacted participants beyond just the time spent answering questions. Think in this 
context of situations in which participation in the study would have let into serious life 
interventions and/or obvious intrusion of participants’ privacy. 
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It was also not necessary to ask study participants to ask a written consent form as 
people participated anonymously. People were given a number-letter combination (e.g. 
number 5 / X6 meant that someone was the 5th person that was interviewed in building 
X6) and at no time names of respondents were registered. Apart from that for each 
building (beforehand) general participation consent at organisation level was obtained 
from the employer / facility manager. 

For eficiency reasons, and to make sure that the burden on the daily activities of the 
respondents was limited, a condensed questionnaire was used that asked most aspects 
just once (no duplicate control-questions). The core questions from the questionnaire 
(the ones relevant in the context of the present analysis) are presented in Table 5.1. 
These involved perceived control aspects, satisfaction with different indoor climate 
aspects, the incidence of building related symptoms and self-assessed productivity 
effects. 

Note that the original questionnaire was longer; it had 58 questions in total. See 
Digital Appendix D4 for the complete questionnaire. Amongst these other questions 
were questions about workplace characteristics like presence of operable windows 
and temperature knobs, questions about the distance between one’s workstation and 
the façade and workspace type (amount of oficemates that one shares a workspace 
with). Additionally respondents also provided some information (especially during the 
interview part) on the use of their controls. 

5.2.2  Composite indices

Perceived control originally was measured at item-level, speciically for perceived 
control over temperature in winter, perceived control over temperature in summer and 

perceived control over ventilation (see the questions PC1, PC2 and PC3 in Table 5.1). 
Based on these 3 items a composite index or aggregated (combined) control variable 
PPCI3 was constructed, with reference to the composite methodology described in 
Leaman & Bordass (2001). PPCI stands for: Personal Perceived Control Index, 3. The 
mean score across the three items was used in the further analysis. So if for example 
a respondent scored a ‘4’ for perceived control over temperature in winter, a ‘7’ for 
perceived control over temperature in summer and a ‘6’ for perceived control over 
ventilation this resulted in a PPCI3 score of 5.7 (5.666). Note that the reliability 
(Cronbach’s alpha) of this aggregated personal control (PPCI3) variable was α = 0.68.  

In line with the UK PROBE study approach described in Leaman & Bordass (2001), 
also a couple of outcome indices were constructed:
 - The Personal Comfort Index or PComI  (measured at interval level on a scale 

from 1 to 7); this is a second composite index that is constructed based on the 
partially recoded answers on questions C1, C2 and C3 mentioned in Table 5.1. 
Respondents were considered to be thermally very comfortable (and were 
recoded into: 7) when they originally scored neutral (4) on the original 7 point 
ASHRAE scale; slightly thermally comfortable (score 5 after recoding) when they 
originally scored slightly cool or slightly warm (resp. 3 or 5) etc. For question 
C3 no recoding was necessary but the answering categories were relabeled: 
see footnote (b) under Table 5.1. The PComI index for each respondent was 
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Table 5.1. Main questionnaire questions (translated from Dutch).

Aspect 

measured

Nr. Question Answering categories

Perceived 

Control
PC1 How much control do you have in 

WINTER over the temperature at your 
workstation?

7 point scale:
1= no control at all… till 7= full control

PC2 How much control do you have in 
SUMMER over the temperature at your 
workstation?

7 point scale:
1= no control at all… till 7= full control

PC3 How much control do you have over the 
ventilation at your workstation?

7 point scale:
1= no control at all… till 7= full control

Satisfaction S1 In general, how satisied are you in 
WINTER with the thermal environment 
at your workplace?

7 point scale:
1= very dissatisied… till 7= very 
satisied

S2 In general, how satisied are you in 
SUMMER with the thermal environment 
at your workplace?

7 point scale:                                                      
1= very dissatisied… till 7= very 
satisied

S3
In general, how satisied are you with 
the air quality at your workplace?

7 point scale:
1= very dissatisied… till 7= very 
satisied

Comfort C1 Averaged over the season, how do you 
experience the temperature at your 

workplace in WINTER?

ASHRAE 7 point scalea:
1= cold… till 4= neutral … till 7= hot

C2 Averaged over the season, how do you 
experience the temperature at your 

workplace in SUMMER?

ASHRAE 7 point scalea:
1= cold… till 4= neutral … till 7= hot

C3 Averaged over the whole year, how do 
you experience the air quality at your 

workplace?

7 point scaleb:
1= very stuffy… till 7= very fresh

BR 
symptoms

B1 Do you suffer from any health 
symptoms, when at your workplace, 
that you think are related to the indoor 
climate?

yes / no

B2 If YES, describe the symptoms (tick 
more than one box if necessary):

Lethargy / tiredness, Stuffy nose, 
Dry throat, Headache,  Dry eyes                           
(min.: 0 symptoms, max.: 5)

Productivity P1 How do you estimate your productivity 
is decreased or increased by the indoor 
climate at your workplace?

7 point scale:
1 = with -30% or less, with -20%, -10%, 
0%, +10%, +20% or 7= with +30%

   

a. Original thermal comfort scale was later recoded into a 7 point scale with 1 = very uncomfortable … till 7= very 
comfortable; the new values were calculated as follows: original score of 1 (cold) or 7 (hot) became 7 = very 
uncomfortable; original score of 2 (cool) and 6 (warm) became 5 (slightly uncomfortable); original score of 3 (slightly 
cool) and 5 (slightly warm) became 3 (slightly, or just comfortable) and original score of 0 (neutral) became 1 (very 
comfortable).

b. Original olfactory comfort scale was later recoded into a 7 point scale with 1 = very uncomfortable … till 7= very 
comfortable; the new values were calculated as follows: original score of 1 (very stuffy) became 1 (very uncomfortable), 
2 (stuffy) became 2 (uncomfortable) etc.; with as new end value 7 (very fresh = very comfortable).
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calculated by taking the mean score across the 3 (partially recoded) items. This 
irst output index gives an implication on how comfortable individual respondents 
were overall related to the indoor climate at their workplace. Note that the 
reliability (Cronbach’s alpha) of the PComI aggregated variable is α = 0.46.   
The original thermal comfort scale was recoded into a 7 point scale with 1 = 
very uncomfortable … till 7= very comfortable; the new values were calculated 
as follows: original score of 1 (cold) or 7 (hot) became 7 = very uncomfortable; 
original score of 2 (cool) and 6 (warm) became 5 (slightly uncomfortable); 
original score of 3 (slightly cool) and 5 (slightly warm) became 3 (slightly or 
just comfortable) and original score of 0 (neutral) became 1 (very comfortable). 
The original olfactory comfort scale was later recoded into a 7 point scale with 1 
= very uncomfortable … till 7= very comfortable; the new values were calculated 
as follows: original score of 1 (very stuffy) became 1 (very uncomfortable), 2 
(stuffy) became 2 (uncomfortable) etc.; with as new end value 7 (very fresh = very 
comfortable).

 - The Personal Satisfaction Index or PSatI (measured at interval level on a scale from 
1 to 7); this is a second output composite index based on the averaged, combined 
answers on questions S1, S2 and S3 described in Table 5.1. The Personal Satisfaction 
Index was calculated by taking the mean score across these 3 satisfaction items. 
This index gives an indication of the individual respondents’ overall statisfaction  
with the thermal environment in winter, the thermal environment in summer and 

the air quality throughout the year. Note that the reliability (Cronbach’s alpha) of 
the PSatI aggregated variable is α = 0.77.  

Additionally two other output indices are used:
 - The Personal Symptom Index or PSI5 (measured at ratio level on a scale from 

0 to 5); this is a predeined standard index (see e.g. Roulet et al., 2006) that is 
based on the answers on questions B1 and B2 mentioned in Table 5.1. This third 
composite output index communicates to what extent an individual respondent has 

any ‘sick building symptoms’ (self-reported building related symptoms). The PSI5 
index is calculated as follows: irst it was evaluated whether one suffered (yes/no) 
from any symptoms that the respondent her/himself thought were related to the 
indoor climate at her/his workplace (question B1); and when they did indicate to 
experiencing such symptoms, they were asked to further describe these (question 
B2). Then it was possible to calculate, for each individual, how many building 
(indoor climate) related symptoms he/she had. In line with the approach described 
in Roulet et al. (2006) we decided to focus on 5 standard SBS symptoms: dry eyes, 
stuffy nose, dry throat, headache and tiredness. This implies that every respondent 
could have a PSI5 score varying from 0 (no reported symptoms) to 5 (all 5 core 
symptoms present). 

 - The Personal Productivity Index or PProdI (measured at ratio level on a scale from 
-30% to +30%); this index is based on the answers on question P1 (Table 5.1). This 
last output index communicates how people estimate that the indoor climate at their 

workplace decreases or increases their performance, using a 7-point scale. Note 
that we used the word ‘productivity’ (and not ‘task performance’ or ‘performance’) 
in the original questionnaire as this term is more generally used by ofice workers 
themselves. Even though formally speaking the use of ‘task-performance’ would 
have been more correct. 
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Respondents were also asked whether, during the previous 12 months, they had ever 
reported in sick due to a suboptimal indoor climate at their workplace. Only 3 of the 
236 respondents answered this question with ‘yes’ so no further analysis was conducted 
in relation to self-reported sick leave.

In line with the approach described in Leaman & Bordass (2001) we also constructed 
several composite indices at building level. With reference to the personal composite 
indices described above. For each individual building the mean PPCI3 value could be 
derived based on the individual PCI3 scores of the occupants of that speciic building. 
Which resulted in a Building Perceived Control Index, 3 or BPCI3. This is an indication 

of the averaged degree of control that building occupants perceive to have in one 
building. 
At the same time mean comfort, satisfaction, building symptom incidence and 
performance indices were generated at building level, more speciically:
 - the Building Comfort Index or BComI; 
 - the Building Satisfaction Index or BSatI;
 - the Building Symptom Index or BSI5 and:
 - the Building Productivity Index or BProdI.

5.2.3  Statistical analyses

A multilevel modelling strategy was used to explore relations between on the one hand 
building characteristics, organisational factors and e.g. frequency of control use and 
on the other hand perceived control (the PPCI3 index). Next multilevel modelling was 
used to explore too how perceived control affects comfort and satisfaction of building 
occupants, the incidence of building related symptoms and self-assessed productivity. 

Multi-level modelling (MLM) refers to a powerful and highly lexible statistical 
technique designed for data that have a hierarchical or nested structure (Gifford, 2015). 
A standard example of a nested dataset is students sampled from classrooms, that in turn 
are sampled from different schools. MLM can be conceptualized as a multi-level form 
of multiple regression. MLM enables researchers to investigate potential interactions 
across different levels of data. For example by comparing the (Level 1) within-group 
variability with the (Level 2) between-group variability (Gifford, 2015).

In our case the multilevel analysis involved data at two levels: ofice workers (Level 
1), clustered within 9 buildings (Level 2). Associations were examined using multilevel 
regression analysis taking into account the hierarchical structure using the factor 
building as a random effect and covariates as ixed effects. The multilevel modelling 
was done stepwise. 

First a mixed model approach was used to determine how workspace type, distance 
of one’s workstation to the façade, organisational bans on control use, presence of 
operable windows, frequency of operable window use, frequency of temperature knob 
use in winter and perceived effectiveness of temperature knobs (indirectly also an 
indication of presence of temperature knobs) affected perceived control over the indoor 
climate (PPCI3).  
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Thereafter mixed models were used to investigate how combined perceived control 
(PPCI3) affected i. Perceived Comfort (PComI), ii. Perceived Satisfaction (PSatI), iii. 
the incidence of SBS symptoms (PSI5), and iv. self-assessed Productivity (PProdI). 
Each factor was tested in a separate linear mixed model, leading to four distinct models. 
Subject and Building were included as nested random factors, job type was included as 
ixed effects and the covariates gender and age were added to the model as factors to 
control the results for. 

All analyses were performed using the MIXED procedure in IBM SPSS, version 20.0.

With reference to e.g. Field (2009) we calculated the so called intraclass correlation 
(ICC) coeficient for the 4 output indices (variables) described above. ICC is a measure 
that allows you to compare the within-groups (in our case: within-buildings) variance 
with the between-groups (between-buildings) variance. A low ICC value (e.g. <20%) 
implies that the within-building variance is much greater than the between-buildings 
variance. An ICC of 0  indicates that there is no correlation of responses within a cluster 
(inside a speciic building) which in turn implies that correlations found cannot be 
explained by clustering.

To facilitate easy understanding of the outcomes by building professionals we decided 
to mutually compare (graphically) the output scores of 2 respondent groups: i. LOW 
control respondents (those with a PPCI3 score < 4 and ii. HIGH control respondents 
(those with a PPCI3 score of 4 or higher). This was done only for those outcome 
variables (indices) that turned out to be signiicantly correlated with the PPCI3 control 
index. 

5.3  Results 
  

5.3.1  Descriptive results

The full questionnaire results are available via Digital Appendix D5. 

The total number of respondents for the nine buildings was 236. The characteristics of 
the  respondents are presented in Table 5.2. 

The PPCI3 scores for all respondents together are presented in Figure 5.1. The upper 
part of the igure has the histograms for the original items scores of i. perceived control 
over temperature in winter, ii. perceived control over temperature in summer and iii. 

perceived control over ventilation. The PPCI3 score distribution is presented in the 
lower left corner of the igure. As a reference the HOPE ield study results (see Roulet 
et al., 2006 and Bluyssen, Aries & van Dommelen, 2011) are presented, see lower right 
corner. The latter is further described and discussed in the discussion.

The mean, median, Standard Deviation, P10 and P90 values for both the PPCI3 
perceived control index and the 4 output indices (variables) are presented in Table 5.3. 
The mean PPCI3 score for the respondents was 3.1 (S.D. 1.4).
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Of the respondents 74% said that they have a workstation that is located within 2.5 
m of an operable window; 21% said that they have an operable window at a distance 
between 2.5 and 5 m and the rest (7%) did not have an operable window or the window 
was located at a distance of > 5 m from one’s workstation.

Of the participants 62% indicated that they have access to both an operable window and 
a temperature knob. And 29% of all respondents said that they use an operable window 
on a daily or weekly basis in summer and also use a temperature knob on a daily or 
weekly basis in winter. 

A total of 137 of the 236 respondents provided us with additional information about 
bans (e.g. from the facility manager) on control use. Of these 137 respondents, 66% 
indicated that they did not experience any organisational obstructions on thermostat 
and/or operable window use; but 34% did experience such obstructions.
    

For each individual building a mean perceived control score (BPCI3 score) was 
calculated. See Figure 5.2. Individual control related items are presented in the upper 
part. The aggregated BPCI3 score for each building is presented in the lower left corner 
of Figure 5.4. As a reference the BPCI scores for the 9 Dutch buildings that were part 
of the European HOPE study (see Roulet et al., 2006) are presented too. This is further 
elaborated upon in the discussion section.

The results per building are further described in Table 5.4. Note that the results of 
building X2 have to be interpreted with some caution. This building had rather unusual 
controls. Building X2 did not have adjustable wall thermostats, radiator/convector 
thermostatic valves or other ‘standard’ controls. Instead some of the occupants of 
building X2 (certainly not all) could change the temperature of their own workspace by 
logging into the building management system via their desktop computer.

Table 5.2. Characteristics of the ield study respondents (n=236).

Age 27% less than 35 years;
52% 35 to 50 years old;
21% 50 years or older

Sex 47% female; 
53% male

Work type 8% management;
47% professional/consultant;
18% secretarial/supportive;
27% other

Contract hours 3% less than 12 hours per week
19% 12 to 24 hours per week
78% more than 24 hours per week

Workstation 75% ixed workstation;
20% lexible workstation;
5% part ixed, part lexible
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Figure 5.1. Distribution of perceived control scores for all respondents. Upper row: separate 
scores for perceived control over temperature in winter, temperature in summer and ventilation. 
Lower row left: aggregated (PPCI3) perceived control over indoor climate. For reference in the 
lower right corner we have included the aggregated perceived control score from the HOPE ield 
study (Roulet et al., 2006).  

(PPCI3) (PPCI2)
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Table 5.3. Respondent level results: Mean, Median, Standard Deviation (SD), P10 and P90 value 
for the independent variable PPCI3 and the dependent variables PComI, PSatI, PSI5 and PProdI.
                                                          

Variable Index Scale Median Mean SD P10 P90

Perceived Control PPCI3 1= no control at all till 
7= full control 3.0 3.1 1.4 1.0 5.0

Comfort PComI 1= very uncomfortable till 
7= very comfortable 4.7 4.6 1.1 3.3 6.0

Satisfaction PSatI 1= very dissatisied till 
7= very satisied 4.3 4.3 1.2 2. 7 6.0

Building Related Symptoms PSI5 1 = minimum 0 symptoms, 
5 = maximum 5 symptoms 0.0 0.8 1.1 0.0 2.0

Self-assessed productivity PProdI 1 = minimum -30%,     
7 = maximum +30% 0.0% -1.8% 11.2%

point
-20.0% +10.0%
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Table 5.4. Building level results: Mean score and (between brackets) Standard Deviation.

