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a b s t r a c t 

Indoor thermal comfort is generally assessed using the PMV or the adaptive model. This research presents 

the results obtained by in-situ real time measurements of thermal comfort and thermal comfort percep- 

tion in 17 residential dwellings in the Netherlands. The study demonstrates the new possibilities offered 

by relatively cheap, sensor-rich environments to collect data on clothing, heating, and activities related 

to thermal comfort, which can be used to improve and validate existing comfort models. The results are 

analysed against the adaptive comfort model and its underlying assumptions. Data analysis showed that 

while indoor temperatures are within the adaptive model’s comfort bandwidth, occupants often reported 

comfort sensations other than neutral. Furthermore, when indoor temperatures were below the comfort 

bandwidth, tenants also often reported that they felt ‘neutral’. The adaptive model could overestimate as 

well as underestimate the occupant’s adaptive capacity towards thermal comfort. Despite the significant 

outdoors temperature variation, the indoor temperature of the dwellings and the clothing were observed 

to remain largely constant. Certain actions towards thermal comfort such as ‘turning the thermostat up’ 

were taking place while tenants were reporting thermal sensation ‘neutral’ or ‘a bit warm’. This indicates 

that either there is an indiscrimination among the various thermal sensation levels or alliesthesia plays 

a role and the neutral sensation is not comfortable, or many actions are happening out of habit and not 

in order to improve one’s thermal comfort. A chi 2 analysis showed that only six actions were correlated 

to thermal sensation in thermally poorly efficient dwellings, and six in thermally efficient dwellings. 

© 2018 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Reducing energy consumption in the residential sector is a ma-

or EU goal. Buildings should become more efficient but this cannot

appen at the expense of thermal comfort. Indoor thermal comfort

s generally assessed using the much criticized PMV model, espe-

ially when it comes to naturally ventilated dwellings, which has

ed to the development of the adaptive comfort model. For both

odels, collection of data is a major issue. Measurements in a cli-

ate chamber do not account for the adaptation and psycholog-

cal aspects of indoor comfort in homes, while in situ measure-

ents are expensive, intrusive, and time consuming. However, re-

ent developments in home automation and wireless sensor-rich

nvironments, offer growing possibilities for cheaper and more ex-

ensive in-situ measurements, which could improve the existing

omfort models. This paper reports the results of a study in which

 wireless sensor network was placed in 17 houses to measure
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hermal sensations and comfort parameters. In Ioannou and Itard

2017) [1] the results were assessed against the PMV model, while

he present paper focuses on the adaptive model. It is true that

he adaptive model was originally developed for non-conditioned

paces and most of its experimental substantiation was realized

ith data from countries with a warm season. However, building

imulation software often use conventional thermal comfort the-

ries to make decisions. Therefore, Peeters et al. [26] extracted

cceptable temperature ranges and comfort scales for residential

wellings based on a prior study by Van der Linden et al. [7] who

eveloped adaptive temperature limits for the Dutch official pur-

oses. Since the adaptive model for thermal comfort in residential

wellings is accepted as a standard in the Dutch residential sector,

t is useful to be assessed with experimental data. 

In Section 2 , a brief state of the art concerning the adaptive

odel is proposed, along with its limitations. Section 3 presents

he research questions, the methods, and tools used for the col-

ection and data analysis. Section 4 presents the results and

ection 5 contains a discussion, the conclusions, and suggestions

or future research. 
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2. Brief state of the art of adaptive models 

The adaptive model [2,3] created to circumvent problems en-

countered in the PMV model, has gained increasing support

among researchers in the field of indoor environment and comfort

[4,5,6,7,8] and has been incorporated into two internationally used

standards: the ASHRAE Standard 55 [9] for North America and the

European EN 15251 [10] . The Netherlands is among the European

countries that has incorporated the adaptive model into their reg-

ulations [11,12] . This model is able to assess the indoor thermal

environment of naturally ventilated buildings in which the occu-

pants have the freedom to open or close the windows, adjust their

clothing and generally perform activities that improve their ther-

mal comfort. 

2.1. Basic assumptions of the adaptive model 

The basic assumption is that people take action to improve

their thermal comfort by utilising various adaptive opportunities

[13] . The adaptive approach relies on field studies where the ther-

mal comfort of occupants was measured in situ [14] and relates the

indoor neutral operative temperature to a single variable, the mean

monthly outdoor temperature, defined as the arithmetic mean of

the daily maximum and minimum temperatures during the month

considered. It does not actively deal with the effect of thermal

comfort factors described by Fanger [15,16] and used in the PMV

model. According to Nicol and Humphreys, the reason for ignoring

parameters such as clothing (clo value) is that they are related in

various ways to the outdoor temperature [3] . However, other pa-

rameters used in the Fanger model (metabolic activity, mean radi-

ant temperature, and air velocity) are not directly associated with

outdoor temperatures [16] . 

According to the adaptive model, contextual factors and past

thermal history modify occupants’ thermal expectations and pref-

erences. Adaptation is defined as the gradual lessening of occu-

pants’ response to repeated environmental stimulation and may be

behavioural (clothing, windows), physiological (acclimatization), or

psychological (expectations) [17] . Based on the expectation theory

of the adaptive approach [18] , people will tend to expect and ac-

cept lower temperatures in the winter, or in cold climates, and

higher temperatures in the summer, or in hot climates. Scien-

tists supporting this model clearly state that occupants are free to

adapt, primarily through clothing adjustment, to the variable in-

door climate in naturally ventilated buildings [19] . 

McIntyre has acknowledged the role of expectations in relation

to thermal comfort, stating that an individual’s response to tem-

perature depends on his expectations, personality, and whatever

he is doing at that time [20] . According to Fountain, changes in

expectations occur when a tenant is used to the cycles and varia-

tions of the indoor environment, which in turn may follow diurnal

or seasonal outdoor climate patterns or even longer term climatic

changes. After long-term exposure to variations in environmental

conditions, an individual’s expectations in relation to those condi-

tions may become more relaxed and even anticipatory of temporal

changes [18] . 

