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a b s t r a c t 

This paper examines how the lighting colour temperature affects indoor thermal comfort. A test room 

with three separate environments was set and, in each one of them, a lamp with a different colour tem- 

perature was positioned to evaluate the influence of a cold, neutral and warm light. The colour temper- 

atures of the used lamps were 11,530 K, 4,0 0 0 K and 1,772 K respectively. During each test, while com- 

plying with the EN 12464-1, a lighting level of 500 lx and a uniformity coefficient higher than or equal 

to 0.7 were maintained. With an air temperature of about 22 °C, 42 people were interviewed and filled 

a questionnaire structured according to the ISO 10551 to judge the resulting thermal comfort. The study 

reported a certain influence of the lighting colour temperature on people’s thermal perception which was 

only lower than the one related to the gender. With respect to the ASHRAE 7-point scale, being exposed 

to the different types of light led to a decrease (0.44 units under cold light) in the mean value of the 

votes given by the interviewees to judge their thermal perception. Such condition gives the possibility to 

increase, without varying the thermal perception of the subjects, the air temperature of 1.25 °C, 0.46 °C 
and 0.23 °C with cold, neutral and warm light respectively. Finally a cross tabulation analysis was per- 

formed to compare the votes of the participants before and after they were exposed to the different 

lights with those predicted by the Predicted Mean Vote (PMV). 

© 2019 Elsevier B.V. All rights reserved. 
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1. Introduction 

Two of the most important installations in buildings are related

to thermal and lighting issues. Independently from their influence

on building users performance, their impact in financial, energetic,

environmental and even social terms should also be taken into

consideration. 

From this point of view, energy efficiency in buildings contin-

ues to improve, thanks to policy action and technological advances

[1] . Efficiency improvements of 10–20% are possible in most coun-

tries through the use of appliances, equipment and lighting prod-

ucts that are already commercially available [2] . In particular, the

impact of lighting on the energy consumption in buildings and in-

frastructures is expected to decrease due to a widespread use of

sunlight in indoor lighting [3–6] and, mainly, to the progressive

replacement of traditional lighting fixtures with LED lights [7–14] .
∗ Corresponding author. 
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his means that the impact of HVAC installations on buildings en-

rgy consumptions will increase even more. 

Although a wrong interpretation of these forecasts might lead

o think that the importance of lighting in sustainability, energy

onsumption and total costs will decrease in the next years, the

eality is rather different. Indeed, the massive implementation of

ED sources in buildings will take users and designers to a differ-

nt scenario where the impact of LED lighting on non-visual paths,

ainly melatonin suppression and cortisol release [15,16] , must be

martly used. 

Hence, there are active lines of research trying to exploit the

on-visual effects of light [17–19] . Some examples are the propos-

ls to use dynamic LED lighting to prevent the violence among

pectators in sport events [20] or the evidences of better recovery

nd integration of violence victims when performing their tasks

nder natural light [21] . 

Given the vast variety of effects caused by the illumination

hich have not been fully understood yet, one question might be

hether it is possible to decrease energy consumptions and en-

ironmental impact of climate installations in buildings through

ighting. Different studies [22–27] were carried out to evaluate the
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Nomenclature 

BF body fat [kg] 

BMI Body Mass Index [kg/m 

2 ] 

D diameter of the globethermometer [mm] 

FFM fat-free body mass [kg] 

H height [m] 

L illuminance level [lux] 

M metabolic rate [W/m 

2 ] 

M 1 metabolic rate corresponding to the activity 

performed during the survey [W/m 

2 ] 

M 2 metabolic rate corresponding to the activity 

performed 30 min before the survey [W/m 

2 ] 

M AV weighted average of the metabolic rates of the 

interviewee during the survey and 30 min be- 

fore [W/m 

2 ] 

M B basal metabolic rate [W/m 

2 ] 

MRT mean radiant temperature [ °C] 

PMV Predicted Mean Vote [-] 

PMV 0 value of the Predicted Mean Vote in a condition 

close to the neutral one [-] 

Q radiation budget [W/m 

2 ] 

Q H turbulent heat flux of sensible heat [W/m 

2 ] 

Q L latent heat flux [W/m 

2 ] 

Q RE respiratory heat flux (sensible and latent) 