Building N Perceived 

Control

Comfort

BComI

Satisfaction

BSatI

Building Related 

Symptoms

Self-assessed 

Productivity

BPCI3 BSI5 BProdI

1= no control 
at all till 7= full 
control

1= very 
uncomfortable 
till 7= very 
comfortable

1= very 
dissatisied till 
7= very satisied

minimum 0, 

maximum 5 
symptoms

minimum -30,     
maximum +30%

X1 30 2.8 (1.3) 4.7 (1.2) 4.4 (1.2) 0.7 (1.0) -2.8% (10.2)
X2 30 1.8 (1.1) 5.3 (0.9) 5.2 (0.9) 0.3 (0.7) +6.8% (9.4)
X3 30 3,1 (1.1) 4.6 (1.1) 4.3 (1.1) 0,7 (1.0) -2.3% (9.0)
X4 30 2,7 (1.0) 3.9 (1.2) 3.2 (1.1) 1.4 (1.2) -7.3% (10.8)
X5 30 4.3 (1.0) 4.5 (0.8) 4.6 (1.1) 0.5 (0.9) +2.3% (10.4)
X6 16 4.5 (1.3) 5.1 (1.0) 4.9 (1.4) 0.3 (0.7) +4.4% (10.9)
X7 20 3.0 (1.1) 3.9 (1.1) 3.8 (1.1) 1.1 (1.3) -8.0% (12.8)
X8 20 2.8 (1.2) 4.3 (0.9) 4.1 (0.9) 0.7 (1.1) -3.2% (11.6)
X9 30 3.0 (1.4) 4.4 (1.1) 4.1 (1.2) 1.1 (1.3) -5.0% (8.2)
All 9 
buildings 
together

236 3.1 (0.8*) 4.5 (0.5*) 4.3 (0.6*) 0.7 (0.4*) -1.8% (5.2*)

    

* this refers to the between-buildings standard deviation

Figure 5.2. Mean perceived control over indoor climate (PPCI3) scores for the 9 investigated 
buildings. Upper row: separate scores for mean perceived control over temperature in winter, 
temperature in summer and ventilation. Lower row left: aggregated (PPCI3) perceived control 
over indoor climate per building. For reference in the lower right corner we have included the 
results from the Dutch buildings from the HOPE ield study (coincidentally also 9 buildings in 
total).
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5.3.2  Factors inluencing PPCI3

First we explored how different building, workplace and organizational aspects and e.g. 
control use frequency affected the combined perceived control index (PPCI3). 

See Table 5.5 for the results of the multilevel analysis that was conducted to explore 
the core determinants for PPCI3. The analysis showed that only organisational bans in 
relation to control use (F= 6.4; p< 0.013) and the presence of operable windows (F= 
4.2; p=0.043) signiicantly predict perceived control (PPCI3). 

Those that experience no organisational bans on the use of operable windows, 
temperature knobs and other controls had an average PPCI3 score of 3.35 (S.D.: 1.38) 
while those that do experience bans on the use of controls had an average PPCI3 score 
of 2.52 (S.D.: 1.31). Those that indicated that they have access to an operable window 
had an average PPCI3 score of 3.13 (S.D.: 1.41). Those without an operable window 
had an average PPCI3 score of 2.17 (S.D.: 1.07) . In both case the difference was about 
1 scale unit on the 7 point scale. 

Other factors like workspace type (number of persons per room), distance of one’s 
workstation to the façade, frequency of operable window use, frequency of temperature 
knob use in winter and perceived effectiveness of temperature knobs did not have a 
signiicant effect on perceived control.

Table 5.5. Relations between workspace type, distance of one’s workstation to the façade, 
organisational bans on control use, presence of operable windows, frequency of operable window 
use, frequency of temperature knob use in winter and perceived effectiveness of temperature 
knobs (indirectly also an indication of presence of temperature knobs) on the one hand and 
combined perceived control over the indoor climate (PPCI3); results from the multilevel logistic 
regression analysis (n=236).

Outcome variable Predictor* F-value p-value

Perceived Control index 
PPCI3

Intercept 31.7 <0.001
Workspace type (amount of ofice mates) 0.2 0.913
Distance workstation - façade (<2.5; 2.5-5; >5 m) 2.1 0.133
Organisational bans on control use (yes – no) 6.4 0.013

Presence of operable windows (yes – no) 4.2 0.043

Frequency of operable window use in summer 
(daily – weekly – monthly – never) 2.2 0.072

Frequency of temperature knob use in winter 
(daily – weekly – monthly – never) 0.6 0.679

Perceived effectiveness of temperature knob 
(slow - in between - fast) 1.6 0.199

* independent variables that turned out to explain a signiicant amount of variance in the outcome variables 
(as presented in column 1) are presented in bold; only for intercept an exception was made.



104

CHAPTER 5

Table 5.7. Intraclass correlation coeficients (ICC’s) for the four multilevel models in which 
the effects of comfort index, satisfaction index, symptom index and self-assessed productivity 
were tested with respect to the perceived control index PPCI3. Subjects were regarded as level 
1 variables nested within buildings (level 2). The ICC and the 95% conidence interval are 
reported for each model separately.

Outcome variable ICC (in %) 95% C.I.

Comfort Index - PcomI 20.9 -6.8 – 48.55
Satisfaction index - PsatI 32.3 -3.8 – 68.5
Symptom Index - PSI5 7.6 -3.9 – 19.1
Self-assessed productivity - PProdI 11.4 -23.7 – 46.4

5.3.3  Effects of PPCI3 on comfort, health and productivity 

The effect of PPCI3 on the four outcome variables (indices) too was tested (see Table 
5.6), one variable (index) at a time. We observed statistically signiicant effects for all 
output variables, except for PSI5 (symptom incidence). This second analysis showed 
that perceived control (PPCI3) signiicantly predicts the overall comfort perception 
(F= 13.3; p< 0.001), satisfaction with the indoor climate (F= 23.7; p<0.001) and self-
assessed productivity (F= 11.5; p=0.001). 

A further analysis (see Table 5.7) revealed that especially for the outcome variables 
comfort and satisfaction a substantial amount of the variance could be explained by 
clustering. 

To further illustrate how the 3 outcome variables (indices) that turned out to correlate 
signiicantly with perceived control affect building occupants we graphically compared 
the comfort, satisfaction and productivity scores of low control and high control 
respondents. See the Figures 5.3, 5.4 and 5.5. 

The mean comfort score for the low control respondents was 4.44 (S.D.: 1.13), for high 
control respondents this was 4.84 (S.D.: 1.05). The difference is about half a scale unit 
(on the 7 point scale used).

The mean satisfaction score for the low control respondents was 4.03 (S.D.: 1.21), for 
high control respondents this was 4.87 (S.D.: 1.08). The difference is about 3/4 of a 
scale unit (on the 7 point scale used).

The productivity score for the low control respondents was -4.8% (S.D.: 9.1), for high 
control respondents this was -0.37% (S.D.: 9.1). The difference is about 4.5%point (on 
the -30% to +30% productivity effect estimate scale used).
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Table 5.6. Relations between personal control index and job type on the one hand and comfort, 
satisfaction PSI5 and self-assessed productivity on the other hand; the results are corrected 
for gender and age (results from the multilevel logistic regression analysis; with n= 236 ofice 
workers in 9 buildings).

Outcome parameter Predictor* F-value p-value

Comfort index PcomI Intercept 221.8 <0.001
Control index PPCI3 13.3 <0.001

Job type ** 1.7 0.166
Satisfaction index PsatI Intercept 129.6 <0.001

Control index PPCI3 23.7 <0.001

Job type ** 0.7 0.5560
Symptom index PSI5 Intercept 18.2 <0.001

Control index PPCI3 1.3 0.255
Job type ** 0.6 0.612

Productivity index 

PProdI
Intercept 17.4 <0.001
Control index PPCI3 11.5 0.001

Job type ** 0.51 0.676

* independent variables that turned out to explain a signiicant amount of variance in the outcome variables 
(as presented in column 1) are presented in bold; only for intercept an exception was made. 
** job type answering categories: 1 = management, 2 = professional, 3 = secretariat / supportive 

Figure 5.3. Comfort differences between the low control respondents (those with a PPCI3 score 
< 4) and the high control respondents (those with a PPCI3 score of 4 or higher) (n = resp. 168 
and 68); with 95% C.I.                                                         
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Figure 5.4. Satisfaction difference between the low control respondents (those with a PPCI3 
score < 4) and the high control respondents (those with a PPCI3 score of 4 or higher) (n = resp. 
168 and 68); with 95% C.I.                                                              

Figure 5.5. Comparison of self-assessed productivity effect due to the indoor climate of the low 
control respondents (those with a PPCI3 score < 4) and the high control respondents (those with 
a PPCI3 score of 4 or higher) (n= respectively 168 and 68); with 95% C.I.                                                              
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5.4  Discussion

This ield study in 9 Dutch ofice buildings with 236 respondents gives new insights 
related to perceived control over indoor climate at the workplace. Both in terms of 
factors that determine perceived control, and in terms of effects of perceived control on 
comfort, health and productivity.

A new composite index, PPCI3, was introduced to describe individual occupant’s 
overall perceived control over the indoor climate at their workplace. Also several output 
indices were introduced, including 2 composite indices for comfort and satisfaction. 
The reliability (Cronbach’s alpha) of the 3 new aggregated scores varied from α = 0.46 
to 0.68 and 0.77. Normally (see e.g. Kline, 1999) an α of 0.7 or higher is regarded 
as acceptable so in this case especially the reliability of the output variable ‘Personal 
Comfort Index’ can be regarded as somewhat questionable. Note that this should not 
be too much of a problem as the aggregated variables were meant to give just a general 
impression respectively of perceived control over the indoor climate, experienced 
overall comfort (thermal and olfactory comfort) and overall satisfaction with the indoor 
climate. 

The PPCI3 mean value as found during the present ield study was in line with the mean 
value as found during the HOPE study (see Roulet et al., 2006). See Figure 5.1 lower 
left part vs. lower right part). Mean value for the present study was: 3.1 (S.D.1.4); for 
the HOPE study this was: 2.9 (S.D. 1.7). 

Note that the HOPE reference histogram presented in Figure 5.1 was constructed with 
a PPCI index that was based on 2 items and not on 3 items. This is because the HOPE 
study asked only in general terms about ‘perceived control over temperature’ (and 
about ‘perceived control over ventilation’) and not (as in our ield study) separately 
about perceived control over temperature in winter and control over temperature in 
summer (plus also ‘perceived control over ventilation’). This explains why the HOPE 
score is called PPCI2 and not PPCI3.  

When the results of the present ield study as presented in Figure 5.1 are compared with 
the HOPE study results we see that the PPCI distribution for the HOPE respondents 
is wider and much more skewed or asymmetric with ‘1’ as mode and not ‘3’ as in the 
present study. This is not surprising as the HOPE data were gathered in several European 
countries with quite different ofice building layouts and substantial differences in 
building service system techniques and controls. For more information about the HOPE 
study see also Bluyssen, Aries & van Dommelen (2011). 

Building level control as perceived on average by the occupants of each building 
was expressed with the composite index BPCI3. The BPCI3 scores for the 9 present 
buildings varied from 1.8 to 4.5 (see Figure 5.2, lower left part). The building level 
scores of the present ield study are in line with those for the 9 Dutch ofice buildings 
that were investigated as part of the European HOPE study (Figure 5.2, lower right 
part). The BPCI2 scores for the 9 Dutch HOPE buildings varied from 2.1 to 4.2. For all 
HOPE buildings together (68 in total) the range was 1.2 to 5.0; with as P20 value: 2.2, 
as median: 3.1 and as P80 value: 3.9. 
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The present ield study’s indings for BPCI scores are in line with the building level 
scores described in Leaman & Bordass (2001) for 14 UK PROBE ofice buildings. 
The English researchers found BPCI scores varying from 1.3 to 4.4, using the same 
combined 7-point scale. Note that Leaman & Bordass aggregated their BPCI scores 
based on 5 instead of 3 item scores. Unlike the present study, they also included answers 
about i. perceived control over light and ii. perceived control over noise.

The results that are presented in Figure 5.2 in combination with the building level 
results of the 2 reference studies (further described in Roulet et al., 2006 and in Leaman 
& Bordass, 2001) leads to a suggestion for 4 quality levels of perceived control over 
indoor climate at building level (BPCI3):
 - a value below 2 can be labelled as ‘poor’;
 - a score of 2 to 3 is ‘mediocre’;
 - a score of 3 to 4 is ‘good / above average’, and:
 - a BPIC3 value of 4 or higher is ‘very good’.      

Further analysis of the ield study data (see section 5.3.2) showed how different factors 
affected PPCI3 scores. The conclusion is that organisational bans on control use and 
access to operable windows are the 2 dominant factors that determine perceived control 
over one’s indoor climate. This inding is partly in line with the outcomes of a ield 
study in Danish ofice buildings. Toftum (2010) found that perceived control over the 
indoor climate is correlated with actual control opportunities. Toftum concluded that 
the 2 most important control aspects are: access to adjustable thermostats and access 
to operable windows. Raw, Roys & Leaman (1994) and Bordass, Leaman & Ruysevelt 
(2001) came to comparable conclusions. Brager, Paliaga & DeDear (2004) state that 
access to operable windows is an essential aspect to take into account when predicting 
building occupants’ perceived control over their indoor climate. No speciic studies 
were found with comparable results as in our study in relation to the effect of bans on 
control use.

The work type related results were not expected. It was hypothesized beforehand that 
people in management functions (and possibly professionals too) would have more 
autonomy and freedom to adjust their environment than secretaries and other ofice 
workers with more supportive work tasks. However, the study showed that PPCI3 
scores were not signiicantly affected by work type. 

Exploration of the effects of perceived control (see paragraph 5.3.3) on comfort, 
satisfaction, symptom incidence and self-assessed productivity revealed a signiicant 
correlation in all cases except for symptom incidence (the PSI5 index). 

This inding is largely in line with that of others. Leaman & Bordass (2001) after a large 
ield study in the UK also came to the conclusion that ‘‘high levels of perceived control 
are normally associated with better comfort, health and productivity scores’’. Toftum 
(2010) reanalysed data from ield surveys in Danish ofice buildings and concluded that 
the absence of control, as perceived by building occupants, is correlated signiicantly 
(and negatively) with the prevalence of adverse indoor climate perceptions and self-
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reported incidence of building related (SBS) symptoms. Paciuk (1990) conducted an 
extensive ield study in Israel and concluded that ofice workers that report a high 
degree of control over their thermal environment are more comfortable and more 
satisied with that environment. Lee & Brand (2005) explored data from a ield study 
in 5 US ofice buildings and investigated how perceptions of ofice work environments 
are inluenced by the degree of control that ofice workers perceive they have over that 
work environment. They came to a general conclusion that more (perceived) control 
over the work environment leads to higher worker satisfaction. Bluyssen, Aries & 
van Dommelen (2011) reanalyzed the HOPE ield study data and concluded that the 
incidence of building related symptoms (speciically BSI8) is correlated negatively 
with perceived control over temperature and perceived control over ventilation. A 
recent analysis of the so-called BBA database also lead to the conclusion that ofice 
workers that report a low amount of control over their indoor climate have signiicantly 
more building related symptoms (see chapter 3). Bluyssen et al. (2016) analysed the so-
called OFFICAIR data and concluded that ofice workers who felt more in control over 
temperature were more comfortable, and that perceived control over ventilation was 
associated with perceived better air quality. In contradiction to our results, Bluyssen 
et al. (2016) also found that low perceived control over the indoor environment was 
associated with an increase in PSI-5 (a higher incidence of building related symptoms). 

A re-analysis of the previously mentioned HOPE data (see Boerstra, Loomans & Hensen, 
2014) focused on the self-assessed productivity scores of the HOPE respondents. The 
conclusion was that self-assessed productivity was positively correlated with combined 
control (PPCI2) scores. High control respondents estimated their productivity at 
3.9% point higher than low control respondents. This is quite well in line with the 
approximated 4.5%point difference in self-assessed productivity that was found in 
the present ield study. Wyon (1996) explored historical databases to estimate how 
individual control over temperature affects objectively measured task performance. 
He came to the conclusion that offering ‘optimal’ personal control over temperature 
with a ±3 K adjustment bandwidth will allow 99% of ofice workers to ine-tune their 
local climate to their personal optimum (individual thermal neutrality). Which in turn, 
according to Wyon, will help them to be 2.7 to 8.6% more productive depending upon 
the type of task they are involved in, compared to a situation in which the indoor climate 
is centrally regulated at one (group average optimized) temperature.    

The present ield study has a few limitations that readers should be aware of when 
interpreting the results:
 - Our principal independent variable was combined perceived control over indoor 

climate. Langevin, Wen & Gurian (2012) found that satisfaction with one’s control 
options (‘perceived control satisfaction’) is more strongly correlated to comfort 
ratings than perceived control per se. This implies that in a future ield study it 
is better not to just ask respondents about perceived control (over temperature in 
winter, temperature in summer and ventilation) but to also ask them about their 
satisfaction with the degree of control provided to them (using a 7 point scale with 
1= very dissatisied till 7= very satisied).
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 - The subjects studied were real ofice workers that participated voluntarily while 
conducting their daily work at their regular work station. This implied that the 
questionnaire had to be condensed. In retrospect it would have been better to include 
a few extra (duplicate) questions. An improved future version of the questionnaire 
could beneit from more speciic and direct questions related to perceived thermal 
and olfactory comfort (using 7 point scales ranging from 1= ‘very uncomfortable’ 
to 7 = ‘very comfortable’). A future questionnaire version preferably also should 
include extra questions to (further) measure self-assessed productivity.