2.2. Limitations of the adaptive model 

Evidence from field studies around the world has shown that

thermal conditions in fully mechanically air-conditioned spaces

(hotels, offices) often deviate from the comfort zone [16] . If the

expectation hypothesis is true, then most people who complain

about discomfort in their work environment should eventually stop

doing so since this recurring discomfort should make them in-

creasingly tolerant. Chronic discomfort should lower their expec-

tations and help them accept the current reality. People might
hus stop complaining, but there is no information if this really

appens, or if they do so because they have come to terms with

heir discomfort, or because no one is offering a solution. Fur-

hermore, naturally ventilated buildings offer their occupants a

reater degree of thermal control compared to fully mechanically

ir-conditioned buildings. This enhanced control of thermal com-

ort leads to the relaxation of expectations and greater tolerance of

emperature excursions [17] . Intuitively, it would make sense that

hen someone has greater control over his thermal environment

e would exercise this control in order to achieve the best possi-

le thermal comfort. Thus, it is possible that occupants of naturally

entilated dwellings do not develop more relaxed expectations and

reater tolerance, related to thermal comfort, but make full use of

he control opportunities. The fact that they have potential con-

rol and can always adjust the temperature to suit their personal

eeds could lead to exactly the opposite conclusion to Brager and

e Dear. Rather than their expectations being lower, they expect

hey will be able to meet their comfort preferences by exercising

ore control over their thermal environment [16] . Residential ten-

nts may have a specific thermal comfort level in mind, which is

elated to the quality of their dwelling, the comfort that it can pro-

ide, and various personal parameters that might affect thermal

omfort. Therefore, it could be that the tenants of these dwellings

re used to the performance of the dwelling with respect to the

utdoor conditions and know how to gain the most from it. 

Another limitation of the adaptive theory relates to the phe-

omenon of alliesthesia, which points out that feeling neutral does

ot necessarily means feeling comfortable, people may feel com-

ortable while feeling cold or warm [22] . Last, and most impor-

ant, it should be noted that while the original model was made

o explain seasonal and regional differences in temperature pref-

rences, it has been used more and more as a basis for building

esign and assessment of the thermal comfort of existing build-

ngs [9,10] . It is therefore questionable if the adaptive model as it

s used in national guidelines [9,10] is able to accurately assess and

redict comfort in existing dwellings. 

. Methodology 

This study, considering only 17 houses, makes no attempt to

laim representativeness at the housing stock level or to conclude

n the original adaptive model, in which seasonal average indoor

emperatures were used. As mentioned in Section 2 , the adaptive

odel has been used often to assess the hourly values of indoor

perative temperatures against the reference outdoor temperature

n order to conclude on the indoor thermal comfort at individual

welling level. This paper reports on the quality of this assessment

n 17 dwellings. 

This paper is a follow-up to that by Ioannou and Itard (2017)

1] . The main finding of that analysis was that the PMV model is a

ood predictor of neutral temperatures for the various room types

nd in line with the temperatures derived from the recorded ther-

al sensations. However, the PMV model was found to underes-

imate the thermal comfort of tenants. Occupants felt comfortable

hile the PMV model predicted they should feel cool or a bit cool.

urthermore, no difference in clothing levels and metabolic rates

etween A/B and F-labelled dwellings were found, despite the lat-

er having lower neutral temperatures. 

The main objective of the present paper is to compare the re-

ults obtained with the adaptive comfort model and to further test

he hypothesis underlying this model in order to get more insights

nto the advantages and drawbacks of the use of the adaptive com-

ort model for design and assessment of thermal comfort. 
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Table 1 

Range of clothing and metabolic activities available for selection, in connection with entries in the com- 

fort log book during the Ecommon study and the values used to calculate their thermal effects. 

Clothing ensemble Clo value Metabolic activity Met value 

Very light (Sleeveless T-shirt, icon in Fig. 1 ) 0.5 Lying/sleeping 0.7 

Light (Normal T-shirt, icon in Fig. 1 ) 0.55 Sitting relaxed 1 

Normal (Knit sport shirt, icon in Fig. 1 ) 0.57 Light desk work 1.1 

Rather warm (Long-sleeved shirt, icon in Fig. 1 ) 0.61 Walking 2 

Warm (Long-sleeved shirt plus jacket, icon in Fig. 1 ) 0.91 Jogging 3.8 

Very warm (Outdoor clothing, icon Fig. 1 ) 1.30 Running 4.2 
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.1. Research questions 

1) How successfully does the adaptive model predict occupants’

thermal sensations in the 17 residential dwellings that partici-

pated in the monitoring study? 

2) To what extent do outdoor temperatures affect indoor temper-

ature set points, clothing and metabolic activity? 

3) What are the most common behavioural adaptations/actions

taken by occupants to achieve thermal comfort, and how do

these relate to the tenants’ thermal sensations? 

4) What is the impact of clothing level and metabolic activity on

tenants’ thermal sensations? 

.2. Set up of the monitoring campaign 

The measurements were part of the Ecommon (Energy and

omfort Monitoring) study of residential dwellings in the Nether-

ands. The Ecommon project was part of the Monicair [23] , Sus-

abNWE [24] and Installaties2020 [25] projects and monitored 32

wellings (classified by energy rating, types of heating and venti-

ation systems) for a six-month period from October 2014 to April

015, which is the heating season for north-western Europe. Quan-

itative data (air temperature, relative humidity, CO 2 and move-

ent) for each room (living room, kitchen, bedroom 1 and bed-

oom 2 or study) were collected wirelessly at five-minute intervals.

n addition, qualitative data (thermal sensation, metabolic activity,

lothing, actions during the previous half hour related to thermal

omfort) were collected in 17 dwellings over a two-week period in

arch using two different methods, wirelessly and through entries

n a manual log. The wireless device used to capture the thermal

ensation of the tenants was time-coupled with the sensors for the

uantitative data. This allowed the reported thermal sensation of

he tenants, at any given time, to be coupled with the exact atmo-

pheric conditions (temperature, relative humidity, and CO 2 ). 