[W/m 

2 ] 

Q SW 

latent heat flux from sweat evaporation [W/m 

2 ] 

RH relative humidity [%] 

S storage heat flow for heating or cooling the 

body mass [W/m 

2 ] 

T A air temperature [ °C] 

T G globe temperature [ °C] 

W weight [kg] 

W P physical work output [W/m 

2 ] 

WS air velocity [m/s] 

ε emissivity of the globethermometer [-] 

δPMV/ δT A variation in the Predicted Mean Vote due to a 

unit variation of the air temperature [-] 

δPMV/ δMRT variation in the Predicted Mean Vote due to a 

unit variation of the mean radiant temperature 

[-] 

δPMV/ δRH variation in the Predicted Mean Vote due to a 

unit variation of the relative humidity [-] 

�T A air temperature variation [ °C] 

�MRT mean radiant temperature variation [ °C] 

�RH relative humidity variation [%] 

nfluence of the colour temperature on people’s thermal percep-

ion, hence, the so called hue-heat hypothesis [28] . The hue-heat

ypothesis states that a light or a colour characterized by wave

engths located on the red end of the visual spectrum are per-

eived as warm, whereas those located on the blue end are per-

eived as cold. Hence a light with a low colour temperature, be-

ng reddish, is perceived as warm whereas one with a high colour

emperature, being bluish, is described as cold. 

However, it must be specified that those studies that have been

arried out until now on the hue-heat hypothesis do not present

niform results. Ho et al. [29] revealed that blue objects or materi-

ls are perceived as warmer than other objects. The reason might

e that a blue object is thought to be colder than a red one and

hen the subject realizes that they cause the same thermal sen-

ation, its temperature is overestimated. These findings have been

onfirmed by Mogensen and English [30] . They performed a study

here the subjects were asked to declare, having two cylinders
ept at a temperature of 42 °C, which one was the warmest. Each

ylinder was characterized by a different colour and green and blue

ylinders were considered to be the warmer than red and pur-

le cylinders. Kuno et al. [31] analyzed the influence of the colour

f carpets and curtains. They found that a red interior leads to a

armer thermal perception with an increasing temperature and to

 cooler thermal perception with a decreasing temperature. Fur-

her studies examined the influence of the walls’ colour on thermal

omfort [26,32–34] . Itten [33] and Clark [32] stressed how the in-

erviewees reported a colder thermal perception in blue/blue-green

ooms. However, other cases did not reveal an influence of the

olour of walls or rooms. Indeed Greene and Bell [26] and Peder-

en [34] asked the interviewees to estimate the temperature of the

est rooms in different configurations without reporting significant

esults. 

Houghten et al. [22] studied the thermal perception and the

kin and oral temperature of two subjects who stared for 7 h at

 screen with a red, blue or white light. The results did not reveal

iscrepancies in terms of thermal comfort but it should be said

hat the variations of the screen luminance were not considered.

oreover, the spectral composition of the light was not defined. 

Other researches [23–25,27,35,36] were carried out to examine

ow the illumination colour affects the thermal perception, and

ore generally, the thermal comfort. Bennett and Rey [27] tried to

odify the thermal perception through coloured glasses, without

ignificant differences though. As the same authors explained, this

ight be caused by the “washed-out” impression related to the

lasses. Berry et al. [23] used fluorescent lamps and coloured fil-

ers to provide a room with five different types of lighting. In each

cenario the air temperature was increased and 25 subjects were

sked to claim when they started to feel “uncomfortably warm”.

owever not even this study reported significant variations con-

erning the thermal perception of the interviewees. Different re-

ults were obtained by Fanger et al. [24] . They examined the ther-

al perception in a room with blue or red light and quantified the

ifference in 0.4 °C. The hue-heat hypothesis was also confirmed

y Albers et al. [25] . They carried out an experiment under realis-

ic conditions in an aircraft cabin and reported that the evaluation

f the thermal comfort, on a scale ranging from 1 (very cold) to 7

hot), is 3.31 with yellow light and 3.19 with blue light. Moreover,

hey discovered that, if an environment presents yellow lights, the

ir temperature will be perceived as 0.2 °C higher. Winzen et al.