 - Productivity within this ield study was only measured indirectly by asking 
occupants themselves to estimate how their indoor climate generally impacts 

their work performance. According to Wyon & Wargocki (2013) a better way to 
measure productivity of ofice workers is to either tune in with task performance 
measurements that are done already anyhow (e.g. talk time registration in a call 
centre) or to expose the building occupants to repeated, validated performance 
tests with relevance in the context of their day-to-day activities that for example 
involve mathematics, text editing and creativity tasks. Unfortunately, the present 
ield study did not allow for such more advanced and direct measurements of task 
performance.

5.5  Conclusions

The irst objective of this study was to make an inventory of the status quo related to 
perceived control over indoor climate in Dutch ofice buildings. The mean combined 
perceived control (PPCI3) score for the 236 Dutch ofice workers working in 9 different 
buildings was 3.1 (S.D. 1.4), using a 7 point control scale ranging from 1 = no control  
at all to 7= full control. The average (BPCI3) score differed considerably from one 
building to another. The best building of the 9 buildings studied had a BPCI3 score of 
4.5; the worst building had a score of 1.8. 

The second ield study objective was to ind out what building, installation and 
organizational factors determine perceived control over one’s indoor climate. A 
multilevel analysis revealed that access to operable windows and not experiencing 
organisational bans on control use (use of thermostats, operable windows etc.) are the 
two main factors that have a positive and signiicant effect on perceived control over 
the indoor climate.

The third objective was to explore how perceived control over the indoor climate affects 
comfort, satisfaction, the incidence of building related symptoms and self-assessed 
productivity. A multilevel analysis showed a positive and signiicant association 
between perceived control and comfort perception, overall satisfaction with the indoor 
climate and self-assessed productivity. No signiicant correlation was found between 
perceived control and the incidence of building related symptoms.  
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Abstract

Field studies suggest that the availability of adjustable thermostats, operable windows 
and other controls has a positive impact on comfort, the incidence of building related 
symptoms and productivity. This laboratory study was designed to further investigate 
how having or not having control over the thermal environment affects human responses 
to the indoor environment.

The study was conducted in summer in a ield laboratory that was kept at 28 °C. A 
total of 23 subjects were exposed twice for about 2.5 hour. During the irst session (A) 
subjects were able to ine-tune their local thermal environment at any given time with 
a personal desk fan with continuous, stepless adjustable control. During the second 
session (B) subjects still had the desk fans, but this time the fans were controlled from 
an adjacent room by the researchers who adjusted the individual air speed proiles so 
they were identical to those recorded during the irst session. Thus, each subject was 
exposed to two customized conditions with identical exposure, only different from a 
psychological point of view.

During the two sessions identical questionnaires and performance tests were used to 
evaluate subjects' comfort, SBS symptom incidence and performance. As expected, 
perceived control over the environment was signiicantly higher during session A, but 
there were no differences in perceived comfort and SBS symptom intensity. Both self-
assessed and objectively measured performance was signiicantly better during session 
B. About two-thirds of the subjects indicated to prefer the situation as during the irst 
session when they themselves controlled the air movement.
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6.1  Introduction

The design of many modern ofice buildings seems to be based on the assumption that 
maintaining environmental variables at constant, predeined levels by deinition assures 
comfort and satisfaction of building occupants (Boerstra and Beuker, 2011; Boerstra, 
Loomans and Hensen, 2012). This assumption implies that people are better off with 
indoor climates that are centrally controlled within narrow ranges.

But many studies in fact imply that comfort, health and performance are better when 
occupants are provided with options for control over their indoor climate. For example, 
Humphreys, Nicol and Raja (2007) and Brager et al. (2004) interpreted ield study 
outcomes and concluded that people are more tolerant of their thermal environment if 
they can control it. According to Leaman and Bordass (1999) most people are satisiers 
not optimizers and want conditions that are ‘good enough’ while tolerating offsets 
from the ‘ideal’ as long as they have adequate opportunities to make indoor climate 
interventions.

Psychologist Rohles (2007) in this context stated that the ability of the individual to 
control his or her environment is a rather subtle but important aspect and one that 
affects our satisfaction with the surroundings to a large extent. Vroon (1990), another 
psychologist involved in indoor climate research, came to the conclusion that allowing 

personal control over one's indoor environment is a very effective way to limit the 
negative health effects of stress (including stress induced by exposure to a suboptimal 
indoor environment).

In a Danish ield study in 9 ofice buildings (5 mechanically ventilated and 4 naturally 
ventilated) Hummelgaard et al. (2007) found that summer temperatures were higher in 
the naturally ventilated buildings. Nevertheless occupants in the naturally ventilated 
buildings were signiicantly more satisied with the thermal environment and their 
perceived level of control over the indoor climate was higher. These indings were in 
line with those of Hellwig (2007). Hellwig studied indoor climate perceptions in 16 
German ofice buildings (some of them naturally ventilated and others mechanically 
ventilated) and found a strong correlation between perceived control over temperature 
and air movement and the incidence of comfort complaints. This correlation was 
especially strong in the naturally ventilated buildings, and less so in the mechanically 
ventilated buildings.

Boerstra et al. (2013a) conducted a reanalysis of the European HOPE database (that 
is further described in Roulet et al., 2006a and Roulet et al., 2006b) and found that 
availability of effective controls and high perceived levels of control over the indoor 
climate were positively correlated with occupant satisfaction. Furthermore, several 
studies showed that SBS symptom prevalence among occupants in naturally ventilated 

buildings was lower than in mechanically ventilated buildings (e.g. Burge et al., 
1987 & Mendell, 1993). Lack of control opportunities in mechanically ventilated and 
air-conditioned buildings might be one of the explanations for this (Toftum, 2010). 
Jaakkola et al. (1989) in this context came to the conclusion that ‘individual control of 
room temperature in ofice buildings reduces sick building syndrome’.
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Laboratory studies that looked at the impact of personal control on comfort, health 
and performance are scarce. Schweiker et al. (2012) designed a climate chamber 
study with one façade connected to the outside. During certain episodes people were 
exposed to relatively high indoor temperatures (>25 °C) while not being allowed to 
use available thermal controls (operable windows, ceiling fans, sun blinds). At other 
moments, they were allowed to use these controls at will. Indoor temperatures were 
slightly lower when subjects were allowed to use the controls (about 1-2 °C). At the 
same time comfort scores were much better than when control use was prohibited. And 
the comfort perception offset was much more than was expected just from the 1-2 °C 
lowered temperature and the locally elevated air speeds. One of the main conclusions of
Schweiker et al. was that neither of the comfort models (the traditional model described 
in Fanger (1970) nor the adaptive comfort model described in de Dear, Brager & 
Cooper (1997) was able to explain the much better comfort scores in situations where 
behavioral interventions were allowed. This led them to the hypothesis that just the 
permission to interact with the built environment in itself leads to a higher satisfaction 
and acceptance of (suboptimal) thermal conditions.

Having or not having access to controls also appears to have productivity effects. 
Kroner (2000) performed ield studies with ‘environmentally responsive workstations’ 
that offered a high degree of personal control over the thermal conditions and the 
local air quality at work station level. Productivity measurements showed that the 
introduction of personal control at workstation level signiicantly increased measured 
task performance. Wyon (2000) estimated the task performance impacts of individual 
control based on the outcomes of several ield and laboratory studies. His conclusion 
was that the provision of individual temperature control (±3 K adjustability around a 
group average (PMV = 0) neutral temperature) will increase group average performance, 
while the quantitative effect depends on the nature of the task. The mean performance 
improvement related to the provision of temperature control that Wyon found was 
5.4%. Performance improvements for speciic tasks were: thinking 2.7%, typing 7.0%, 
skilled work 3.4% and speed 8.6% (Wyon, 2000).

In line with the results of Kroner (2000) and Wyon (2000), Fisk & Rosenfeld (1997) 
came to a general conclusion that it is not just temperature in itself that has an impact 
on the performance of building occupants, but also the availability of adjustable 
thermostats and other controls. Zweers et al. (1992) conducted a large ield study in 
Dutch ofice buildings and found that offering adequate options for occupant control 
over temperature reduced sick leave days.

Some guidelines (e.g. REHVA, 2006) state that the provision of personal control options 
has a beneiciary effect on performance and sick leave. Fanger (2001) even argued for 
a paradigm shift related to the design of building service systems and stated that the 
provision of adequate personal control over the thermal environment is a key measure 
to ensure comfort, health and performance of building occupants.

A drawback of many of the studies described above is that is dificult to unravel effects 
related to physical and physiological aspects on the one hand and psychological aspects 

on the other hand (with the study of Schweiker et al. (2012) as the possible exception). 
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Therefore, a laboratory study about personal control was designed. The central idea 
was to compare comfort, health and performance responses in two situations that 
were the same from a physical and physiological point of view but different from a 
psychological point of view.

The objective of the study was to investigate how having or not having control over 
one's thermal environment (under warm summer conditions) affects end-user responses, 
in particular perceived comfort, the incidence of SBS symptoms and (self-assessed and 
objectively measured) task performance.

6.2  Methods

6.2.1  Overall research design

A conceptual model that envisions control as a moderator variable was the fundament for 
the present study. This conceptual model was derived from the general environmental 
psychology literature (e.g. Bell et al., 2006) and interactive models developed by 
other indoor climate researchers (e.g. Paciuk, 1990). For a further description of these 
previously developed models see Boerstra & Beuker (2011) and Boerstra et al. (2012).

The core assumption underlying the present conceptual model (that is further explained 
in Boerstra et al., 2013a) is that human responses to a thermal environment at least 
partly depend on the amount of control one has (had) over that environment. The 
hypothesis here is that having or not having control over one's indoor climate inluences 
how environmental parameters like temperature and air speed impact comfort, health 
and performance. Occupant control in this context is thought of as a moderator or a 
‘background’ variable that affects the strength of the relation between the independent 
variable indoor environmental condition and the dependent variables health, comfort 
and performance.

Figure 6.1 explains the research design of the laboratory study, with reference to the 
previously mentioned conceptual model of Boerstra et al. (2013a). During the irst 
experimental session (A) subjects did have direct control over their thermal environment 
and during the second  experimental session (B) they did not but were exposed to the 
same, customized thermal environment. The igure and the overall research procedure 
are further explained in paragraphs 6.2.3 and 6.2.5.
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6.2.2  Experimental room

The study was carried out at the International Centre for Indoor Environment and Energy 
(ICIEE) at the Technical University of Denmark. The irst sessions (A) took place from 
the 29th of May through the 1st of June of 2012 and the second sessions (B) took 
place from the 12th through the 15th of June. The experiments were conducted in a so 
called ‘ield laboratory’ equipped with a dedicated HVAC system that allowed for very 
precise conditioning of the room temperature. The experimental room has a Constant 
Air Volume (CAV) system with supply from two ceiling hung mixing diffusers and 
extract through two grilles mounted in the upper part of the wall opposite the windows. 
Floors are covered with hard looring (low polluting polyoleine).

The loor plan of the experimental room is presented in Figure 6.2. A total of 6 
workstations were placed in the room before the experiments started. Each included 
a chair, a table, a desktop computer and an adjustable table fan. The workstations 
were separated by partitions (see Figure 6.3) and (in the middle) a lightweight folding 
wall. The partitioning between workstations guaranteed that subjects could not feel air 
movement produced by desk fans other than their own. Daylight entered the room by 
2 large windows (of 0.9 by 1.40 meter) and 4 (higher) small windows (of 0.90 by 0.70 
meter) located in a façade with Western orientation.

To prevent direct sunlight from entering the room during the experiments and to avoid 
thermal disturbance due to excessive solar heat inlux, the experiments purposely 
were performed in the morning from 9:00 AM till 11:30 AM. The artiicial lighting 
that consisted of ceiling mounted down lighters was kept on at all times during the 
experiments.

CONTROL

(customised)

THERMAL

ENVIRONMENT

COMFORT, 

SBS SYMPTOMS & 

PERFORMANCE

(customised)

THERMAL

ENVIRONMENT

COMFORT, 

SBS SYMPTOMS & 

PERFORMANCE

Session A

Session B

Figure 6.1. Schematized research design (with reference to the conceptual ‘control as a 
moderator’ model presented in Boerstra et al. (2013a).
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The average outdoor morning temperature (over the period 9.00 AM till 11.30 AM 
for the 4 days) during the irst period (A) was 10.2 °C (SD 0.8 °C) while the outdoor 
relative humidity was 82% (SD 16%point). During the second period (B) the outdoor 
morning temperature was 13.9 °C (SD 2.6 °C) with an outdoor relative humidity of 
74% (SD 14%). During both periods the (morning) sky was mostly cloudy.

The operative temperature of the ield laboratory was kept at 28 °C during both 
experimental sessions. This value of 28 °C is just outside the (category C) comfort 
range for ofice work as described in ISO 7730 (2005) (ISO, 2005) and was selected 
as setpoint to make sure that subjects would be triggered to use their personal fans. 
Assuming a clo-value of 0.5 clo (0.65 clo with chair insulation included), still air and 
an activity level of 1.2 met an operative temperature of 28 °C (in still air) translates into 
a Predicted Mean Vote (PMV) value of 1.2 (a bit over 1 = ‘slightly warm’).

Figure 6.3. Field laboratory with 3 of the 6 subjects during one of the experiments.

Figure 6.2.  Floor plan of the DTU ield laboratory.
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6.2.3  Adjustable fan

All workstations were equipped with an adjustable desk fan, see Figure 6.4. The fans 
were connected to a separate control unit (lower right on the photo) that allowed for 
stepless adjustable, continuous control over the local air velocity between 0.1 and 2.5 
m/s. The fans did not have swivel capacities.

During the irst experimental session (A) the control units were left on the tables and 
subjects were told that they were allowed to adjust the control units at will throughout 
the experiment. The control units of the fans were connected to voltmeters placed in an 
adjacent room. This allowed the research team to record fan settings (and fan settings 
changes) during the course of experimental session A without disturbing the subjects. 
During the second session (B) control units were still connected to the fans but had 
been moved to an adjacent room. In this second session the control units were operated 
by the research team (with remote control) to recreate the customized air velocity 
proiles and provide an identical thermal exposure (different for each individual) as 
during session A. See Figure 6.1.

Before session A and after session B local air velocities at the seating positions with 
different control unit settings were measured with a calibrated B&K 1213 Indoor 
Climate Analyzer. At the start of the overall experiment the control unit voltages were 
measured at the different control unit settings. This allowed to derive a voltage-air 
velocity correlation for each fan. As an example, Figure 6.5 presents such a correlation 
for one of the fans. It was these output voltage-air velocity correlations that enabled the 
research team to recreate the individual air velocity proiles during session B from the 
adjacent room.

Figure 6.4. Table fan with control unit (gray unit in lower right, with rotary switch). Note that 
the regular ‘0-1-2’ button on the fan itself was ixed in the ‘2’ (maximum) position during the 
experiments.
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Figure 6.5. Measured output voltage air velocity correlation (example for fan no. 1 only).

Veriication measurements were done to make sure that air velocity proiles during 
session B and session A were congruent. Figure 6.6 shows an example for 1 subject 
that used fan no. 1. It can be seen that the reproduced air velocity proile as created 
during session B was very much in line with the air velocity proile as created by the 
subject during session A. Veriication measurements for the other subjects and other 
fans showed similar congruity.

Note that during session B too brisk air velocity adjustments were lattened out by a 
maximum air velocity/acceleration of 0.01 m/s2. This was done so subjects would not 
feel too sudden air velocity changes when air velocities were adjusted by the researchers 
from the adjacent room.
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Figure 6.6 .Veriication measurement outcomes for one subject that used fan no. 1: comparing 
the air velocity proile of this subject for session B (created by the research team, see red line) 
with that of session A (original velocity proile as created by the subject, see blue line).

6.2.4  Subjects

Twenty-three subjects participated in the experiment. Originally, a sample size of 
twenty-four subjects was planed (six subjects per day times four research days), but 
during the experiments one subject dropped out, leaving twenty-three subjects at 
the end. The subjects were randomly selected from an existing ICIEE database with 
subjects that had been involved in earlier laboratory experiments. They signed a 
consent form beforehand and were paid for their participation. Before the experiments 
started subjects were told that the recorded data would be used in away that safeguarded 
conidentiality.

The subjects were students, 12 male and 11 female, aged between 20 and 35 years. 
Table 6.1 shows additional characteristics of the subjects. The Body Mass Indices 
presented in Table 6.1 were calculated based on height and weight data as provided by 
the subjects themselves (questionnaire). The subjects were of different nationalities, but 
all were born in Europe.

Table 6.1 Subjects’ characteristics (mean values and standard deviation).

Age (years) BMI Number of subjects

Males 24.9 ± 2.4 22.9 ± 1.6 12

Females 24.4 ± 3.8 22.3 ± 4.8 11

All 24.7 ± 3.1 22.6 ± 3.5 23
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6.2.5  Experimental procedure

The subjects came three times to the laboratory facilities: irst for a pilot (training) 
session, then for experimental session A (the ‘with-control-situation’) and (2 weeks 
later) for session B (the ‘no control-situation’).