The occupants’ thermal sensation was recorded with the help

f a wireless device called the ‘Comfort Dial’ ( Fig. 1 ) that allowed

enants to record their perceived thermal comfort at any time of

he day on a seven-point scale, from −3 (cold) through 0 (neutral)

o + 3 (hot). Furthermore, tenants also made use of a hard copy log

ook ( Fig. 1 ). The data recorded in the log book concerned: 

• Thermal sensation on the above-mentioned seven-point scale. 
• The room being occupied when filling in the logbook (kitchen,

living room, bedroom, etc.). 
• Clothing combination worn: a choice of six clothing ensembles

from very light to very warm ( Fig. 1 and Table 1 ). 
• Actions taken during the past half hour relating to comfort and

energy consumption, such as opening and closing the windows,

drinking a cold or hot drink, putting clothing on or taking it

off, turning the thermostat up or down, and having a cold or

hot shower. 
• Activity level: lying/sleeping, relaxed sitting, doing light desk

work, walking, jogging, and running (activities related to occu-

pants’ metabolic rate). Both comfort dial and comfort log book
were developed by the TU Delft Industrial Design Department

[23] . 

The quantitative data were used to calculate the comfort zone

efined by the adaptive model. The qualitative data were subse-

uently used to assess various aspects of the adaptive model and

ts hypothesis. For more details about the quantitative data collec-

ion see Section 3.1 and Ioannou and Itard (2017) [1] . 

The dwellings that participated in the measurement study were

art of the Dutch social housing stock. The sample was divided

nto energy A/B-labelled (thermally efficient dwellings) and F-

abelled dwellings (poor thermal efficiency). The final sample of

he dwellings in which thermal sensations were collected is de-

cribed in Table 2 . 

The dwellings with heat pump are equipped with a subfloor

ow temperature hydronic system. The system uses no gas and the

otal costs are translated in electricity use for the pumps that are

onstantly circulating the hot water in the hydronic system. The

wellings equipped with condensing boilers are having hot wa-

er radiators in each room while the dwellings with gas stoves are

eated only locally in the spaces where the gas stove is installed.

oth these two systems use gas. 

.3. Calculation of the neutral, upper and lower temperature limits 

or the adaptive model 

The adaptive temperature limits were calculated using the

utch official guidelines in which T e,ref is calculated according to

an der Linden et al. [11] 

 e , ref = 

(
T today + 0 . 8 T today −1 + 0 . 4 T today −2 + 0 . 2 T today −3 

)

2 . 4 

(1) 

here T e,ref is the reference external temperature ( °C), T today is the

verage of the day’s maximum and minimum outside temperatures

 °C) and T today-1 , T today-2 , and T today-3 are the average of maximum

nd minimum outside temperatures ( °C) for yesterday, two and

hree days before, respectively [26] . 

For the calculation of the neutral temperatures in each room

f each dwelling, the equations by Peeters et al. [26] , set up for

ifferent types of rooms in Belgium, very close to the Netherlands,

ere used: 

 n = 20 . 4 + 0 . 06 ∗ T e , ref for T e , ref < 12 . 5 

◦C (2)

 n = 16 . 63 + 0 . 36 ∗ T e , ref for T e , ref ≥ 12 . 5 

◦C (3)

The upper and lower temperature limits in the most commonly

sed standards are symmetrical around the neutral temperature

9,10,11] : 

 n ± α Where is a constant ( ◦C ) (4) 

The constant α is independent of the season and the comfort

and around the neutral temperature is thus considered to have a

onstant width [26] . To account for both the enhanced sensitivity

o cold versus heat and the non-seasonal dependence, we used the
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Fig. 1. Hard copy log book for entry of qualitative data and comfort dial used to capture perceived comfort levels of tenants during the Ecommon study. 
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equations recommended by Peeters et al. (2009) [26] for the upper

and lower temperature limits: 

T upper = T n + wa (5)

T lower = max ( T n − w ( 1 − a ) , 18) (6)

with T upper ( °C) the upper limit, T lower ( °C) the lower limit of the

comfort band and w the width of the comfort band ( °C). The value

of w for 90% acceptability was 5 °C and for 80% acceptability 7 °C.

Furthermore, the width of the comfort band was not split symmet-

rically around the neutral temperature, rather a 70–30% split was

used as recommended by Peeters and al., which resulted in an α
equal to 0.7 [11,26,27] . 
.4. Estimation of mean radiant temperature (T mrt ) and indoor 

perative temperature 

Unfortunately, it was not possible to directly measure the ra-

iant temperature or the operative temperature during the mea-

urement campaign. These temperatures were therefore estimated

sing simulations, following the procedure described by Ioannou

nd Itard (2017) [1] . For the sake of clarity, this procedure is sum-

arized below. 

Dynamic simulations, performed with Energy + , showed that

he difference between air and radiant temperature during March

n a typical F-labelled dwelling with a condensing boiler and ra-

iators was about 4 °C. For a typical A/B-labelled dwelling with

eat pump and floor heating, the radiant temperature was 1.2 °C
igher than air temperature due to the radiant heating effect of

he hydronic floor heating system. The instantaneous values for the

ean radiant temperature (T mrt ) of F and A/B-labelled dwellings



A. Ioannou et al. / Energy & Buildings 170 (2018) 229–241 233 

T
a

b
le
 
2
 

D
w

e
ll

in
g

s 
p

a
rt

ic
ip

a
ti

n
g
 
in
 
th

e
 
E

co
m

m
o

n
 
st

u
d

y.
 

N
o

. 
E

n
e

rg
y
 
ra

ti
n

g
 

H
e

a
ti

n
g
 
sy

st
e

m
 

V
e

n
ti

la
ti

o
n
 
sy

st
e

m
 

N
o

. 
o

f 
ro

o
m

s 
N

o
. 

o
f 

o
cc

u
p

a
n

ts
 

A
v

e
ra

g
e
 
a

g
e
 
o

f 
h

o
u

se
h

o
ld
 
(s

a
m

p
le
 
av

e
ra

g
e

: 
5

9
 
y

e
a

rs
) 

W
0

0
4
 

A
 

H
e

a
t 

p
u

m
p
 

B
a

la
n

ce
d
 
v

e
n

t.
 