36] revealed similar results: while referring to the same test en-

ironment set by Albers et al. [25] , they examined the influence of

he colour of the light source finding how a yellow light leads to

erceive a warmer air temperature than a blue light. To be more

pecific, with a scale ranging from 1 (very cold) to 7 (very warm),

hey reported an average thermal perception of 5.47 with yellow

ight and 2.57 with blue light. Then Candas and Dufour [35] discov-

red a tendency to prefer a specific light (e.g., bluish) to compen-

ate for the effects provoked by the temperature (e.g., warm). In a

lightly warm environment, they reported an increase in the ther-

al comfort of 6 units (with a scale ranging from 0 to 100) lighting

he environment with a colour temperature of 50 0 0 K rather than

700 K. Similar results were obtained by Nakamura and Oki [37] ,

ho agreed with the tendency to prefer a higher colour tempera-

ure in warm environments and vice versa. 

In addition, the use of a light with a high colour temperature

etermines a decrease in the core body temperature. Morita and

okura [38] and Cajochen [39] estimated this decrease in 0.2 °C
hereas Yasukouchi et al. [40] and Shi [41] in 0.1 °C. In the last two

tudies the effects deriving from a colour temperature of 30 0 0 K

ere compared to those provoked by a colour temperature of

0 0 0 K and 7500 K [40] and 60 0 0 K [41] respectively. 

Taking into account these considerations, the present study ex-

mines the possibility to affect the thermal perception through the
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Fig. 1. Test room of the survey. 
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colour temperature of the light source. This could enable a smart

synergy between the thermal and lighting installations in order

to reduce the energy consumptions and emissions of greenhouse

gases. For example, the indoor air temperature might be lower in

presence of a light source with a low colour temperature during

the heating season and vice versa over the cooling season, with

resulting energy savings. Hence a field survey was carried out in

a test room and thermal perception and preference, personal tol-

erance and acceptance and the suitability level while performing a

certain task were examined in presence of a warm, neutral and

cold light. The influence of the different types of light on ther-

mal comfort was also examined through the Friedman test and the

Wilcoxon Signed-Rank test. The Friedman test evaluates if there

are differences among the thermal perception votes provided by

the subjects after they had been exposed to the different types of

light. The Wilcoxon Signed-Rank test identifies under which colour

temperatures the aforementioned differences occur. 

Moreover, the influence of the colour temperature is quanti-

fied through the partial F test and the t statistic and it is numeri-

cally compared to the one of variables as gender, Body Mass Index

(BMI), age and metabolic rate. Then a cross-tabulation analysis was

performed where the thermal perception votes given by the inter-

viewees exposed to the different types of lights were compared to

those given by the interviewees before the test and those provided

by the Predicted Mean Vote (PMV). Finally, the PMV equation was

rearranged in terms of partial derivatives. Such procedure gave the

possibility to quantify the air temperature variation which is possi-

ble to set without modifying the thermal perception of the subjects

under the different types of examined light. 

2. Materials and methods 

2.1. Experimental set-up 

This study was carried out in a test room with a length of

11.7 m, a width of 3.0 m and a height of 2.6 m ( Fig. 1 ). 

The colour of the ceiling is light grey whereas the floor is dark

green with a surface reflectance of 60% and 48% respectively. For

what concerns the vertical walls, three of them are white with a

reflectance of 80%. The fourth one is made of glass and allows the

researchers to supervise the experiment without affecting, with

the heat generated by their bodies, the thermal perception of the

participants. It is important to keep in mind that a person standing

generates about 70 W per m 

2 of skin surface [42] . The test room is

divided into three different separate spaces. In each space a spe-

cific type of LED lamp was placed at a height of 2.40 m to expose

the subjects to scenarios with a warm, neutral and cold light. The

colour temperatures of the different lights were 1772 K, 40 0 0 K and

11,530 K respectively and LED lamps were chosen due to the small

amount of produced heat, thus avoiding increases in participant’s

body temperature deriving from the infrared radiation. Every space
resented two chairs with a folding desk similar to those charac-

erizing a class-room facility, which is the environment where the

articipants usually spend more hours every day. In addition, the

urniture and general environment were quite comfortable and fa-

iliar. This approach was chosen to minimize the potential bias

oncerning the test environment. Moreover, taking as a point of

eference the desk, the illuminance level was constantly measured

hanks to a lux meter to be sure it complied with the regulations.