During the pilot session subjects irst received an oral explanation about the experiments 
as a follow up on the written instructions they had received by email. Subjects were 
introduced to the ield laboratory and the workstations and were invited to try out 
the table fans and their control units (rotary switches). Subjects also had to do some 
practice performance tests on the desktop computers and were introduced to the online 
questionnaires. The aim of the pilot sessions that lasted 1 hour was to get the subjects 
acquainted with the experimental facilities before the actual experiments started. No 
actual output data were gathered during the pilot sessions.

Prior to session A the subjects received another email with instructions. This email told 
them that they were not allowed to drink alcohol the day before the experiment. Also 
drinking strong tea or coffee the hour before the experiment was prohibited. Subjects 
were also instructed to wear the same clothes during both experimental sessions 
and it was recommended not to wear shorts, a short skirt or a warm sweater or vest. 
Furthermore, they were instructed to use the same mode of transport for getting to the 
laboratory during both experimental sessions. The latter in order to make sure that pre-
experiment metabolism was more or less the same for session A and B.

The subjects were divided into four groups of six persons each. Each group was 
assigned to a speciic day of the week. The two experimental sessions were organized 
in such a way that groups had to come twice (apart from the pilot session) on the same 
day of the week, with two weeks in between. All four groups had both male and female 
subjects in them.

The procedure during session A (the with-control situation) was as follows: subjects 
entered the room and were seated at the same workstation as during the pilot session. At 
the start they were allowed only to make small changes to their clothing to acclimatize 
to the temperature. Subjects were invited to adjust the air velocity to their preferred 
(start) level. Then they were told that they were allowed to adjust their fan and local 
air velocity at any time during the experiment, as practiced during the pilot session 

the week before. They were requested to ill in a short form (on their computer) every 
time they readjusted the table fan. This form asked whether the subject decreased or 
increased the air velocity; also they were invited to describe (in their own words, open 
question) the reason for their adjustment.

After an acclimatization period of 15 minutes the experiment started. At predeined times 
subjects had to do different performance tests or were asked to ill in questionnaires. 
Custom software automated most of the data collection and controlled the duration of 
each task. The experimental procedure is further explained in Table 6.2. The experiment 
was divided into four different time intervals that all lasted around 30 minutes. In 
all cases, for both sessions and all subjects, the order of the tests was the same (pre-
arranged, order as indicated in Table 6.2).
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Table 6.2. Experimental procedure for both experimental session A and B.

Approximate 

time

Interval 

no.

Event  Duration 

(minutes)

9:00 AM - Acclimatization, welcome & instructions 15
9:15 AM 1 Questionnaire A - Introduction 1

Questionnaire B - Comfort 1
Questionnaire D - SBS symptoms 1
Tsai-Partington test 3
Word processing task 14
Questionnaire C - Performance 1
Calculation task / Addition 12

9:48 AM 2 Questionnaire D - SBS 1
Calculation task / Multiplication 12
Questionnaire B - Comfort 1
Calculation task / Addition 10

10:12 AM 3 Questionnaire C - Performance 1
Word processing task 14
Questionnaire D - SBS 1
Calculation task / Multiplication 12
Questionnaire B - Comfort 1

10:41 AM 4 Word processing task 12
Questionnaire C - Performance 1
Tsai-Partington test 3
Calculation task / Addition 12
Questionnaire B - Comfort 1
Questionnaire E - Perceived control 2

Questionnaire X - Clothing & General comments 1
11:13 AM - End -

At the start of session B subjects were assigned to the same workstation as during 
session A. During the acclimatization period the research assistant checked verbally 
and visually whether individual clothing insulation was comparable with that during 
the irst session (reference: clo -values as described in ISO 7730 (2005) (ISO, 2005)). 
This was further veriied at a later stage by comparing the clothing questionnaire results 
from both experimental sessions. Other than that, the procedure during session B was 
the same as during session A (see again Table 6.2).

At the start of session B subjects were told that this time they would not have control 
over the fans and that they would be exposed to a predeined air velocity setting as 
decided upon by the research team. So the subjects were not aware of the fact that 
during session B they were exposed to the same air velocity proile as during session 
A. They also did not know that they were all exposed to different (customized) air 
velocities.
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Normally with an experiment that investigates how two different conditions affect 
subjects one would choose to expose half of the subjects irst to condition A and then to 
B and the other half irst to B and then to A (randomize the subjects over the conditions). 
In this speciic case this was simply not possible as one needs the session A results (the 
individual air velocity proiles) to be able to create the session B conditions.

6.2.6  Questionnaire and performance tests

During both experimental sessions subjects had to answer online questions and 
conduct performance tests. The questionnaire consisted of eight different sections that 
were illed in at different times during the experiments. See Table 6.2. The different 
sections dealt with issues like occupants’ overall assessment of the indoor environment, 
perceived air quality, thermal comfort, satisfaction with the environment, self-assessed 
performance, perceived control over different environmental aspects and prevalence of 
building related (SBS) symptoms.

The questionnaire was developed using the recommendations in ISO 10551 (1995) and 
elements from a previous ield study questionnaire that also dealt with indoor climate 
and personal control (Boerstra, Loomans and Hensen, 2013b). In most cases 7-point 
Likert scales were used. See column 1 and 2 of Tables 6.4 and 6.5 for a further (indirect) 
description of the questions and response categories.

During both sessions subjects had to execute computerized performance tests. The tests 
involved addition, multiplication, Tsai-Parrington numbers tests and text typing. During 
the addition test subjects had to add ive 2-digit numbers without the use of a calculator. 
Also the use of paper and pen or pencil was prohibited. The multiplication test involved 
multiplying 1-digit numbers with 2-digit numbers. The Tsai-Parrington numbers test 
meant that subjects had to connect numbered dots presented on their computer screen. 
The dots were randomly divided over the screen and not all numbers of a continuous 
row were present (think of a string with 3, 6, 8, 11, 15, 16, 22 etc.). The text typing task 
involved copy typing text from science magazines.

For the addition and multiplication tests the number of correct answers per minute was 
used as a performance indicator. For the Tsai-Parrington numbers test this was the total 
amount of correct dot connections between successive numbers. For text typing the 
total numbers of errors and the number of characters typed per minute were used as 
indicators.

6.2.7  Data analysis

The overall experiment asked for a two-level repeated measures within-subject design. 
In this case we dealt with two related samples and paired intrapersonal comparison; the 
results of one subject as obtained during session B (no-control situation) were compared 
with the results of that same subject during session A (with-control situation).

Results were analyzed (in accordance with the requirements in e.g. Baarda, et al. (2004) 
and Field (2005)) with the Wilcoxon signed-rank test (W) and the McNemar chi-square 
test (M).
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Non-parametric tests were chosen as the sample size was limited (n < 25) and because 
the data were not really normally distributed.

The Wilcoxon test is a non-parametric test that can be used to analyze differences 
between two related samples. The Wilcoxon signed rank test was used for the 
binominal and ordinal variables. The McNemar chi-square test is a statistical test used 
on paired nominal data that can be applied to 2 contingency tables with matched pairs 
of subjects (in this case same-subject comparison). The McNemar test was used for the 
dichotomous variables. For more background information on the two tests described, 
see Field (2005).

Statistical analyses were performed with SPSS 20 (IBM, 2011). The selected 
signiicance level was p = 0.05.

6.3  Results

6.3.1  Background conditions

It was essential for the overall experiment that the environmental background conditions 
in the test room were the same during session B (no control situation) as during session 
A (with control situation). This was veriied by continuous measurement of operative 
temperature, humidity and CO

2
-concentration at 1-minute intervals. The operative 

temperature was measured with a  calibrated Vivo temperature sensor (20T32), 
humidity was evaluated with a calibrated Vivo humidity transducer (20T33) and the 
CO

2
 concentration was measured with a calibrated HOBO data logger. 

The equipment was positioned in the middle of the experimental room at a height of about 
600 mm. The subjects were not allowed to walk around during the experiments so this 
central location of the measurement devices was such that disturbance of the subjects 
(and their tasks) was avoided. The outcomes of the indoor climate measurements are 
presented in Table 6.3. The table shows that the differences between the background 
conditions during experimental sessions B and A are negligible (differences were not 
statistically signiicant).

Illumination levels were measured (horizontally) at the workstations and background 
sound pressure levels (mainly due to installation noise) were measured in the centre of 
the room. This was done with handheld equipment immediately before and after the two 
sessions. Illumination levels were measured with a Hagner digital EC 1 luxmeter and 
sound pressure levels with an Extech sound level meter. Also no statistically signiicant 
differences were found between the illumination and sound pressure levels of session 
A and B. Mean illumination level for session A was 272 lux (SD 84 lux); for session B 
this was 283 lux (SD 72 lux). Mean sound pressure level for session A was 45.7 dB(A) 
(SD 1.3 dB(A)); for session B this was 45.5 dB(A) (SD 0.9 dB(A)).



130

CHAPTER 6

Table 6.3. Indoor climate conditions during the two experimental sessions.

Experimental 

Session

Time 

interval

Operative 

temperature (°C)

Relative 

Humidity (%)

CO
2
 concentration 

(ppm)

A
(with-control 
situation)

1
2

3
4

27.9 ±  0.13
27.9 ±  0.21
28.0 ±  0.08
28.0 ±  0.13

33.0 ±  1.59
31.7 ±  0.82
23.1 ±  1.12
25.3 ±  1.18

465 ± 32
476 ± 39
442 ± 29
454 ± 37

B

(no-control 
situation)

1
2

3
4

27.9 ±  0.11
28.0 ±  0.06
28.0 ± 0.06
28.0 ±  0.10

31.3 ±  0.47
33.1 ±  0.93
28.9 ± 0.51
24.1 ±  0.44

434 ± 36
470 ± 40
437 ± 25
433 ± 30

6.3.2  Perceived control

Perceived control was objectiied by asking the subjects, during the last half hour of 
the two experimental sessions (interval 4), about the amount of control they perceived 
to have over different indoor environmental aspects (measured on a 7-point Likert 
scale, varying from 1 = no control at all to 7 = full control). Subjects also were asked 
to indicate (yes/no) whether they were satisied with the amount of control that was 
provided to them.

Table 6.4 presents the perceived and exercised control related results for the two 
sessions and compares the within-subject outcomes. Signiicant differences (with p < 
0.05) are marked with asterisks. Also the signed ranks scores are presented in Table 6.4. 
The scores describe how many subjects scored higher during session B than during A 
(see under ‘signed ranks/pos.’), how many scored lower during session B (see under 
‘neg.’) and how many scored the same during both sessions (see under ‘ties’).

The table shows that perceived control over temperature, perceived control over air 
movement and perceived control over ventilation was signiicantly higher during 
session A than during session B (Wilcoxon signed-ranks test; p = 0.001, < 0.001 and 
0.012). Group average scores on the 7-point perceived control scale for these 3 indoor 
climate related aspects were 2.7 till 4.6 points lower during session B (the no-control 
situation).

This perceived control difference is also relected in the amount of subjects that indicated 
to be satisied with their control over temperature, air movement and ventilation. During 
session B the amount of subjects satisied with these three control aspects decreased 
by 56% till 73%. The difference was statistically signiicant for all three indoor climate 
aspects (McNemar chi-square test; p < 0.05), see Table 6.4.

As expected, during session A perceived control over temperature, air movement and 
ventilation was signiicantly higher than perceived control over lighting and noise. 
During session B perceived control scores for all 5 aspects were at the very low end of 
the 7-point scale (1.0 or close to 1.0).
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For perceived control over lighting and noise no statistically signiicant differences 
were found between the two sessions.

The conclusion concerning perceived control was that, as expected, indoor climate 

related scores were higher (better) during session A.

Table 6.4. Perceived control related outcomes and their paired comparison correlations; 
signiicant differences are marked with an asterisk.

Variable Legend Session 

A

(with-

control)

Session 

B

(no-

control)

Difference

(B vs. A)

p-valuea Stat. 

test 

usedb

Signed ranks

Mean Mean
Abs.

(B-A)

%

(B-A)/A
Pos. Neg. Ties

Perceived 

control over 

temperature

1=no control 
at all; 7= full 
control

4.39 1.17 -3.22 - <0.001* W 0 21 2

Amount of subjects satisied 
with control over temperature

15 out 
of 23

4 out of 
23 - -73% 0.001* M 0 11 12

Perceived 

control over 

air movement

1=no control 
at all; 7= full 
control

5.74 1.17 -4.57 - <0.001* W 0 23 0

Amount of subjects satisied 
with control over air 

movement

19 out 
of 23

6 out of 
23 - -68% <0.001* M 0 13 10

Perceived 

control over 

ventilation

1=no control 
at all; 7= full 
control

3.74 1.00 -2.74 - <0.001* W 0 17 6

Amount of subjects satisied 
with control over ventilation

16 out 
of 23

7 out of 
23 - -56% 0.012* M 1 10 12

Perceived 

control over 

lighting

1=no control 
at all; 7= full 
control

1.04 1.00 -0.04 - 0.317 W 0 1 22

Perceived 

control over 

noise

1=no control 
at all; 7= full 
control

1.87 1.26 -0,61 - 0.015* W 2 10 11

a An asterisk indicates a signiicant difference, with p<0.05
b W= Wilcoxon signed rank test; M= McNemar’s chi-square test

6.3.3  Exercised control

Figure 6.7 as an example, presents the air velocity proiles as chosen during session 
A by the six subjects in the ‘Tuesday group’. The graph shows that there were large 
individual differences in fan operation: one subject (s15) choose one setting at the 
start and then kept it that way during the whole experiment. Others (e.g. s1 and s3) 
readjusted their fans several times during the experiment.



132

CHAPTER 6

The maximum air velocity value of the Tuesday group was slightly higher than 1.6 m/s, 
the minimum value 0 m/s. The interpersonal differences within the other 3 groups were 
comparable with those of the Tuesday group. The time-weighted mean value for the air 
velocity as selected by all 23 subjects was 0.76 m/s; the mean minimum air velocity 
was 0.51 m/s and the mean maximum air velocity was 0.97 m/s. On average, subjects 
made close to 2 adjustments in total during the 120 min lasting core session (apart from 
the inetuning of the fan at the start). The individual frequency varied between 0 and 4 
adjustments.

Whenever subjects made adjustments to the air velocity at their workstation, they 
described why they choose to make an adjustment. The main reasons for increasing 
the air velocity during session A were: ‘‘the environment being too warm’’ or ‘‘the air 
being too stuffy’’. The main reason for decreasing the air velocity was: ‘‘the air being 
too irritating to eyes and/or throat’’.

As far as exercised control is concerned the conclusion was that there were large 
individual differences in fan use and preferred local air velocities.

Figure 6.7.  Air velocity proiles during session A of the 6 subjects from the ‘Tuesday group’.
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6.3.4  Comfort & SBS symptoms

Table 6.5 presents the comfort and Sick Building Syndrome (SBS) symptom related 
responses as determined during the two experimental sessions. It also describes the 
differences between the results of session B and session A. Statistically signiicant 
differences are marked with asterisks.

The comfort scores presented in Table 6.5 are based on individual scores averaged over 
all four experimental intervals (see Table 6.2). For the building related (SBS) symptoms 
only responses recorded during the last interval (no. 4) were used in the analyses. This 
exception was made as SBS symptoms are expected to develop (worsen) over time 
during an experiment. Based on the individual scores (yes/no) for the incidence of the 
SBS symptoms (headache, nose symptoms, dry throat, irritated eyes and fatigue) we 
also calculated the Personal Symptom Index (PSI 5) of each subject. This is a number 
between 0 and 5 that communicates how many of the 5 standard SBS symptoms a 
subject had.

Neither comfort nor SBS symptom scores differed signiicantly between session A and 
B. For example, the averaged thermal sensation during session A was +0.52 on the 
7-point ASHRAE scale while the thermal sensation during session B was slightly (but 
not signiicantly) lower at +0.42. As a reference: 0 on the ASHRAE scale refers to a 
‘neutral’ thermal sensation and +1 refers to a ‘slightly warm’ sensation. The number of 
persons that were satisied with their thermal environment was higher during session 
B, but again the difference was not statistically signiicant (McNemar chi-square test; 
p = 0.298). At the same time the number of persons satisied with the air movement 
was higher during session A, but again the difference was not signiicant (McNemar 
chi-square test; p = 0.344). The only signiicant difference that we found was the one 
between air movement sensation during session B and A (Wilcoxon signed-ranks test; p 
= 0.013). During session B more subjects indicated to feel a moderate or strong amount 
of air movement.

SBS symptom incidence was comparable at the end of session A and B, see the lower 
part of Table 6.5. Slightly more subjects had headache and a dry throat at the end of 
session B; but at the same time more subjects had irritated eyes or were fatigued at 
the end of session A. For none of the SBS symptoms the difference was statistically 
signiicant. The Personal Symptom Index (PSI 5) was slightly higher at the end of 
session A (0.70 vs. 0.48) but again the difference was not signiicant (Wilcoxon signed-
ranks test; p = 0.260).

The conclusion concerning comfort aspects and the incidence of SBS symptoms was 
that there were no real differences between the no-control situation of session B and the 
with-control situation of session A.
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Table 6.5.  Comfort and SBS symptoms related outcomes and their paired comparison 
correlations; signiicant differences are presented in bold. 

Variable Legend Session 

A

(with-

control)

Session 

B

(no-

control)

Difference

(B-A)

p-valuea Stat. 

test 

usedb

Signed ranks

Mean Mean
Abs.