4
 

2
 

6
7
 

W
0

0
5
 

A
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
B

a
la

n
ce

d
 
v

e
n

t.
 

4
 

1
 

9
2
 

W
0

0
6
 

A
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
B

a
la

n
ce

d
 
v

e
n

t.
 

3
 

2
 

7
7
 

W
0

1
0
 

A
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

su
p

p
ly

, 
m

e
ch

. 
e

x
h

a
u

st
 

7
 

2
 

2
9
 

W
0

1
2
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

v
e

n
t.
 

5
 

4
 

4
0

.5
 

W
0

1
3
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

v
e

n
t.
 

5
 

3
 

5
3
 

W
0

1
6
 

B
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

su
p

p
ly

, 
m

e
ch

. 
e

x
h

a
u

st
 

4
 

2
 

7
0
 

W
0

2
0
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

v
e

n
t.
 

6
 

2
 

7
4
 

W
0

2
1
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

su
p

p
ly

, 
m

e
ch

. 
e

x
h

a
u

st
 

4
 

2
 

7
3
 

W
0

2
2
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

su
p

p
ly

, 
m

e
ch

. 
e

x
h

a
u

st
 

3
 

2
 

6
4
 

W
0

2
3
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

v
e

n
t.
 

4
 

2
 

6
6
 

W
0

2
4
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

su
p

p
ly

, 
m

e
ch

. 
e

x
h

a
u

st
 

5
 

1
 

7
2
 

W
0

2
5
 

F
 

G
a

s 
st

o
v

e
 

N
a

tu
ra

l 
v

e
n

t.
 

5
 

3
 

4
3
 

W
0

2
6
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

v
e

n
t.
 

4
 

4
 

2
1
 

W
0

2
8
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

su
p

p
ly

, 
m

e
ch

. 
e

x
h

a
u

st
 

6
 

2
 

7
2
 

W
0

3
1
 

F
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

su
p

p
ly

, 
m

e
ch

. 
e

x
h

a
u

st
 

6
 

3
 

4
3
 

W
0

3
2
 

B
 

C
o

n
d

e
n

si
n

g
 
g

a
s 

b
o

il
e

r 
N

a
tu

ra
l 

su
p

p
ly

, 
m

e
ch

. 
e

x
h

a
u

st
 

4
 

3
 

3
9
 

w  

F  

t  

(  

r  

r  

b  

b

T

 

t  

t

 

f  

a  

s  

n

4

4

s

 

w  

a  

t

4

 

s  

d  

I  

r  

s  

s  

w  

p  

t  

d  

d  

t  

i  

r  

o  

t  

c

 

p  

t  

c  

c  

l  

r  

i  

w  

s  

d  

‘  

‘  

f  

c

4

 

t  
ere thus calculated as T air −4 °C and T air + 1.2 °C, respectively.

or the A/B-labelled dwellings with condensing boilers and radia-

ors instead of heat pumps, the air temperature was slightly higher

0.3 °C) than the radiant temperature and appreciably less than the

espective standard deviations. Therefore, it was assumed that the

adiant temperatures for A/B-labelled dwellings with condensing

oilers could be set as equivalent to the air temperatures recorded

y the sensors. The operative temperature T op , is defined as, 

 op = γ T mrt + ( 1 − γ ) T air (7) 

Where, γ is the radiative fraction, T MRT is the mean radiant

emperature for the thermal zone, and T air is the mean zone air

emperature. 

For air velocities below 0.2 m/s, which is a reasonable number

or indoor residential dwellings, a typical value of γ is 0.5. For

 more detailed description of the methodology and a sensitivity

tudy concerning the qualities of these assumptions, refer to Ioan-

ou and Itard (2017) [31] and Niu and Burnett (1998) [28] . 

. Results 

.1. Evaluation of the prediction success of the adaptive model in the 

ample of residential dwellings 

The two weeks of measurements in March were quite cold,

ith an average temperature of 6.2 °C, average minimum of 1.9 °C,

nd average maximum 9.6 °C. These temperatures are representa-

ive for the average heating period in the Netherlands. 

.1.1. Reported thermal sensations and the adaptive model 

Table 3 presents an overview of the total number of thermal

ensation scores recorded per dwelling, their percentage break-

own into scores on the colder, neutral and warm sides of the

SO 7730 [29] seven-point scale, as well as whether they were

ecorded before or after midday. The majority of the thermal sen-

ation scores were recorded after 12.00 noon. In total, 465 thermal

ensation points were recorded during the two weeks and they

ere time-coupled to indoor comfort parameters and outdoor tem-

eratures. However, these thermal sensations were not equally dis-

ributed between A/B and F-labelled dwellings. In the F-labelled

wellings, 322 thermal sensations were recorded by 11 respon-

ents, while in the A/B-labelled dwellings only 143 thermal sensa-

ions were reported by 5 respondents. It should also be noted that

n the A/B-labelled dwellings, 75% of the scores were given by the

espondent of W032. In the F-labelled dwellings, the respondent

f W031 is also over-represented, with 40% of the scores. Both of

hese dwellings were occupied by a middle-aged couple with one

hild. 

The adaptive model limits were plotted based on the formulas

resented in Section 3.3 , and outdoor temperature data were ob-

ained from the Royal Dutch Meteorological Institute at a location

lose to the measured dwellings. The graphs display the 90% ac-

eptability neutral bandwidth and the results presented are for the

iving room, as most measurement points were obtained for this

oom. The graphs are presented for each label category by ascend-

ng order for thermal sensation, from ‘cold’ to ‘warm’ (when data

ere available). The tenants did not record any ‘hot’ thermal sen-

ation scores during the measurement period. For the A/B-labelled

wellings, there were very few data points for the comfort levels

cold’ and ‘cool’ and, therefore, only the graphs from ‘a bit cool’ to

warm’ are presented. Table 4 shows the number of data points,

or the living rooms of A/B and F dwellings, which are inside the

omfort band of the adaptive model. 

.1.2. A/B-labelled dwellings 

Fig. 2 displays the neutral temperature bandwidth of the adap-

ive model, the indoor operative temperatures for the living rooms
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Fig. 2. Adaptive thermal comfort model and indoor operative temperatures for the thermal sensations recorded in A/B-labelled living rooms. 
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and the reported thermal sensations. For people who reported feel-

ing ‘a bit cool’, 69% of the data points are in the neutral band-

width, which means that according to the adaptive model the ten-

ants should have taken appropriate measures to feel neutral (such

as wearing a sweater). Despite this adaptive hypothesis, the ten-

ants still reported that they felt ‘a bit cool’. Furthermore, the in-

door temperatures for dwellings W004 and W016 (A/B-labelled)

were adjacent to the upper limit (the warmer side) of the adap-

tive model. 

For ‘neutral’ thermal sensation, 73% of the data points are

within the adaptive model’s bandwidth, while the points that are

not in the comfort band are below it. As we move further towards

the warmer side of thermal sensation (‘a bit warm’ and ‘warm’),

we see the same trend, with some of the data points lying be-

tween the neutral temperature line and the lower limit of the com-

fort bandwidth, but the majority lying below the comfort band. It

is noticeable that each dwelling remains in the same area of the

graphic: for instance, WO32 is always at the lower side, while WO4

is always at the upper side. 

Dwelling W004, at any level of recorded thermal sensation, had

an indoor temperature in the upper limit of the adaptive model.

W004 is a new dwelling with floor heating coupled to a heat

pump and its tenants were elderly. The indoor temperatures of

this dwelling constantly hovered around 24 °C–25 °C for the whole

day due to the continuous operation of the low hydronic system,

and logically the adaptive model assumes that these people do or

should feel neutral. 

The comfort scores for dwelling W032 (a B-labelled dwelling

with a natural gas boiler heating localized radiators, occupied by

middle-aged tenants) show the opposite pattern to that of W004.

For all levels of recorder thermal sensation, the corresponding tem-

peratures are outside the comfort zone of the adaptive model (the

occupants should feel too cold), while the temperatures that are

t  
ithin are all concentrated at the lower end of the comfort zone.

he total number of reported thermal sensations recorded in this

ase was 107 and 95% were either neutral (35%) or at the warmer

nd of the seven-point comfort scale (60%), Table 3 . The majority

f both neutral and warmer scores, were recorded after midday.

perative temperatures in this dwelling ranged between 16 °C and

1 °C. 

The same trends would have been observed if an 80% accep-

ance level (approximately 1 °C wider at the lower and upper lim-

ts) was chosen as the comfort bandwidth, rather than the 90% we

sed here. While a few more data points would be in the ‘neutral’

one, the graphs would not look much different. 

.1.3. F-labelled dwellings 

Similar tendencies to the A/B-labelled dwellings are observed

or the F-labelled dwellings, Fig. 3 . Starting from the comfort per-

eption of ‘cool’, 66% of the data points are below the comfort

andwidth, while the rest are within it. The more we move to-

ards warmer thermal sensations, the more data points appear in

he neutral bandwidth, with most of them in the graph for ‘neu-

ral’ comfort sensation. The data points that are not in the comfort

andwidth are below the lower 90% neutrality limit, similarly to

he A-labelled dwellings. 

We see the same effect in dwellings W013 (46 scores)

nd W031 (128 scores) as in dwelling W032 (see A/B-labelled

wellings subsection). These dwellings had more evenly dis-

ributed reported thermal sensations between neutrality and the

older and warmer sides of the seven-point scale. The majority of

he thermal sensations reported at the cold side were given be-

ore midday, while the majority of the neutral or warmer reported

hermal sensations were given after midday. 

As mentioned above, the most important underlying assump-

ion of the adaptive model is that people will take action to im-
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p  
rove their thermal comfort by utilising various adaptive oppor-

unities. In Figs. 2 and 3 we see elements that contradict this

daptive hypothesis. In all of the non-neutral thermal sensation

raphs, there are many indoor temperature data points that are

nside the adaptive model’s comfort bandwidth. According to the

odel, these individuals have already taken the necessary action

nd should feel neutral. However, the participants felt ‘cool’, ‘a bit

ool’, ‘a bit warm’ or ‘warm’. Not feeling neutral might lead the

enants to further actions aimed to improve their thermal sensa-

ion, which could lead to additional energy consumption. It could

lso be that they feel more comfortable at these thermal sensa-

ions, than at a neutral thermal sensation, as already pointed out

y de Dear [22] . When the people were asked in the initial survey

ow they feel in general about the indoor temperature during the

inter they characterized it as ‘good temperature’. This means that

he occupants of W032 feel comfortable at temperatures that are

eemed as non-neutral. 

Both Figs. 2 and 3 show that people still differentiate in their

hermal sensation regardless of the indoor and the outdoor average

emperature. This differentiation of their comfort seems to be due

o other parameters than temperature such as metabolic activity,

lothing, air speed, and physical or psychological tiredness. It may

e that people control the temperature in such a way that they

eel most comfortable (leading for instance to high temperatures

n W004 and to lower temperatures in W032), but it may also be

hat people just get used to the temperature in their house (for in-

tance the people in W004 had little control on the temperature).

owever, the small number of total scores recorded (15) does not

llow for concrete conclusions on this matter. Further research and

arger field experiments are required. 

For all reported thermal sensations, whatever they were cold

r warm, the data points that are not in the neutral bandwidth

re on the lower side of the graphs, indicating that the adaptive

odel appears to predict better the colder side of thermal sen-

ations but strongly underestimate the thermal sensation on the

armer side (tenants feel warm while the theory predicts they

hould feel cool). 