(B-A)

%

(B-A)/A
Pos. Neg. Ties

C
O

M
FO

RT

Thermal 

Sensation
-3 cold  > + 3 hot 0.52 0.42 -0.10 - 0.294 W 10 13 0

Amount 
of subjects 
satisied 
with thermal 

environment

(no unsatisfactory 
score during either 

of the 4 intervals)

9 out of 
23

13 out 
of 23 - +44% 0.298 M 6 2 15

Thermal 

Preference
1 cooler; 2 same; 
3 warmer 1.52 1.55 +0.03 - 0.567 W 7 7 9

Thermal 

Acceptance

0 clearly 

acceptable; 
100 clearly not 
acceptable

28.8 28.0 -0.8 - 0.855 W 10 13 0

Air movement 

sensation

0 no, 1 a little, 

2 moderate 3 

strong

1.27 1.53 +0.26 - 0.013* W 14 4 5

Amount 
of subjects 
satisied with air 
movement

(no unsatisfactory 
score during either 

of the 4 intervals)

13 out 
of 23

9 out of 
23 - -31% 0.344 M 3 7 13

Air movement 
preference

1 less; 2 no 
change; 3 more 1.89 1.90 +0.01 - 0.865 W 7 10 6

Air movement 
acceptance

0 clearly 

acceptable; 100 
clearly acceptable

26.1 28.5 +2.4 - 0.465 W 13 9 1

Air Quality 
sensation

1 very stuffy; 7  
very fresh 3.64 3.82 +0.18 - 0.118 W 12 6 5

Amount 
of subjects 
satisied with 
Air Quality

(no unsatisfactory 
score during either 

of the 4 intervals)

11 out 
of 23

14 out 
of 23 - +27% 0.375 M 4 1 18

Air Quality 
Acceptance

0 clearly 

acceptable ; 
100 clearly not 
acceptable

32.1 29.6 -1.5 - 0.523 W 13 10 0

SB
S 

SY
M

PT
O

M
S 

(d
ur

in
g 

in
te

rv
al

 4
) SBS Headache Headache 1 out of 

23
3 out of 

23 - +200% 0.625 M 3 1 19

SBS Nose Nose blocked 0 out of 
23

0 out of 
23 - +0% 1.000 M 0 0 23

SBS Throat Dry throat
3 out of 

23
4 out of 

23 - +33% 1.000 M 4 3 16

SBS Fatigue Fatigued 5 out of 
23

2 out of 
23 - -60% 0.250 M 0 3 20

SBS Eyes Irritated eyes 7 out of 
23

2 out of 
23 - -71% 0.180 M 2 7 14

Personal 

Symptom Index 
(PSI 5)

0 = no symptoms;         
5 = all 5 
symptoms

0.70 0.48 -0.22 -31% 0.260 W 4 9 10

a An asterisk indicates a signiicant difference, with p<0.05;  
b W= Wilcoxon signed rank test; M= McNemar’s chi-square test .
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Table 6.6. Performance related outcomes and their paired comparison correlations; signiicant 
differences are presented in bold.

Variable Legend Session 

A

(with-

control)

Session 

B

(no-

control)

Difference

(B-A)

p-valuea Stat. 

test 

usedb

Signed ranks

Mean Mean
Abs.

(B-A)

%

(B-A)/A
Pos. Neg. Ties

Self-assessed 

Performance

1= -30%;   

4= 0%;      

7= +30%

3.78 4.20 +0.42 - 0.034* W 12 5 6

Idem, recalculated 
into % outcomes

percentage 

between           
-30% & 
+30%

-2.2% +2.0% - +4.2% - -
- - -

Additions correct 

p/min
- 2.24 2.47 +0.23 +10.4% 0.012* W 16 7 0

Multiplications 

correct p/min
- 4.12 4.46 +0.34 +8.2% 0.010* W 18 5 0

Errors Text typing 
total no.

- 25.1 23.1 - - 0.677 W 10 11 2

Characters 

p/min
- 158.8 167.3 +8.51 +5.4% 0.006* W 17 5 1

Tsai P correct    

total no.
- 29.2 29.0 - - 0.672 W 10 12 1

a An asterisk indicates a signiicant difference, with p<0.05;  
b W= Wilcoxon signed rank test; M= McNemar’s chi-square test.

6.3.5  Task performance

The task performance results are presented in Table 6.6. Again, statistically signiicant 
differences are marked with asterisks. The performance scores that are presented in 
Table 6.6 are based on individual scores averaged over the test results from all 4 intervals 
(see Table 6.2). Some tests were only conducted during 2 or 3 of the 4 intervals (e.g. 
multiplication only during interval 2 and 3); in those cases the averaged values of only 
those (2 or 3) intervals were used.

Self-assessed performance during session B was signiicantly higher than during 
session A (Wilcoxon signed-ranks test; p = 0.034). On the applied 7-point scale that 
went from 1 = -30% to 7 = +30%, self-estimated performance increased by 4.2%-points 
from session A to B.

Objectively measured performance was signiicantly higher during session B for 
the addition and the multiplication tests (Wilcoxon signed-ranks test; p = 0.012 and 
0.010). Session B resulted in a performance increase of 10.4% and 8.2% for the two 
mathematical tests.
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Also the rate of characters typed during the text typing test was higher during session B 
(Wilcoxon signed-ranks test; p = 0.006). The increase was 5.4% compared to session A. 
No statistically signiicant differences were found for the number of errors made during 
text typing or for the Tsai Parrington numbers test results.

The conclusion was that both self-assessed and objectively measured performance 
were signiicantly higher in the no-control situation of session B. Averaged out over the 
5 types of performance indicators (assuming 0% effect for text typing errors and the 
Tsai-Parrington numbers test) the outcomes translate into an average overall measured 
performance effect of +4.8%.

6.3.6  Other results

At the end of session B, all subjects were asked to guess what the overall experiment was 
about. This was done to double check whether the research team managed to obscure 
the study’s core characteristics from the subjects. The majority of the subjects, 18 in 
total, thought it was about how indoor climate and air velocity inluence productivity 
in ofice environments. One subject thought it was about the impact of fans and fan 
use on thermal perception. Another subject thought it was about general control over 
air movement and perhaps temperature. Only two subjects rightly guessed the overall 
purpose (in the words of one of them: ‘inding out whether the ability to control 
one’s environment would improve performance and other outcomes’). So overall the 
experiment can be regarded as a single blind study.

One week after the experiments, the following question was asked by email to all 
subjects:‘Which of the two situations would you prefer at your own workplace or study 
place?’. Subjects could choose from the following answers: 
1. a situation like during session A;
2. a situation like during session B, and:
3. no preference. 

A total of 20 out of 23 subjects answered this question: 12 preferred the with-control 
situation, 7 the no-control situation and 1 had no preference. So slightly less than two-
thirds of the subjects preferred a session A type situation (with control) at their work 
place or study place.

Subjects that choose a session A type situation as their favorite had several reasons 
for this: ‘‘I like to be able to adjust the air velocity myself’’, or ‘‘I prefer to have 
control over the situation and to be able to adjust the indoor climate according to my 
momentary feelings and needs’’. One person explicitly mentioned that it is not just 
about using controls: ‘‘Although I did not use the fan much, it is always good to know 
you are in control of something regarding the environment’’. 

The seven subjects that preferred a session B type situation explained this as follows: 
‘‘I just felt more comfortable during the 2nd session’’ or: ‘‘The no-control situation 
somehow was more appropriate as the wind low was more satisfactory’’. Two of the 
seven subjects referred to assumed performance effects: ‘‘I was more focused on my 
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work during session B while not being in control’’, ‘‘I felt better and more concentrated 
on my work when the fan was in automatic mode’’.

6.4  Discussion

No signiicant differences were found between the comfort scores and SBS symptom 
incidences of session A and B. On the other hand, contrary to expectations, self-
assessed performance was signiicantly higher (4.2%) during session B. Also, 3 of the 5 
objective performance tests showed signiicantly better performance during session B: 
+10.4% for the addition test, +8.2% for the multiplication test and +5.4% for the text 
typing test (amount of characters typed per minute).

At irst sight, these task performance indings are not congruent with those of others. 
For example Wyon (2000) and Kroner (2000) concluded that the provision of control 
leads to a substantial increase in task performance, not a decrease as implied by the 
present study. See also paragraph 6.1. One important methodological difference 
however between the present study and those of Wyon and Kroner is the no-control 
reference situation. During the present study, when subjects did not have control, the 
‘automated’ climate they were exposed to was customized and adapted to individual 
requirements (based on the session A results). While in the two earlier studies the no-
control reference situation consisted of a group average optimum climate.

One possible explanation for the unexpected performance indings might lie in 
learning effects. The basic idea then is that subjects over time become more eficient at 
conducting the addition, multiplication and text typing tests. If this assumption holds 
then one would expect to see a learning curve not just when comparing the average 

session B results with the session A results but also over the course of the two sessions 
themselves. Such a within-session learning effect however is not really supported by 
the data. Figure 6.8 as an example presents the individual addition test outcomes as 
gathered during session A. For 9 of the 23 subjects the addition score during the last 
interval was highest; while for 10 of the 23 the irst score was highest. For the other 
4 subjects the score during the middle interval was highest or there was no difference 
between the irst interval and last interval score. This implies that there was no learning 
effect for the addition test during session A. Had there been a clear learning effect then 
for the large majority of the subjects the last interval score should have been higher than 
the irst interval score, especially during the irst session (A). Note that only interval 1, 
2 and 4 included an addition test, which explains why no values are presented in Figure 
6.8 for interval A3. Duration for the 3 addition test episodes were respectively 12, 10 
and 12 minutes for A1, A2 and A4.

During session B, the addition test outcomes also did not implicate a within-session 

learning effect. The same is true for both session A and B for the multiplication test 
results. Only for the text writing test we found a slight learning curve speciically for 
the amount of characters produced per minute. During session A 13 of the 23 subjects 
had their highest text writing score during the last interval; while only 8 subjects 
scored highest during their irst interval. Overall, the reanalysis of the within-session 
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test results did not support the hypothesis that the unexpected performance differences 
between session B and A can be explained by learning effects.

In this context it is important to mention that measures were taken right at the start of 
the experiments to avoid disturbances due to learning effects. Subjects had to take part 
in an obligatory training (pilot) session a week before the actual experiments started 
(see ‘Experimental procedure’, paragraph 6.2.5). Amongst other things this enabled 
them to get acquainted with the (relatively simple) performance test beforehand.

A second and more likely explanation for the unexpected performance results might be 
found within the cognitive load theory as described by Paas, Renkel & Sweller (2004). 
This theory contends that during complex activities the amount of information and 
interactions that can be processed in the human brain is inite. 
During session A subjects had control over their thermal environment and were free 
to adjust their fans at any time. Possibly this situation occupied part of the working 
memory of their brains thus slightly limiting the brain capacity left over for the 
performance tasks. More research, in cooperation with environmental psychologists or 
other social scientists, is needed to test this second, cognitive load explanation further.

The unexpected performance indings of this study are in line with the conclusions of 
Veitch & Gifford (1996). These researchers studied the effect of decisional control over 
lighting in a laboratory environment. They came to the conclusion that subjects that had 
been given choice over lighting performed more poorly and more slowly than subjects 
that had not been given choice.

Figure 6.8. Individual outcomes for the addition test during session A. The igure illustrates that 
there is no within-session learning effect for the addition test during session A.
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Interesting detail here is that Veitch & Gifford especially found signiicant (p<0.05) 
performance effects with tests that involved creativity. Subjects that were not given 
control over their lighting situation needed 15% less time (per idea) to come up with 
novel uses of common objects in comparison with subjects that did have control over 
their lighting situation.

In this context, Wineman (1982) has argued that in some circumstances the provision of 
control may contribute to unwanted performance effects especially when controls offer 
end-users choices that they do not want. And Heerwagen & Diamond (1992) found that 
in some cases individual control can have a negative impact and become a stressor in 
itself. Especially when people need to make too many control decisions during the day 
or when the use of control devices is complicated.

Then, as far as practical implications are concerned:

Some might interpret the present performance results as if generally, when (re)designing 
buildings and their building service systems, it is better not to design for occupant 
control options and to avoid adjustable thermostats, fans and/or personal climatization 
systems all together. We would like to warn against such a misinterpretation of 
the laboratory study's outcomes. More research is needed that takes aspects like 
expectations, user behavior and robustness into account before inal conclusions can 
be drawn related to customized personal control and productivity effects (see also 
Fountain et al.,1996; Haldi and Robinson, 2008; Karjalainen & Koistinen, 2007 and 
Leyten et al., 2014). But the preliminary interpretation of the present study’s outcomes 
is that occupants might be more productive when not in control over their thermal 
environment only under the condition that an ‘automatic system’ manages to tune in 
exactly with individual preferences and differences. Which is something, by the way, 
that no building management system in real world settings is capable of yet, especially 
not at workstation level. With as the possible only exception the ‘human in the loop’ 
system as developed by Zeiler et al. (2014) that for now is still in the prototype stage. 
This involves remote, infrared skin temperature registrations that allow for sensor-
automated but customized provision of thermal comfort at the workstation level.

The laboratory study has a few limitations that one should take into account when 
further interpreting the results:
 - All subjects irst were exposed to the with-control-situation (session A) and after 

that to the no-control-situation (session B). Methodologically seen it would have 
been better to randomize the subjects over two different start-conditions and to 
expose half of the subjects irst to the with-control situation and the other half irst 
to the no-control situation. Unfortunately this was not possible as it was necessary 
to know the individual air velocity proiles (as generated during session A) to 
create the no-control-situation (the exposure during session B). 

 - In the week that the session B experiments were performed the morning outdoor 
temperature was about 3.5 °C higher than during the session A week. Ideally 
experiments should have been conducted under identical outdoor climate 
conditions to exclude the impact of weather adaptation (see e.g. de Dear, Brager 
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6.5  Conclusions

The objective of the study was to investigate how having or not having control over 
one's thermal environment (under warm summer conditions) affects end-user responses. 
As expected perceived control over temperature, air movement and ventilation was 
signiicantly higher during session A (the with-control situation). Comfort scores 
during session A and B were similar (with an exception for air movement sensation and 
satisfaction). Also the incidence of SBS symptoms did not differ signiicantly between 
the two sessions.

Contrary to expectations, self-assessed performance was signiicantly higher 
(4.2%point) during session B (the no-control situation). Also 3 of the 5 objective 
performance tests showed signiicantly higher performance during session B. The 
average measured performance improvement for the 5 combined tests parameters 
was 4.8%point. Learning effect might explain the difference. However, a more likely 
explanation is that of some cognitive over-load when subjects had control over their 
thermal environment and at the same time were involved in performance tasks.

The study revealed large interpersonal differences in terms of preferred air velocities. 
There were also substantial differences in fan use frequency. Subjects furthermore 
differed when it comes to preferences for automatic vs. manual climate control: about 
two thirds of the subjects preferred a session A type situation (with manual control) 
over a situation B type situation (with ‘automatic control’).

& Cooper, 1997). The data analysis showed no statistically signiicant difference 
between comfort perceptions during session A and B, which implies that this 3.5 
°C difference in fact had little effect.

 - A combination of math, text and creativity tests was used during the experiments 
to evaluate how indoor climate and having or not having control affects task 
performance. Real ofice work involves a complexity of tasks that cannot all be 
simulated easily during a laboratory experiment (see also Wyon, 2000). So the 
performance results presented in this paper should be interpreted with care when 
used to estimate how performance in real world settings is affected.

 - During both session A and B subjects' exposure only lasted about 2.5 hour. While 
in normal ofice buildings ofice workers spend 8 h a day, 5 days a week in their 
work environment. Needless to say that some of the effects that were measured 
during the present experiment, for example the incidence of SBS symptoms, are 
more likely to arise when people are exposed (much) longer than 2.5 hour. Also 
performance results might differ when people are exposed 8 in stead of 2.5 hour. 
Tanabe, Nishihara & Haneda (2007) showed that fatigue affects task performance 
especially during relative long exposure periods. On the other hand: beneicial 
effects of decisional control over the thermal environment (as provided during 
session A of the experiment) on comfort and overall wellbeing probably accrue 
over time (Veitch & Gifford, 1996).
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More research is needed, preferably in close cooperation with environmental 
psychologists, before the present study outcomes can be translated into concrete 
implications for real live work environments and future building service system 
solutions.
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7 

General Overview and 

Conclusions

7.1  Introduction

The primary aim of this PhD study was i. to investigate the mechanisms behind 
availability and (objective and perceived) quality of indoor climate control devices 
and ii. to explore the impact of control on comfort, health and performance of ofice 
building users. 

The core research objectives were as follows:
1. to examine relationships between availability and quality of HVAC/building related 

control devices in ofice buildings and perceived control over the indoor climate;
2. to examine relationships between perceived control over the indoor climate and 

comfort and satisfaction of ofice workers;
3. to examine relationships between perceived control over the indoor climate 

and health of building occupants, speciically the incidence of building related 
symptoms (SBS);

4. to examine relationships between perceived control over the indoor climate and 
(self-assessed and objective) performance of ofice workers and self-reported sick 
leave.

An additional objective was to compile an inventory of available, exercised and 
perceived indoor climate control in Dutch ofice buildings. 