.1.4. Conclusions about predicted and reported thermal sensations 

Thus, the adaptive model seems to both overestimate and un-

erestimate the adaptive capacity of tenants in relation to their

hermal comfort. On the one hand, many of the reported ther-

al sensations that were neutral were not in accordance with the

daptive model. On the other hand, many of the reported ther-

al sensations that were non-neutral also contradicted the adap-

ive model, which predicted they should be neutral. The subjects

f the Ecommon study had all the options at their disposal to im-

rove their thermal comfort (clothing, actions such as having a hot

r cold drink, control over thermostats and windows) and prob-

bly used many (if not all) of these options. It may be that the

on-neutral sensations reported are experienced as completely ac-

eptable by the occupants, belonging to a normal range of differing

ensations. Therefore, these non-neutral sensations would not re-

uire any further adaptations, as they were considered to be com-

ortable. It is equally possible that the neutral sensations reported

ould have been experienced as uncomfortable, necessitating some

daptation. Such phenomena have already been mentioned by De

ear [22] , and in our previous paper [1] we considered the pos-

ibility of indiscrimination between the thermal sensations of ‘a

it cool’, ‘neutral’ and ‘a bit warm’, which can also be seen in the

SHRAE RP884 database [30] . 

Another important finding is that if the adaptive comfort model

ad been used to assess whether the dwellings were comfortable,

t would have led to conclusions not shared by the occupants. In

esponse to the question, ‘How do you feel about the indoor tem-

erature of your apartment during the winter?’ during the initial
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Table 4 

Data points, for the living rooms of A/B and F dwellings, inside the comfort band of the adaptive model. 

Thermal sensation Total data points Data points inside the neutral comfort band % 

A/B label dwellings A bit cool 13 9 69.2 

Neutral 59 43 73 

A bit warm 29 14 48 

Warm 44 26 59 

F label dwellings Cool 15 5 33.3 

A bit cool 70 20 28.6 

Neutral 177 94 53.1 

A bit warm 78 26 33.3 

Fig. 3. Adaptive thermal comfort model and indoor operative temperatures for the thermal sensations recorded in F-labelled living rooms. 
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D  
survey, almost all of the occupants of the 17 dwellings, with the

exception of dwellings W012 and W013, thought it was a ‘good

temperature’. As mentioned in the introduction, one point of crit-

icism of the adaptive model is that all of the parameters used by

Fanger were condensed into indoor and outdoor temperatures. In

the data for the above-mentioned dwellings, we see many discrep-

ancies between actual and predicted data, leading to the sugges-

tion that temperature alone might not be sufficient to accurately

predict the comfort levels of tenants. Furthermore, this could be an

indication of an inaccurate estimation of the tenants’ adaptive ca-

pacity with respect to thermal comfort, or an overestimation of the

thermal sensations occupants discriminate between, or it may re-

late to the fact that ‘neutral’ does not mean ‘comfortable’. It might

also be the case that the thermal sensations of ‘a bit cool’ and ‘a

bit warm’, in the eyes of the occupants, are simple observations

that do not suggest any wish for improvement. 

4.2. Adaptive model and indoor temperature 

It was already apparent in Figs. 2 and 3 that the indoor temper-

atures of specific dwellings were quite constant across the different
hermal sensation levels reported. Figs. 4 and 5 show the hourly

utdoor temperature plotted against the hourly indoor tempera-

ure of a few of the A/B and F-labelled dwellings for the two weeks

f measurement in March. The results for the other dwellings are

imilar. For an outdoor temperature range between −3 °C and

6 °C, the linear trend lines for the indoor temperatures of A/B

wellings showed a slight inclination while the ones from the F-

abelled group show a bigger trend line slope. In line with the

ndings of Peeters [26] , the slope at temperatures below 125 °C is

ery low, generally between 0.06 and 0.17. Additionally, and most

mportant, Figs. 4 and 5 show that the explanatory power of out-

oor temperature on indoor temperature is very low: the R 

2 val-

es are low, meaning that the outdoor temperature is only for a

arginal part responsible for the variance in indoor temperature.

his in turn means that the indoor temperatures chosen by the oc-

upants only marginally relate to the outdoor temperature. 

.3. Adaptive model and behavioural adaptations 

As explained in Section 3.2 , in addition to using the Comfort

ial, the tenants were also asked to note in a log book the actions
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Fig. 4. Indoor vs outdoor temperature for the A/B-labelled dwellings and corre- 

sponding regression line. 
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Fig. 5. Indoor vs outdoor temperature for the F-labelled dwellings and correspond- 

ing regression line. 

s  

t  

c  

a  

t  

n  

v

 

c  

i  

c  

o  

t  

o  

a  

c  

5  

t  

w  

p  
hey had taken in the past half hour when registering their ther-

al sensation. Fig. 6 presents an overview of the actions that could

ossibly influence thermal comfort, including clothing levels and

he metabolic activity of the tenants. The legend of Fig. 6 presents

he total number of recorded data points per thermal sensation.

t appears that tenants turned their thermostat up more often

hile feeling ‘a bit cool’ than when they were feeling ‘cool’ (which

ight be evidence of the difficulty in discriminating between ‘a

it cool’ and ‘cool’ thermal sensations). Furthermore, they turned

heir thermostat up when feeling ‘neutral’ and even when feeling

a bit warm’, which offers additional evidence of the habitual use

f the thermostat. Having a hot drink was another popular action,

ith tenants doing so while reporting all of the four thermal sen-

ations mentioned above, and the number of times they did this

as higher for ‘a bit cool’ and ‘neutral’ than for ‘cool’. 

This could be an indication that tenants undertake specific ac-

ions, wear specific clothing or maintain specific metabolic activ-

ties due to habits developed over the long term, regardless of

heir reported thermal sensation; for example, having a coffee in

he morning to wake up or after lunch to avoid afternoon sleepi-

ess. The results presented in Fig. 6 come from our relatively small
ample of 17 dwellings. To go further than a simple description of

his sample and attempt to detect whether there are any signifi-

ant differences (at population level rather than sample level) in

ctions undertaken for different groups of reported thermal sensa-

ions, chi 2 tests were performed to explore possible habitual con-

ections between actions aimed to create thermal comfort and the

arious levels of thermal sensation. 

To perform the chi 2 analysis, categorical variables had to be

onverted into numerical values. The chi 2 for each action, cloth-

ng level, and metabolic activity was calculated by creating three

ategories for each test. The first category concerns the number

f cases for each particular situation (the combination of an ac-

ion, e.g. hot drink, and the reported thermal sensation), the sec-

nd category indicates whether the person performed the specific

ction or not (1 if they had and 0 if not), while the third indi-

ates the RTS (1 = warm, 2 = a bit warm, 3 = neutral, 4 = a bit cool,

 = cool; the missing thermal comfort levels hot and cold are due

o a lack of data for the respective RTS). The three categories were

eighted based on the number of cases and then a chi 2 test was

erformed. Since many of the resulting chi 2 tables had more than
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Fig. 6. Overview of actions towards thermal comfort, clothing worn and metabolic activity of A/B and F-labelled dwellings for various thermal sensations. 
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20% of cells with an expected count of less than five, Fisher’s exact

test was used instead of chi 2 . Significance below 0.05 means that

differences in action/ clothing/ metabolic activity between differ-

ent RTS do not happen by accident. Table 5 shows the results of

the Fisher’s tests. 

Concerning the actions aimed towards thermal comfort, no cor-

relations were found between the RTS and ‘opening’ or ‘closing the

window’, ‘take off clothing’, ‘turn the thermostat down’ or ‘hav-

ing a hot shower’ for both A/B and F label dwellings, which is a

good indication that these actions are habitual and therefore not

related to thermal comfort. Concerning clothing levels, no correla-

tions were found between the RTS and wearing a very light, nor-

mal and warm combination of clothes while for metabolic activ-

ity, only jogging was unrelated to the RTS. Furthermore, the dif-

ferences between labels A/B and F are conspicuous; only having

a hot drink and lying sleeping/ relaxed are correlated with RTS

on both labels. In A/B label dwellings, the only actions, cloth-

ing or metabolic activity that correlate to RTS are ‘having a cold

drink’, wearing a ‘rather warm clothing’ ensemble (long-sleeved

sweat-shirt), ‘sitting relaxed’ and doing ‘light deskwork’. In F la-

bel dwellings ‘put on clothes’, ‘thermostat up’, wearing ‘light cloth-

ing’ (T-shirt) and ‘walking’ correlate to the RTS. This indicates that
n the A/B dwellings the conditions during the heating season are

o good (e.g. operative temperature, air velocities) that people do

ot feel the need to undertake any additional action. In F build-

ngs, which generally have a poorer thermal envelope, these ac-

ions are needed to increase comfort. It may also be that in the

/B-labelled dwellings, which are well insulated and air-tight, the

emperature can only be adjusted very slowly and the tenants of

hese dwellings know that changing the thermostat set point will

ave no immediate impact on their comfort such as in the case of

wellings with heat pump and underfloor low hydronic heating. As

xplained in a previous paper of the authors [31] , the thermostat

n these dwellings plays no role in the heating consumption. The

ydronic flow system is designed to operate in continuous mode

nd provide low temperature water in the hydronic system. This

ow heat eventually passes through the floor mass and conditions

he indoor space. When people try to increase the temperature

ith the thermostat, they feel the difference with a delay of sev-

ral hours due to the architecture of the heating system. 

‘Opening the window’, which is another factor that could af-

ect the energy consumption of a dwelling, was not related to the

eported thermal sensation level for either the A/B or F-labelled

wellings. Thus, people probably open the window out of habit to
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Table 5 

Chi 2 tests performed to explore correlations between actions, clothing level or metabolic activity and RTS. 

A Label Actions and p value Opening window Closing window Hot drink Cold drink Put on clothing Take off clothing 

0.114 0.245 0.01 0.038 0.279 0.884 

Thermostat up Thermostat down Hot shower Very light clothing Light clothing Normal clothing 

0.068 0.23 1 0.067 – 0.266 

Rather warm clothing Warm clothing Lying sleeping/relaxed Sitting relaxed Light desk work Walking 

0 0.209 0.012 0.001 0 0.065 

Jogging 

0.195 

F Label Actions and p value Opening window Closing window Hot drink Cold drink Put on clothing Take off clothing 

0.062 1 0 0.419 0.004 0.94 

Thermostat up Thermostat down Hot shower Very light clothing Light clothing Normal clothing 

0 0.624 1 0.65 0.004 0.11 

Rather warm clothing Warm clothing Lying sleeping/relaxed Sitting relaxed Light desk work Walking 

0.224 0.511 0.013 0.297 0.072 0 

Jogging 

0.303 
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entilate the room, regardless of their thermal sensation. However,

urning the thermostat up was related to the reported thermal

ensation level in the F-labelled dwellings. The tenants of these

wellings used the thermostat to improve their thermal sensation,

ut this occurred more often when they felt ‘a bit cool’ rather than

cool’. Turning the thermostat down was not related to the RTS,

herefore, we can assume that tenants turned the thermostat down

ut of habit. 

For the clothing combinations, only the wearing of rather warm

long-sleeved sweat shirt) was related to the RTS and the majority

f the cases were recorded for ‘neutral’ thermal sensation, followed

y ‘a bit cool’. This means that there were significantly more peo-

le wearing a long-sleeved shirt in the categories of ‘neutral’ and ‘a

it cool’ than in other categories. Finally, for the metabolic activity,

lying sleeping/ relaxed’, ‘sitting relaxed’ and ‘light desk work’ were

ound to be significantly related to the RTS. For ‘neutral’ thermal

ensation, the majority of the tenants said they were just ‘sitting

elaxed’, followed by ‘light desk work’. 