The underlying hypothesis was that building occupants that have control (that perceive 
to have control) over their thermal environment and (local) indoor air quality generally 
are more comfortable and satisied with their indoor climate, have less SBS symptoms 
and believe to be more productive.

In section 7.2 the general conclusions of this PhD study are described. Lessons learned 
are presented in section 7.3. Section 7.4 describes the practical implications of the 
overall results and in section 7.5 suggestions are given for future studies related to 
personal control and indoor climate. The chapter ends with concluding remarks, see 
section 7.6.

7.2  Overall conclusions 

One of the more general conclusions was that personal control over indoor climate in 
Dutch ofice buildings is still far from perfect: only about 1/3rd of the Dutch subjects 
that were interviewed during the ield study (see chapter 4) indicated they were satisied 
with the amount of control that they have (perceive to have) over the indoor climate. 
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Analysis of the literature (see section 1.2 and chapter 2) led to the conclusion that the 
indoor climate - control - building occupant relation can be described in a conceptual 
model as depicted in Figure 2.9 (see also the condensed version presented in the upper 
part of Table 7.1). This model hypothesizes that it is not just the objectively measured 
indoor climate that affects whether people feel warm or cold, are dissatisied with the air 
quality, have building related symptoms and/or are fully productive. Also control (the 
combination of available control, exercised control and perceived control) is assumed 
to have an impact while acting as a moderator in the background..

The BBA database analysis (see chapter 3) revealed a signiicant association between 
personal control (the personal control index as described in par. 3.2.2) and comfort, 
incidence of building related symptoms, self-assessed productivity and self-reported 
sick leave. In all cases with p-values of 0.001 or lower. These results imply that 
ofice workers that have access to operable windows and adjustable thermostats and 

that perceive these controls to be effective are generally more comfortable and more 
productive (at least they themselves estimate they are more productive). They also 
experience less sick building symptoms and are less likely to report in ill due to a 
suboptimal indoor climate. 

Several conclusions in relation to the indoor climate control status quo in Dutch ofice 
buildings could be drawn from the ield study results (see chapter 4 and 5). The mean 
score for perceived (combined) control over temperature in winter, temperature in 
summer and ventilation (in general) was around 3 (using a 7-point scale with 1 = no 
control at all and 7 = full control). The scores were considerably lower than those for 
e.g. perceived control over sun penetration and perceived control over light. 

The majority of the ield study respondents indicated they have access to both an 
adjustable thermostat and an operable window. And more than 80% of the respondents 
indicated not taking energy use effects into account when using their controls. As far 
as exercised control is concerned, according to the ofice workers themselves the use 
of adjustable thermostats is less frequent than that of operable windows, especially in 
winter. Also winter adaptation by clothing adjustment turned out to be more popular 
than thermostat use. Frequency of use of controls also was  linked to perceived control 
over indoor climate. 

The results of the thermostat effectiveness measurements in the 9 buildings (see paragraph 
4.3.2) allowed for a quantitative estimation of available control over temperature 
during the heating season. The different buildings and their heating systems showed 
large variation in thermostat effectiveness. Averaged measured ‘thermostat speed’ 
differed between buildings from +0.2 to +2.5 K/hr for upward interventions. Upward 
adjustments of thermostats in winter were found to be more effective than downward 
adjustments in winter. A correlation was found between measured thermostat speed in 
heating mode and average thermostat speed as generally perceived by the occupants 
during winter. See Figure 4.11.
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Table 7.1 Summary of the quantitative results as presented in chapters 3 to 6 in relation to the 
conceptual model; an ‘-‘ indicates that an aspect or relation was not further investigated in the 
speciic study. 

                                             

Chapter Comfort & 

satisfaction

SBS symptoms Task performance Other

3
BBA DATABASE 

Analysis

High control 
respondents score about 
1 scale unit better on 
the 7 point aggregated 

comfort scale
(High control here 
meant that one had 

access to operable 
windows and adjustable 
thermostats AND that 
these controls were 

generally perceived as 

effective).

Low control 

respondents have a 

factor 1.8 higher PSI5 
score (=indication for 
amount of building 
related symptoms of 
a person) than high 
control respondents.

High control 
respondents estimate 

themselves to be about 
4.5 %point more 
productive (using a 9 
point scale from -20 to 
+20%) than low control 
respondents.

Low control 

respondents indicated 

they reported in sick (1 
or more days a year), 
due to suboptimal 
indoor climate, a factor 
4 more often than high 
control respondents.

4
FIELD STUDY
Part I

Just 31% were satisied 
with their degree of 
control over indoor 

climate;
Thermostats in 

winter are perceived 

as effective when 
thermostat speed* is  

1.5 to 2K/hr or higher.

- - 80% of occupants do 
not take energy use 
effects into account 
when using controls.

5 
FIELD STUDY
Part II

High control respondent 
score about half a 
scale unit better on 
the 7 point aggregated 

comfort scale and 3/4 
of a scale unit on the 
7 point aggregated 

satisfaction scale
(High control here 
meant that respondents 

scored a 4 or higher 
on the aggregated 7 

point perceived control 

scale).

No signiicant effect. High control 
respondents estimate 

themselves to be about 
4.5 %point more 
productive (using a 7 
point scale from -30% 
to +30%).

Mean PCIC3 perceived 
control score is 3.1 
(SD 1.4);
‘Good’ buildings have 
BPCI3 scores ≥ 4.

6 
LABORATORY 
STUDY

No signiicant effect                                          
(e.g. no difference in 
thermal sensation or 

air quality sensation 

between the 2 sessions).

No signiicant effect  
(but relatively short 
exposure time).

Self-assessed 
performance is 4.2% 
point higher during 

without-control session;
Objectively measured 
performance is 4.8% 
point higher during 

without-control session.

2/3rd of the subjects 
preferred the with- 
control situation.

   

* see paragraph 4.2 for a further explanation of ‘thermostat speed’ and a description of the method that was used to 
objectify thermostat effectiveness.
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The ield study furthermore showed (see chapter 5) that especially access to operable 
windows and not experiencing any bans (e.g. from the facility manager) on the use 
of thermostats, openable windows and other controls had a positive and signiicant 
effect on overall perceived control over the indoor climate (the 7 point aggregated 
control scale presented in par. 5.2.2). A secondary analysis explored what the impact is 
of perceived control on the outcome variables studied. A multilevel analysis revealed 
a signiicant and positive relation between perceived control and comfort perception, 
overall satisfaction with the indoor climate and self-assessed productivity. In all 3 cases 
with p-values of 0.001 or lower. No correlation was found between perceived control 
and the incidence of building related symptoms. This last inding from the ield study 
is in contradiction with the indings from the database analysis. The relative limited 
number of buildings that were included in the ield study (9) may be an explanation 
here.

The laboratory study (see chapter 6) lead to several other conclusions: 

As expected, perceived control over temperature, air velocity, ventilation etc. was 
signiicantly higher during session A (the with-control situation), but there were no 
differences in perceived comfort and experienced SBS symptom intensity. About 
two-thirds of the subjects preferred the situation as during the irst session when they 
themselves controlled the air movement. Surprisingly, self-assessed performance during 
session B was signiicantly higher than during session A. On the applied 7-point scale that 
went from 1 = -30% to 7 = +30%, self-estimated performance increased by 4.2%-points 
from session A to B. Also objectively measured performance was signiicantly higher 
(with a difference for all performance test combined of + 4.8%-points) during session 
B (the no-control session). The difference was especially high for the multiplication 
tests (performance differences there were respectively 10.4%-points and 8.2%-points). 
A further analysis indicated that this task performance effect may be explained with the 
cognitive load theory.   

The main indings that resulted from the database analysis, the ield study and the 
laboratory study are presented in Table 7.1. For a more detailed summary of the indings 
from the individual research steps (sub studies) we refer to respectively the paragraphs 
3.5, 4.5, 5.5 and 6.5.

The overall conclusion is that the research hypothesis is partly supported by the 
combined results as described in the respective chapters. Ofice workers that have 
control (that perceive they have control) over their indoor climate generally are more 
comfortable and more satisied with their indoor climate. There also are indications that 
increased control levels to a certain extent will prevent ofice workers from developing 
SBS symptoms and might trigger ofice workers to report in ill less often (see e.g. par. 
3.3). The task performance results were rather inconclusive. 

Personal control over the indoor climate is a research area that has been investigated 
systematically by just a handful of researchers (e.g. Paciuk, 1996; Leaman & Bordass, 
1999; Brager, Paliaga & deDear, 2004; Karjalainen, 2007 & Hellwig, 2015). The 
information that is presented in this PhD thesis adds to the existing body of knowledge, 
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both in terms of conceptualization of control mechanisms and in terms of quantitative 
relations. 

Having said this, the present study by no means answers all questions related to control 
over indoor climate in ofice buildings and its impact on building occupants. Compare 
for example the productivity-related results from chapter 3 and 5 with those presented 
in chapter 6 (both summarized in Table 7.1). The laboratory results seem to imply that 
people are more productive when not in control of their own indoor climate while 
the database analysis and the ield study results imply the opposite. So one more 
general conclusion is that the overall PhD study leaves room with respect to a further 
analysis of the conceptual model. The results described in this thesis imply that the 
core assumption (having or not having control over one’s indoor climate affects how 
that indoor climate inluences building occupants) is valid. With the remark that it 
turned out quite complicated to unravel direct and indirect effects of control (see also 
section 7.3). More intervention ield studies and innovative laboratory studies like the 
one described in chapter 6 or the ones described in Veitch & Newsham (2000) and De 
Korte et al. (2015) are necessary to further explore the conceptual model and to further 
quantify the relations. 

Another general conclusion from the overall study is that personal control over indoor 
climate is a complex phenomenon that involves many non-technical, non-physical 

aspects. To better understand how ofice workers and other building occupants use 
controls and perceive control over their indoor climate, and to further understand how 
task performance and building occupants’ perceptions about their indoor climate are 
inluenced by the presence and use of these controls more research is needed. To really 
move forward it is necessary to look beyond the traditional borders of building science 
and indoor climate research and to systematically involve environmental psychologists 

and other social scientists in future indoor climate control studies.

7.3  Lessons learned

One of the more famous quotes from Friedrich Nietzsche is: ‘‘When one has inished 
building one’s house, one suddenly realizes that in the process one has learned 
something that one really needed to know in the worst way: before one began’’ (source: 
www.brainyquote.com). Writing a PhD thesis is like building a house: it is not until 
the end of the whole process that you know how you really should have started at the 
beginning. 

Some examples of lessons learned that could beneit future research projects:
 

Exploring and testing a conceptual model that hypothesizes moderator effects (models 
like the one presented in Figure 2.9) turned out to be more complicated than anticipated 
beforehand. The analyses presented in this thesis showed that it is quite a challenge 
to unravel direct and indirect effects (the later via the moderator route) of control 
on comfort, satisfaction, SBS symptoms and task performance. See respectively 
arrow number 3 and the combined arrows number 1 and 2 in Figure 2.9. A future, 
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multidisciplinary study that further explores control effects could beneit from the 
additional methodological guidance presented in Baron & Kenny (1986) and Dixon 
& Cunningham (2006). Another aspect that could be explored and unravelled further 
during future studies is the interaction between available, exercised and perceived 
control. 

One other conclusion from the present project is that control over the indoor climate 
and occupant behaviour in relation to exposure to thermal environments and indoor air 
pollutants best is studied with a multidisciplinary team. Not by a one-man army. Research 
teams for future control related studies should not just contain building scientists and 
indoor climate specialists. The overall research quality would beneit from additional 
team members with a background in environmental psychology, research methodology 
and statistics. The recently established EIA Annex 66 ‘Deinition and Simulation of 
Occupant Behaviour in Buildings’ and its international and multidisciplinary group of 
annex members is a good irst step in the right direction (see www.annex66.org). 

As far as the database analysis is concerned (see chapter 3) and the ield study analysis 
(see the chapters 4 and 5) one could wonder whether next time it would be better to 
keep things simple and to only work with respondents that work in one building (and 
that preferably all do similar work, have similar ofice layouts etcetera). The advantage 
would be that data-analysis would involve traditional statistical strategies only (no 
nested variables) instead of the more complex multilevel strategy that has been used 
now in the chapters 3 and 5. The big drawback of studying a group of subjects that all 
work in one building however is that there probably will be very limited variability 
in terms of control options, perceived control and environmental exposure. Another 
drawback of studying subjects that all work in the same building is that it does not 
give a general idea of what is going on in the ‘average NL ofice building’.  During a 
future study, the optimal solution in case of an observational study probably would be 
to not work with subjects that work in the same building. On the other hand, in case of 
an intervention study it would be better to focus on subjects that all work in the same 
building (and to select subjects that conduct similar task, have similar socio-economic 
backgrounds etc.). In the latter case one could think of an intervention like the one 
described in chapter 6 (laboratory study) but this time executed in a ield study context.   

Another lesson learned is related to confounders / background variables that might 
interfere with the core relations studied. For example, future studies could better take 
into account the effects of exposure time and workday length on fatigue which in turn 
might affect how environmental parameters like temperature and CO

2
 concentration 

affect subjects. Tanabe, Nishihara & Haneda (2010) in this context mention that lab 
studies like the one described in chapter 6 should take into account that task performance 
effects under suboptimal environmental circumstances can be quite different after 
exposure times of just 2 hours than after 8 hour exposure. Other background variables 
that should be addressed better during future studies are personal and psychosocial 
aspects (Bluyssen, 2014). Which implies that questionnaires for such future studies 
should have more questions on aspects like family circumstances, educational level, 
socio-economic status, job strain, personality traits, psychosocial atmosphere at work 
etcetera. See also paragraph 3.4. 
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7.4  Practical implications

The combined outcomes of the database analysis, the ield study and the laboratory-
intervention study imply that investing in adequate and effective indoor climate controls 
that boost perceived control levels will help to improve overall comfort and satisfaction 
of ofice workers. Some other, more speciic implications of the research outcomes that 
are presented in this thesis are presented below:

Avoid dummy thermostats
The majority of adjustable wall thermostats in US ofice buildings are possibly non-
functional and not connected (Wall Street Journal, 2003 & Karjalainen, 2007). Such 
‘dummy stats’ are installed by HVAC technicians to give building occupants the illusion 
of control over their indoor climate. 

Figure 7.1. The JEP! microclimatisation system as described in Boerstra, Verlinde, Vermeer 
& van Delft, 2013. Ofice workers can cool themselves and control local fresh air supply with 
adjustable air nozzles (picture upper right). These are connected to under loor air inlet ducts and 
deliver preconditioned outdoor air right in the breathing zone. Local adjustment of temperature 
in winter is possible via  electrical heating pads integrated in the table tops (orange parts). 
Workstation users can inetune their local climates (and local lighting) via their smartphone, 
desktop or laptop computer. (Pictures: courtesy of the Van Delft Groep).
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Dummy thermostats are probably used less frequently in Europe than in North-
America, but no speciic studies have been performed at large scale to come to an 
accurate estimate per country or continent. Nevertheless, there is anecdotal evidence 

that also in Europe dummy thermostats are sometimes used ‘to avoid or to solve indoor 
climate complaints’.

The database analysis results described in chapter 3 leads to the conclusion that ofice 
workers are better off when they have access to effective controls. This implies that the 

last thing one should do in a ‘sick building’ with lots of temperature complaints is to 
install dummy thermostats! 

 

Apply microclimatisation in open plan ofices
The overall results (see Table 7.1) suggest that the more control ofice workers perceive 
to have the more satisied and comfortable they are. In traditional ofice buildings with 
small cellular ofices (with 1 or 2 persons per room), operable windows and adjustable 
radiators or other robust heating or cooling devices high degrees of control can be 
achieved relatively easily with low tech solutions (Leyten & Kurvers, 2006). The 
problem however is that modern day ofices more and more use open plan layouts (in 
the past referred to as ‘Burogarten’, nowadays referred to - in The Netherlands - as 
‘Het Nieuwe Werken’) (van Meel, 2000). At irst sight it is dificult to introduce indoor 
climate adjustability in open plan ofices as here often more than 10 people share the 
same space. However, there is a high tech adjustable control solution for this open plan 
ofice - indoor climate control dilemma. That solution is called microclimatisation or 
climatisation at workstation level. Several researchers (e.g. Melikov, 2004; Zeiler et 
al., 2014 and: Boerstra, Verlinde, Vermeer & van Delft, 2013, see also Figure 7.1) have 
developed personal ventilation, local heating or individual cooling solutions that also 

allow for individual control over fresh air supply and temperature in more open ofice 
environments. In some cases the microclimatisation systems are more experimental, but 
in other cases these are concrete products that have been on the market for several years 
already. Examples of the latter are e.g. the Personal Environment system as developed by 
Johnson Controls in the US, the Personal Ventilation system as developed by Exhausto 
in Denmark and the Task Ambient Conditioning (TAC) system as developed by the 
Centre for the Built Environment of the University of California Berkeley (Tsuzuki et 
al., 1999).   
The results of the present study and an inventory under European HVAC specialists 
(Boerstra & Simone, 2013) imply that there is growing potential for such 
microclimatisation solutions especially in open plan ofices.    

Address adjustability and personal control in standards
Another implication of the overall indings described in the chapters 3 to 7 is that it 
would make sense to be more speciic in standards about the added value (in terms of 
end-user comfort, health and performance) of adjustable indoor climates and options 
for manual control. 
Standards like EN-ISO 7730 (ISO, 2005) and ASHRAE standard 55 (ASHRAE, 2010) 
deine an optimal thermal environment in terms of one or more temperature or PMV 
bandwidths that one should stay within in order to assure comfort for the majority of 
building occupants. The implicit assumption of many users of these standards is that 
temperatures (thermal environments) are centrally controlled, and that HVAC systems 
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are active while building users are passive (see also Deuble & de Dear, 2012). Fiala 
& Lomas (2001) in this context made the following observation: ‘During their daily 
lives, human beings respond to, and interact with, their immediate environment by 
thermoregulatory and behavioural reactions. Comfort standards such as ISO 7730 and 
ASHRAE standard 55 tend to neglect these responses, although they (these reactions) 
can substantially affect the acceptability of thermal environments’.
For example the laboratory study results presented in chapter 6 imply that a majority of 
building users prefers manual control of the indoor climate over automatic (centralized) 
control. This implies that optimal indoor climates in ofices would require at least some 
adjustability and local inetuning options. Especially in situations where people spend 
many hours at one workstation. With reference to Fountain, Brager & de Dear (1996) 
and Arens et al. (2010) one therefore could argue that future indoor climate standards 
should better address personal control demands of building users. The proposed new 
version of CEN standard EN 15251 (CEN, 2007) as described in Olesen (2015) has 
some irst examples of control related requirements (e.g. related to personal control 
over temperature and fresh air supply) that could inspire other standard developers. 
Future standards could be more speciic in terms of indoor climate adjustability by 
deining (see Boerstra, 2010 for an example) additional A+ class requirements in 
terms of optimal individual control bandwidths  (e.g. +/- 3 K around a group averaged 
standard setpoint; see also Wyon, 2000). Such A+ requirements apply not just in ofices 
and should be made applicable too in call centres, dealerrooms of inancial institutions, 
certain health care spaces, etcetera.  

Ideally the new personal control requirements also should include speciics about the 
effectiveness (‘speed’) of controls apart from the ‘standard’ +/- 3K or +/- 2 K control 
bandwidth requirement. The thermostat effectiveness measurement results that are 
presented in chapter 4 showed that the prescription of a minimum ‘thermostat speed’ 
of 1.5 to 2 K per hour probably is enough to make sure that the majority of end users 
will be satisied with the thermostat effectiveness. Note in this context that temperature 
adjustability is not just a matter of selecting the right kind of adjustable thermostat. 
Also other factors like available heating/cooling capacity at room level, building mass 
and minimum/maximum internal heat load should be addressed.   

Develop controls that optimize both indoor climate and energy use
The ield study (see chapter 4) showed that about 4 out of 5 ofice workers do not take 
energy use into account when using their operable windows, adjustable thermostats 
and other controls. This could lead some to conclude that future energy eficient 
ofice buildings should  be designed with centralized temperature control and without 
operable windows. A more promising approach (see also Cooper (1982)) is to develop 
smart controls that tune in well (better) with modern day’s understanding of building 
occupants’ control behaviour and control needs. The landmark papers of  Karjalainen 
(2007), Haldi & Robinson (2008) and Vischer (2008) give ample ideas on how to provide 
for adequate indoor climate adjustability. The user-in-the-loop approach described in 
Zeiler et al. (2014) and the indoor climate control design guidance described in Bakker 
& Hoes-van Oeffelen (2014) are two other examples. Such new controls should allow 
occupants to inetune their indoor climate according to momentary comfort needs. And 
they should be intuitive and easy to use. But they also should be designed to encourage 



155

General Overview and Conclusions

energy awareness and should discourage ‘control abuse’ by end-users. Via its interface 
smart control devices for example could warn against the manual (re)setting of a too 
low temperature setpoint during a hot weather period. Another example is a warning 
light that coaches the building occupant not to keep an operable window open too 
long on a cold winter day. Several manufacturers already work on such smart controls; 
examples are the Dutch TOON thermostat and the NEST thermostat that originally was 
developed in California. 
The results described in this thesis imply that there certainly is a market for smart 
controls that help ofice workers to optimize their indoor climate that at the same time 
coach these workers on how to avoid excessive energy use for heating, cooling and 
ventilation.  

7.5  Future research

The studies described in this PhD thesis reveal several new research aspects that could 
be explored further. Below are some suggestions for future personal control research.

Task performance effects
One can conclude from the studies described in this thesis (see paragraph 7.2) that 
adequate control over indoor climate has a proven and positive effect on comfort and 
satisfaction with the indoor climate The outcomes are less straight forward when one 
zooms in on the task performance effects. The database results and the ield study 
results imply that ofice workers that perceive to be in control of their indoor climate 
estimate themselves to be more productive. On the other hand, the laboratory study (see 
chapter 6) showed that at least under certain situations added control over the indoor 
climate (in this case speciically the thermal environment) can lead to a decrease in task 
performance. While studies by others showed that available control improvements have 
no signiicant performance effects (see De Korte et al., 2015) or in fact lead to increases 
in performance (Wyon, 2000; Zhang et al., 2010). 
More studies are needed to further explore how control over indoor climate affects task 
performance of ofice workers and overall productivity in ofice settings. Think in this 
context of longitudinal intervention studies in ield situations that are characterized 
by substantial (pre- vs. post-intervention) differences of indoor climate adjustability. 
Such intervention studies should not just involve questionnaires and productivity 

measurements (objective and self-assessed). Also physiological effect measurements 
may be included, e.g. in the form of electroencephalography (EEG), sweat secretion or 
cortisol saliva measurements. To limit research project costs such control intervention 

studies may be done in the context of building and HVAC system renovations that were 
planned already anyhow. 

An alternative way to further explore how available, exercised and perceived control 
affect task performance of ofice workers would be to conduct additional laboratory 
studies of the kind described in chapter 6 and in Veitch & Newsham (2000), Melikov 
(2004) and De Korte et al. (2015). 
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Future studies could also beneit from questionnaires that ask building occupants 
directly about their beliefs and experiences in relation to indoor climate control  - 
productivity relations. 

Combined IEQ control
Another aspect that should be investigated further is the effect of combined control 
over temperature, ventilation, lighting and (background) noise. The central question 
then is how available, exercised and perceived control affect end-users when they have 
control over a combination of Indoor Environmental Quality (IEQ) parameters. So not 
just over temperature and/or ventilation but also over noise and lighting. The laboratory 
studies described in Clausen & Wyon (2008) and De Korte et al. (2005) can be used as 
inspirational material here. Such future combined control studies should take ‘linked 
pair’ interaction effects into account as described in Santos & Gunnarsen (1999). 

Energy use effects 
Future research could also focus on control and energy use effects. One important 
question is for example: Does allowing for more personal control over temperature and 
fresh air supply in ofice buildings always result in an increase in energy use? Or does it 
in fact lead to a substantial decrease in energy use, especially when at workstation level 
smart use is made of microclimatisation systems while elsewhere ‘rougher’ than usual 
indoor climates are allowed? The latter as suggested by Zeiler et al. (2014) and Hoyt, 
Arens & Zhang (2015). In line with the requirements mentioned in Schellen (2012) we 
would like to argue that future work regarding personal control over the indoor climate 
should be investigated with an added emphasis on energy use effects.

Between subgroup control differences
During the ield study (see chapter 4) we found that men and women differ in their 
control activities and control perceptions. Possibly also other factors (e.g. personality 
type, education level & age) have an effect on control needs of subgroups. See in this 
context the indings of Schellen (2012); she found that thermal comfort preferences 
differ more than previously thought when one compares men and women or younger 
and older people. Several environmental psychologists (see Heijs & Stringer, 1988; 
Bell et al., 2002 and Vischer, 2008) have pointed out that comfort and control 
preferences can differ largely between individuals for example as a result of differences 
in personality type (introvert vs. extravert people). While Van Hoof (2010) found that 
comfort preferences and control interface needs of older adults with dementia differ 
substantially from those of adults without dementia. 
Traditionally ‘indoor climate consumers’ are often regarded as a uniform group with 
relatively few interpersonal differences, not just by building and building service 
system designers but also by indoor climate researchers, standard developers and policy 
makers. In marketing research (see Kotler & Keller, 2005) it is standard to approach 
different user groups (different markets) differently. We would like to argue that future 
indoor climate control studies and standards should better acknowledge differences 
between end-user groups. This in turn is only possible when between-group personal 
control differences are studied further e.g. in terms of basic control needs, expectation 
levels and general understanding of controls (control interfaces).    
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Business opportunities
Future research also should focus on business opportunities for control related HVAC 
solutions. An inventory amongst HVAC engineers and HVAC system manufacturers 
(Boerstra & Simone, 2013) showed that there is a market for innovative personal control 
products and services. The inventory furthermore indicated that building owners and 
investors are willing to invest (invest more than presently assumed) in better control 
options for ofice environments as long as the health, comfort and productivity beneits 
are clearly communicated to other key decision makers. 
The business opportunities that exist in the context of the latent demand for better 
indoor climate control options should be further investigated in close cooperation 
with architects, economic researchers, HVAC component manufacturers, specialists in 
property development and marketing professionals. 

7.6  Concluding remarks
Leaman & Bordass (1999) have stated that despite the knowledge that positive effects 
can be attributed to personal control, ‘designers, developers, and sometimes even clients 
seem remarkably reluctant to act on it’. One could wonder why decision makers are so 
reluctant to design for adjustability, with options for ine tuning of the indoor climate at 
room or workstation level. A possible explanation could be that many actors involved 
(indoor climate researchers but also building and building service system designers) 
have been trained to think in terms of static indoor climate exposures and non-dynamic 
reactions from building occupants (Van Hoof, Mazej & Hensen, 2010). 

Maybe the ield of indoor climate research has been dominated for too long by technocrats 
that approach building users (and subjects in studies) in a rather reductionistic way, 
and as passive recipients of thermal and olfactory stimuli only. And not - as proposed 
by Brager & de Dear (1998) - as active agents that interact with their environment. 
With reference to Rohles (1980), Heijs & Stringer (1988), Fountain, Brager & de Dear 
(1996), Vischer (2008), Veitch (2008), Bluyssen (2014) and Hellwig (2015) one could  
argue that behavior, expectations, locus of control and psycho-social context in general 
should be better taken into account when describing how people react to and interact 
with their indoor climates. This asks for a more interdisciplinary approach and better 
cooperation between indoor climate researchers with a technical background and social 
scientists (especially environmental psychologists). Rohles (1980) put it this way: ‘‘To 
deny or ignore the psychology involved in comfort research and comfort standardization 
is not only short-sighted, but treats the human subjects as a machine, which it is not’’.

To those that still are in doubt we would like to point out that thermal comfort standards 
like ISO 7730 and ASHRAE standard 55 right from the start, since their irst appearance 
in the 60’s, have deined (thermal) comfort as ‘‘a condition of mind that expresses 
satisfaction with the thermal environment’’ (ISO, 2005; ASHRAE, 2010). This clearly 
implies that comfort is not just a technical, physiological condition but a state of mind 
and therefore by deinition (also) requires a psychological approach that acknowledges 
the role of contextual factors like control. 
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With reference to Cooper (1982) and Mahdavi & Kumar (1996) we would like to end 
with a general advice that the ofice environments of the future should (better) allow for 
high levels of personal control over indoor climate. This will be a very effective way 
to increase wellbeing, health and comfort of ofice workers and possibly also to boost 
task performance and to decrease sick leave. And better indoor climate adjustability can 
only be achieved when architects, building physics consultants, HVAC engineers and 
other key decision makers are more effectively triggered to include operable windows, 
adjustable thermostats and/or microclimatisation systems when (re)designing ofice 
spaces. 
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ALT - Adaptation Level Theory
    

BBA - Boerstra Binnenmilieu Advies (Dutch company specialized in IEQ consultancy)
    

BPCI - Building Perceived Control Index 
    

BSI - Building Symptom Index
   

F-value - Fisher / Snedecor distribution value (statistical parameter that describes 
the ratio between explained variance and unexplained variance resp. between-group 
variability and within-group variability)
    

HOPE - Health Optimisation Protocol for Energy-eficient Buildings (name European 
research project)
    

HVAC - Heating, Ventilation and Air Conditioning
    

IAQ - Indoor Air Quality
    

IEQ - Indoor Environmental Quality
    

ICIEE - International Centre for Indoor Environment and Energy (of the Danish 
Technical University)
    

JEP - Je Eigen Plek (name Dutch microclimatisation system developed by Van Delft 
Group & partners) 
    

PComI - Personal Comfort Index 
    

PMV - Predicted Mean Vote (as deined in e.g. ISO-EN 7730)
    

PPCI3 - Personal Perceived Control Index
    

PProdI - Personal Productivity Index 
    

PSatI - Personal Satisfaction Index
    

PSI - Personal Symptom Index
    

SBS - Sick Building Syndrome
    

TAC (system) - Task Ambient Condition (system)
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Aspect Building

X1 X2 X3 X4 X5

Type of 
organization

Housing 
corporation

Main ofice 
HVAC product 
manufacturer

Departmental 

building 
government

Town hall Main ofice 
construction 

company

Year of 
construction / latest 
major renovation

1948 / 2000 2006 / - 1967 / 1998 2003 / - 1986

Floor surface 5,000 m2

(54,000 ft2)
7,300 m2

(79,000 ft2)
33,000 m2 

(355,000 ft2)
6,400 m2 

(69,000 ft2)
4,100 m2

(44,000 ft2)
Ofice layout mainly enclosed 

spaces, some ofice  
landscape

mainly ofice 
landscape 

enclosed spaces 

(mainly 1, 2 and 4 
person ofices)

enclosed spaces 

(mainly 1, 2, 4 and 
6 person ofices)

mostly 1 person 
rooms

Number of loors 3 3 21 5 4
Average loor 
depth

25 m (82 ft) 15 m (49 ft) 23 m (75 ft) 15 m (49 ft) 13 m (42 ft)

Number of 
workstations

150 520 1400 220 65

Percentage of 
glazing

±20% ±70% ±40% ±50 & 80% ±20%

U-value glass 1.1 m2K/W 0.7 m2K/W ca. 2 m2K/W 1.6 m2K/W ca. 3 m2K/W
Ventilation system mechanical supply 

and exhaust system 

with central heat 

recovery (twin 
coil)

mechanical supply 

and exhaust (CAV) 
with heat recovery 

via enthalpy wheel 

mechanical supply 

and exhaust 

with central 

recirculation

mechanical supply 

and exhaust 

(CAV), steam 
humidiication 
and central heat 

recovery via 

Resolair units 

mechanical air 

supply and exhaust  

with heat recovery 

via enthalpy wheel

Heating system after-heater in 
above ceiling 
VAV induction-
unit connected to 

district heating 

system

heating via 4 pipe 
climate ceiling 

connected to 

geothermal heating 

/ cooling storage 
system and heat 

pump

after-heater in 
DID induction 
unit connected to 

district heating 

system 

radiators and 

convectors 

connected to 

district heating 

system

radiators connected 

to natural gas 

heaters

Cooling system local cooling via 

VAV induction-
units

local cooling via 

climate ceiling (see 
above) and central 
pre-cooling of 
ventilation air   

after cooler in DID 
induction unit

central pre-cooling 

of the supply air
some central 

pre-cooling of the 
supply air 

Temperature 

control winter

wall thermostat indirect via 

desktop computer 
connected 

to building 
management 

system

wall thermostat 

with on-off 
presence knob

adjustable 
thermostatic valves 

on radiators and 

convectors

adjustable 
thermostatic valves 

on radiators

Temperature 

control summer

wall thermostat indirect via 

desktop computer 
connected to 

building man.
system

wall thermostat 

with on-off 
presence knob

none none

Ventilation control operable windows 
(medium size)

operable windows 
(medium size)

operable window 
(medium)

partially operable 
windows (medium)

operable  windows 
(medium, zigzag 
double sliding)

Appendix I
Characteristics of the nine ofice 
buildings
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Aspect Building

X6 X7 X8 X9

Type of 
organization

Main ofice  façade 
building product 
manufacturer

Head quarters 
consumer 

organization 
(building I)

Head quarters 
consumer 

organization 
(building II)

Tax ofice 
government

Year of 
construction / latest 
major renovation

2010 / - 1971 / 1990 1958 / 2005 2011 / -

Floor surface 2,000 m2

(22,000 ft2)
11,600 m2

(125,000 ft2)
11,200  m2

(121,000 ft2)
46,600 m2

(502,000 ft2)
Ofice layout mainly ofice 

landscape  

partly enclosed 

spaces, partly ofice 
landscape

mainly  ofice 
landscape 

partly enclosed 

spaces, partly ofice 
landscape

Number of loors 3 8 8 25
Average loor 
depth

16 m (52 ft) 15 m (49 ft) 15 m (49 ft) 23 m (75 ft)

Number of 
workstations

35 680 450 2600

Percentage of 
glazing

±90% ±50% ±60% ±70%

U-value glass 1.1 m2K/W ca. 3.5 m2K/W 1.2 W/m2K 1.1 W/m2K

Ventilation system air supply via double, 
folding façade and 
operable windows, 
mechanical exhaust 

in kitchen, toilet etc

natural supply via 

large and small 

operable windows, no 
mechanical exhaust

mechanical supply 

and exhaust , 

humidiication of the 
ventilation air and 

heat recovery via 

twin coil

mechanical supply 

and exhaust system 

(VAV) with under 
loor supply

Heating system slab heating 
connected to 

geothermal 

installation with heat 

pump

radiators connected 

to natural gas heaters 

radiators and 

ventilator convectors 

connected to natural 

gas heaters and 

central preheating of 
the ventilation air

slab heating with 
additional convectors 

connected to central 

heat and cold storage 

in the soil with heat 

pump and central 

preheating of the 
supply air

Cooling system slab cooling (see 
above)

None ventilator convectors 

connected to cooling 

machines and central 

precooling of the 
supply air

slab cooling (see 
above) and central 
precooling of the 
supply air

Temperature 

control winter

none adjustable non-
thermostatic valves 

on radiators

adjustable 
thermostatic valves 

on radiators and 

ventilator convectors

adjustable 
thermostatic valves 

on convectors; 
sometimes also wall 

thermostats

Temperature 

control summer

none None adjustable 
thermostatic valves 

on ventilator 

convectors

None

Ventilation control operable windows 
(large, in double 
folding façade)

operable windows 
(small and large 
combined)

operable windows 
(large)

operable windows 
(medium)

Characteristics of the nine ofice buildings
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Journal papers

 - Boerstra A.C, Beuker T.C., Loomans M.G.L.C & Hensen J.L.M., 2013. Impact 
of available and perceived control on comfort and health in European ofices. 