.3.1. Clothing in relation to outdoor temperature 

To further study whether clothing worn inside the dwelling re-

ates to outdoor temperature, the clothing and metabolic activ-

ty levels recorded by the tenants were plotted in relation to the

utdoor temperature as well as the thermal sensation for each

ata point, Figure 7 shows the plot between outdoor tempera-

ure and clothing for the F-dwellings. The results for the A-labelled

wellings are similar. The outdoor temperatures are presented on

n hourly basis as it was the smallest granularity available from

he Royal Dutch Meteorological Institute. The clothing level at a

iven moment (for example at 2.35 p.m.) was plotted against the

orresponding hourly outdoor temperature for that data point (in

his case against the hourly value for outdoor temperature between

 p.m. and 3 p.m.). During the non-sleeping hours in which tenants

ecorded their clothing levels (clo), the outdoor temperatures var-

ed between 2.5 °C and 15 °C. Indoor temperature for A/B-labelled

wellings varied between 19 °C and 25.5 °C, while for F-labelled

wellings it was between 16 °C and 25.5 °C. The clothing level

or both A/B and F-labelled dwellings was between 0.5 and a little

ver 0.6 clo. The outliers (heavier clothing values) that appear fur-

her away from the major clusters probably reflect clothing people

ere wearing when they were outside the dwelling, having only

ecently returned, and not due to low indoor temperatures. This

eans that for this period of two weeks in March, regardless of

he thermal quality of the dwelling and the indoor temperature,

eople had a consolidated clothing pattern which did not change

espite the 13 °C difference in outside temperature. This does not

ean that the indoor clothing patterns do not relate to the out-

oor temperature at seasonal level. But, when the adaptive model
s used to assess the performance of houses, which generally can

nly be done using a shorter period of measurements, one cannot

ssume that clothing is dependent on outdoor temperature, even if

he temperature range is high. 

. Discussion, conclusions and recommendations 

In our sample, the adaptive model predicted that tenants would

ave thermal sensations at the cold end, while the tenants them-

elves recorded sensations at the warmer end such as ‘a bit warm’

r ‘warm’. While many data points were inside the comfort band

f the adaptive model, the thermal sensation scores corresponded

o comfort levels other than ‘neutral’. At the same time, many ten-

nts recorded ‘neutral’ thermal sensations when the indoor tem-

eratures were below the lower limits of the adaptive model. The

odel might thus be both overestimating and underestimating

enants’ adaptive capacity in relation to achieving thermal comfort.

t was also found that the explanatory power of outdoor temper-

ture on indoor temperature was very low, and that clothing did

ot related to outdoor temperatures. 

A limitation of this study was its short time span, by which

t does not allow to refute or validate the adaptive model, as de-

cribed by de Dear [2] which was aimed at modelling seasonal and

egional differences. However, this model has been used since as a

esign and assessment guide line in which hourly values of the op-

rative temperature are plotted against the reference outdoor tem-

erature. The use of the adaptive model for the dwellings of this

tudy would lead to considering some of them as being out of the

omfortable zone in March, while occupants reported feeling ‘neu-

ral’. Although our sample, by its small size and its characteristics,

annot claim to be representative for all dwellings in the Nether-

ands, it has been possible, by using the Fisher’s test, to indicate

hich actions can be considered habitual or do relate to thermal

ensation. Extending the study to more dwellings, our measure-

ent method, by which the reported thermal sensation is mea-

ured many times a day and coupled to physical data, will allow

he collection of more accurate data on actual comfort. Further-

ore, the MRT and air velocities were not measured in situ. This

as compensated by building simulations with Energy + [31] , but

hese parameters should be measured in further studies. 

De Dear [18,21,22] mentions that the adaptive model does not

eally provide any insight into why certain conditions will be

omfortable or acceptable, other than a broad generalization that

hey conform to occupants’ expectations. The indoor temperatures

ould lead the adaptive model to assume that the tenants were

omfortable, having already performed the adaptive actions aimed

o create thermal comfort and a ‘neutral’ thermal sensation. Yet,

his was not the case, and the tenants’ non-neutral feelings might
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Fig. 7. Clothing level versus hourly outdoor temperature for A/B and F-labelled dwellings per RTS. 
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lead them to perform additional acts, which could come at the ex-

pense of energy consumption, especially because the tenants in the

monitoring study reported that economic factors played no role in

their energy consumption. 

The expectation aspect of the adaptive model relative to out-

door temperature lacks a solid foundation, a finding supported by

several other studies [3,16] . The proposition of this study is that el-

ements of expectations should also be explored with respect to the

ideal indoor conditions and the thermal comfort level that tenants

have consolidated in their minds. Furthermore, local behavioural,

social and psychological aspects should be explored to create a ro-

bust expectation factor for residential dwellings, which can sub-

sequently be validated by field experiments similar to the Ecom-

mon study. However, one should keep in mind that the technical

systems installed in residential dwellings may induce self-fulfilling

prophecies: if the dwellings are equipped with constant temper-

ature systems, the occupants will take this for granted and no

adaptability to outdoor temperature will be observed, while such

adaptability may exist and might be demonstrated by studies of

dwellings that do have this adaptation possibility. The fact that in

our sample (see our preceding paper [1] ) the indoor temperatures

in the A/B-labelled dwellings are higher than in the F-labelled

dwellings and that there were not more people feeling non-neutral

in the F dwellings, indicates this adaptation possibility. 

Last but not least, a rethinking of the theoretical background of

the adaptive model is required if it is to be applied to residential

buildings. Despite the fact that they account for a very large share

of energy consumption in the EU, residential buildings have been

treated up to now as if they were similar to office buildings when

it comes to thermal comfort models. The equations used are de-

veloped based on office buildings, while it is clear that the use of

space, the activities undertaken, clothing worn, and actions aimed

to improve thermal comfort differ in these two types of buildings.

Future research must aim to develop and validate new equations
hat take the specific qualities of residential buildings and their in-

abitants into account. 

upplementary materials 

Supplementary material associated with this article can be

ound, in the online version, at doi: 10.1016/j.enbuild.2018.04.006 . 
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