Architectural Science Review, 56 (1), 30-41. DOI:10.1080/00038628.2012.7442
98. Published online February 1st, 2013; invited paper.

 - Boerstra A.C., Loomans  M.G.L.C. & J.L.M. Hensen, 2013. Personal control over 
temperature in winter in Dutch ofice buildings. HVAC&R Research, 19(8), 1033-
1050. DOI: 10.1080/10789669.2013.843961. Published online November 17th, 

2013; invited paper.
 - Boerstra A.C., Kulve M. te, Toftum J., Loomans, M.G.L.C.. Olesen B.W. & 

Hensen, 2015. Comfort and performance impact of personal control over 
thermal environment in summer: Results from a laboratory study. Building and 

Environment, 87, 315-326. DOI: 10.1016/j.buildenv.2014.12.022. Published 
online January 28th, 2015.

 - Boerstra A.C., Loomans M.G.L.C. & Hensen J.L.M., 2016 (submitted). Perceived 
control over indoor climate and it’s impact on Dutch ofice workers, results from a 
ield study. Building, Research & Information.

Conference papers

 - Boerstra A.C. & Beuker T.C., 2011. Impact of perceived personal control over 
indoor climate on health and comfort in Dutch ofices. Proceedings Indoor Air 
2011. The University of Texas in Austin in cooperation with the International 
Society for Indoor Air Quality and climate (ISIAQ), Santa Cruz (CA), USA.

 - Boerstra A.C., 2011. Personal Control and Thermal Comfort Classiication. 
Proceedings Indoor Air 2011. The University of Texas in Austin in cooperation 
with the International Society for Indoor Air Quality and climate (ISIAQ) (http://
www.isiaq.org/publications.php).

 - Boerstra A.C., Beuker T.C, Loomans M.G.L.C. and Hensen, J.L.M., 2012. 
Impact of Available and Perceived Control on Comfort and Health in European 
Ofice Buildings. Proceedings 7th NCEUB Windsor conference 2012. London 
Metropolitan University in cooperation with the Network for Comfort and Energy 
Use in Buildings (NCEUB), London, UK.

 - Creemers P., Claessen, R., Boerstra A.C., Loomans M.G.L.C. and Hensen, J.L.M., 
2012. Exercised Control in Dutch Ofice buildings and it’s effect on temperature, 
CO2 concentration and other IEQ parameters. Proceedings Healthy Buildings 
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2012. Queensland University of Technology, Brisbane, Australia, in cooperation 
with the International Society for Indoor Air Quality and climate (ISIAQ) (http://
www.isiaq.org/publications.php).

 - Boerstra A.C., Loomans M.G.L.C. and Hensen, J.L.M., 2012. Modeling Personal 
Control over Indoor Climate. Proceedings Healthy Buildings 2012. Queensland 
University of Technology, Brisbane, Australia, in cooperation with the International 
Society for Indoor Air Quality and climate (ISIAQ) (http://www.isiaq.org/
publications.php).

 - Boerstra A.C., Beuker T.C., Loomans M.G.L.C. & Hensen J.L.M., 2012. Impact of 
perceived control on comfort and health in European ofice buildings. Proceedings 
Healthy Buildings 2012. Queensland University of Technology, Brisbane, 
Australia, in cooperation with the International Society for Indoor Air Quality and 
climate (ISIAQ) (http://www.isiaq.org/publications.php).

 - Boerstra A.C. & Loomans M.G.L.C., 2013. To control or not to control, that’s 
the question (abstract only). Proceedings NVVA conference 2013. Nederlandse 
Vereniging voor Arbeidshygiene (NVVA), Eindhoven, The Netherlands. 

 - Boerstra A.C.,Verlinde M., Vermeer J. & van Delft M., 2013. Local Climatisation 
2.0: introducing the LOCLILI (JEP) system. Proceedings 11th REHVA world 
congress & 8th International Conference on IAQVEC (Clima 2013). Czech 
Technical University, Prague, Czech Republic, in cooperation with the Federation 
of European Heating, Ventilation and Air conditioning Associations (REHVA), 
Brussels, Belgium.

 - Kulve M. te, Boerstra A.C., Toftum J. & Loomans M.G.L.C., 2013. Effect of Personal 
Control over Thermal Environment in a Laboratorium Setting. Proceedings 11th 

REHVA world congress & 8th International Conference on IAQVEC (Clima 
2013). Czech Technical University, Prague, Czech Republic, in cooperation with 
the Federation of European Heating, Ventilation and Air conditioning Associations 
(REHVA), Brussels, Belgium.

 - Boerstra A.C., Loomans M.G.L.C. & Hensen J.L.M., 2013. Personal control 
over indoor climate and occupant behavior in ofice buildings (abstract only). 
Proceedings ISEE Environment & Health conference EH 2013. University of 
Basel, Basel, Switerzerland, in cooperation with the International Society for 
Environmental Epidemiology (ISEE), Boston (MA), USA. 

 - Boerstra A.C., 2014. Binnenklimaatbeleving, gedrag en beïnvloeding (abstract 
only). Proceedings NVVA conference 2014. Nederlandse Vereniging voor 
Arbeidshygiene (NVVA), Eindhoven, The Netherlands. 

 - Boerstra A.C., Loomans M.G.L.C. & Hensen J.L.M., 2014. Personal Control 
over Indoor Climate and Productivity. Proceedings Indoor Air 2014. Hongkong 
University, Hongkong, China,  in cooperation with the International Society for 
Indoor Air Quality and climate (ISIAQ) (http://www.isiaq.org/publications.php). 

 - Boerstra A.C., Loomans M.G.L.C. & Hensen J.L.M., 2015. Perceived Control 
over Indoor Climate and it’s impact on Dutch Ofice Workers. Proceedings Healthy 
Buildings Europe 2015. Eindhoven University of Technology, The Netherlands, 
in cooperation with the International Society for Indoor Air Quality and climate 
(ISIAQ), Santa Cruz (CA), USA.  
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Other articles

 - Boerstra A.C., 2010. Persoonlijke beïnvloeding als sleutel tot een A+ klimaat. 
TVVL magazine, 39 (4), 2-5. 

 - Kulve M. te, Boerstra A.C., Toftum J., Loomans M.G.L.C. & Hensen J.L.M., 2013. 
Effect van binnenklimaatbeïnvloeding in een laboratoriumsetting (in Dutch). 
TVVL Magazine, 42(7/8), 8-12.

 - Boerstra A. & Simone A., 2013. Personal Control Over Heating, Cooling and 
Ventilation: results of a workshop at the Clima 2013 conference. REHVA European 
HVAC journal, 5/2013, 47-51. 47.

 - Pfafferott J. & Boerstra A.C., 2014. Comfort, user behavior and energy eficiency: 
summary of a workshop at the NCEUB Windsor Conference 2014. REHVA 
European HVAC journal, 4/2014, 25-27. 

 - Boerstra A.C., Loomans M.G.L.C. & Hensen J.L.M., 2015. Persoonlijke 
beïnvloeding van het binnenklimaat: invloed op comfort, gezondheid en 
productiviteit. TVVL Magazine nr. 4 (april), 2015, 24-27.

Additional dissemination activities

 - Presentation at a TVVL regional meeting in Ridderkerk, The Netherlands, on 
december 2nd,  2011. Presentation title: ‘Persoonlijke beïnvloeding van het 
binnenklimaat en het effect op comfort, gezondheid en productiviteit’ (in Dutch).

 - Presentation for ASHRAE standard 55 (thermal comfort) committee members at 
the 2012 ASHRAE winter meeting in Chicago (IL), USA, on january 22nd, 2012. 
Presentation title: ‘Personal Control and occupant behavior: recent Dutch ield 
study indings and a proposal for future standards’. 

 - Guest lecture for Architecture Master students at the London Metropolitan 
University in London, UK, on march 6th, 2012, at the invitation of Prof. Fergus 
Nicol, London Metropolitan University. Presentation title: Personal control over 
indoor climate, alias: the earth is NOT lat’.

 - Presentation during an academic workshop on ‘Microclimatisation and Personal 
Control’ at the Eindhoven University of Technology, Eindhoven, The Netherlands 
(organized in cooperation with Prof. Shinichi Tanabe, Waseda University Tokyo, 
Japan) on october 16th, 2012. Presentation title: ‘Personal control over indoor 
climate in ofice buildings: irst results of a 7 step research project’. 

 - Presentation for NVVA representatives / occupational health and safety specialists 
at the BBA ofice in Rotterdam, The Netherlands, on November 19th, 2012. 
Presentation title: ‘Personal control over indoor climate in ofice buildings: irst 
results of a 7 step research project’.

 - Presentation (by Marije te Kulve, master student & contributor to the lab 
study described in chapter 6) for TVVL members (Dutch HVAC specialists) in 
Apeldoorn, The Netherlands during the TVVL Techniekdag on november 21st, 

2012. Presentation title: ‘Persoonlijke beïnvloeding van het binnenklimaat: 
resultaten van een laboratorium studie’ (in Dutch).
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List of all PhD Thesis Related Papers & Dissemination Activities 

 - Presentation for public health professionals and epidemiologists at the headquarters 
of the Dutch national institute for public health and the environment (RIVM) 
in Bilthoven, The Netherlands (National Institute for Public Health and the 
environment) on november 22nd, 2012. Presentation title: ‘Personal control over 
indoor climate: irst results from a database analysis and a 9 building ield study’.

 - Presentation at a an AIVC workshop ‘Quality of methods for measuring ventilation 
and air iniltration in buildings’ AIVC Air Iniltration and Ventilation Centre / EIA 
Annex 53  , March 20th, 2013, Brussels, Belgium. Presentation title: ‘Personal 
control over indoor climate and the use of operable windows in ofices’. 

 - Mediation of, and introduction to, a workshop ‘Personal control over heating, 
cooling and ventilation’ at the 11th REHVA world congress / Clima 2013 conference 
in Prague, Czech Republic. Workshop organized in cooperation with dr. A. Simone 
of the Danish Technical University.

 - Guest editor at TVVL Magazine (with written column / introduction) special 
issue on Microklimatisation, coordinator/facilitator for a total of 5 papers on 
microklimatisation and personal control.

 - Mediation of, and introduction to, a workshop ‘User Behavior and Energy 
Eficiency’ at the 8th NCEUB Windsor 2014 conference in Windsor, UK. Workshop 
organized in cooperation with dr. Jens Pfafferott of the Offenburg Hochschule, 
Germany.

 - Presentation at the Maastricht University / NUTRIM school for Nutrition, 
Toxicology and Metabolism, April 9th, 2014. Counting the cost of comfort: beyond 
thermal comfort. Windsor NCEUB pre-conference. To control or not to control: 
that’s the question.

 - Mediator of, and introductive to, a workshop ‘Uncorporating design for high 
perceived control into the design process’ at the Indoor Air 2016 conference in 
Gent, Belgium. Workshop organized in cooporation with prof. dr. Hellwig from 
Augsburg Hochschule, Germany. 
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Appendix III
Curriculum Vitae

Atze Christiaan Boerstra was born on 12-10-1964 in Emmen, The Netherlands.
After inishing the athenaeum in 1983 at the Gemeentelijke Scholen Gemeenschap 
(GSG) in Emmen, he studied Mechanical Engineering at the Delft University of 
Technology in The Netherlands. 

In 1989 he graduated within the unit Indoor Climate Technology on sense and non-sense 
of sealed facades and full Air-conditioning in ofice buildings. From September 2011 
he started a PhD project at the Eindhoven University Technology in The Netherlands of 
which the results are presented in this dissertation. 

Since 1996 he is employed as managing director and senior IEQ consultant at BBA 
Indoor Environmental Consultancy.

Other (past) positions are:
 - 2002-2011: founding board member + 2nd president of ISIAQ.NL, the Dutch 

chapter of the International Society for Indoor Air Quality and Climate;
 - 2007-2011: board member Dutch Technical Association for Building Service 

Systems (TVVL);
 - 2005-present: (writing) member of CEN Technical Committee TC 156 & 371 e.g. 

in the context of the (re)development of the EPBD IEQ standard EN 15251 ‘Indoor 
Environmental input parameters for design and assessment of energy performance 
of buildings’;

 - 2011-present:  member  of  standard  committee  55  ‘Thermal  comfort’  of  the 
American  Society  of  Heating,  Refrigerating  and  Air-conditioning  Engineers 
(ASHRAE);

 - 2016-present: vice-president Federation of European Heating, Ventilation and Air-
conditioning Associations (REHVA).

Atze has received several awards:
 - 2008: BJ Max Award Dutch Technical Association for Building Service Systems 

(TVVL);
 - 2011: Honorary Fellowship Federation of European Heating, Ventilation and Air-

conditioning Associations (REHVA);
 - 2011: Honorary membership Dutch chapter of the International Society for Indoor 

Air Quality and climate (ISIAQ.nl).
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Appendix IV
Propositions

Propositions belonging to Atze Boerstra’s PhD thesis entitled ‘Personal Control over 
Indoor Climate in Ofices: Impact on Comfort, Health and Productivity’:

1. Thermal and olfactory comfort should be reconceptualized as a dynamic process of 
recursive relationships between environmental stimuli, individual capabilities and 
environmental opportunities (free after Paciuk, see Paciuk, 1990).

2. Too much centralized indoor climate control is as risky as too little centralized 
control (Boerstra & Simone, 2013).

3. Class A+ thermal environments should be deined in terms of access to effective 
and fast controls, not in terms of narrow temperature bandwidths (Boerstra, 2010). 

4. Buildings should be designed to please, not tease. And to please, facades and 
climatization systems have to be designed with end-users in mind, not facility 
managers and energy obsessed policy makers. 

5. A newbie experimental scientist is really enthused when inding results that imply 
that his/her original assumptions are correct; the experienced scientist, however, 
does not get enthused unless confronted with results that are in contradiction with 
his/her pre-experimental ideas (free after Karl Popper; see also the productivity 
results described in chapter 6).

6. Producing a PhD thesis without the active involvement of Master students is like 
throwing a birthday party with yourself as sole invitee. 

7. Managing stubbornness. That is the most challenging PhD supervision task of a 
(co-)promoter.

8. When one has inished writing one’s PhD thesis, one realizes that in the process 
one has learned something that one really needed to know in the worst way: before 
one began (free after Friedrich Nietzsche).

9. There is no inancial infrastructure in The Netherlands for professionals that started 
their careers outside academia and at a later age decide to get a PhD. Apparently 
the Royal Netherlands Academy of Arts and Sciences does not see the potential 
spin-off for society of these older PhD students.

10. Whatever you do, always make sure that you take your ideas & dreams more 
seriously than yourself.
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How does having or not having control over one’s indoor climate affect office 

workers? It was this question that triggered a PhD study. The central aim of the 

study was to investigate the mechanisms behind availability and (objective and 

perceived) quality of indoor climate control devices, and to explore the impact of 

control on comfort, health and performance of oice building users. 

A first result of the PhD study, applying a literature review as its basis, was 

a conceptual model that describes the core variables at hand and their 

interrelationships. The central assumption that underlies the model is that 

human responses to sensory stimuli are modified when those exposed have 

control over these stimuli. This implies that it is not just the objectively measured 

indoor climate that affects whether people feel warm or cold, or experience 

olfactory discomfort. Instead the idea is that personal control (availability of 

adaptive opportunities) also has an impact and in fact acts as a moderator.

The conceptual model was explored through an analysis of a historical database 

with information from 1612 respondents working in 21 oice buildings, a ield 

study in 9 Dutch office buildings (with 236 respondents) and a laboratory 

intervention study (with 23 subjects) that was conducted in cooperation with the 

Danish Technical University.  

The combined outcomes of the database analysis, the field study and the 

laboratory study imply that investing in adequate and efective indoor climate 

controls that boost perceived control over indoor climate will help to improve 

comfort and satisfaction of office workers. The results related to productivity 

efects and incidents of building related symptoms were inconclusive. 

The conceptual model was partly validated but some questions yet remain for 

further research. 