rom this point of view the EN 12464-1 [43] expects an average il-

uminance level of 500 lx and a uniformity coefficient higher than

r equal to 0.7. These values were respected and with reference to

he average illuminance level the values of 504.6 lx (warm light),

10.2 lx (neutral light) and 518.5 lx (cold light) were measured.

ven though there were discrepancies among the aforementioned

alues, their effect on thermal perception was not significant [44] .

oreover, during each test different measurements on the writing

esk were performed to ensure that the uniformity coefficient was

lso satisfied. In order to monitor the values of the environmental

ariables in the test room, 4 probes connected to a microclimate

ontrol unit were used: 

• a PT 100 platinum thermoresistance to measure the air temper-

ature; 
• a globethermometer with a diameter of 150 mm and character-

ized by a black copper globe with a reflection coefficient lower

than 2% to measure the globe temperature; 
• a forced ventilation psychrometer with a tank of distilled water

to measure relative humidity; 
• a hot wire anemometer to measure the air velocity. 

Having the possibility to modify the height of the control unit,

he probes were placed at 0.6 m. This allowed to measure the val-

es of the environmental variables at the height of the centre of

ravity in the human body for those sitting down as the subjects

nterviewed. 

Table 1 reports the metrological properties of the used instru-

ents. 

In order to calculate the mean radiant temperature values Eq.

1 ) [45] was used: 

RT = 

[
( T G + 273 . 15 ) 

4 + ( T G − T A ) ·
(
1 . 1 · 10 

8 · W S 0 . 6 
)
/ 

(
ε · D 

0 . 4 
)]0 . 25 

(1)

here ε and D are the emissivity and the diameter of the glo-

ethermometer respectively. 

.2. Participants 

The sample was formed by 42 unpaid volunteers ( Table 2 ). 

The age of the participants was between 33 and 19 with an av-

rage value of 23 (standard deviation = 2.54). Concerning the gen-

er, 24 were men whereas 18 were women. 

Their colour perception was preliminarily assessed through the

shihara pseudo-isochromatic plates and all of them were eligible. 

Then the metabolic rate M of each subject was determined

hrough Eq. (2 ): 

 = M AV + M B (2)

 AV , according to Bouden and Ghrab [46] , is obtained through a

eighted average of the metabolic rates of the interviewee during

he survey ( M 1 ) and 30 min before ( M 2 ). Therefore, the calculation

f M AV was based on Eq. (3 ): 

 AV = 0 . 7 · M 1 + 0 . 3 · M 2 (3)

Being the subjects sitting down during the survey, M 1 will be

8 W/m 

2 . 
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Table 1 

Metrological properties of the used instruments to measure the environmental variables. 

Probe Measured variable Measured range Resolution Accuracy 

PT 100 platinum thermoresistance T A [ °C] ( −50)–( + 80) 0.01 ±0.5 °C above − 7 °C 
Hot wire anemometer WS [m s −1 ] (0)–(45) 0.01 ±1 m/s 

Forced ventilation psychometer RH [%] (0)–(100) 0.1 ±3% (0–90%), ± 4% (90–100%) 

Globethermometer T G [ °C] ( −40)–(80) 0.01 ≤ 0.1 °C at 0 °C DIN 43,760 1/3 

Lux meter L [lux] (0.01)–(299,900) 0.001 ±2% 

Table 2 

Data related to the examined sample. 

Age Weight Height Body mass index Metabolic rate 

Maximum 33.00 120.00 1.92 40.09 115.00 

Minimum 19.00 49.00 1.58 18.83 60.00 

Mean 23.25 67.80 1.71 22.90 73.73 

Mode 22.50 72.00 1.70 24.91 60.00 

Median 22.50 64.00 1.70 22.55 60.00 

Std. deviation 2.54 14.45 0.08 3.76 21.87 

25th percentile 22.50 57.50 1.65 20.29 60.00 

75th percentile 22.50 77.50 1.76 24.91 70.00 

Skewness 2.35 1.35 0.17 2.69 1.33 

Kurtosis 6.13 3.01 −0.61 10.80 −0.07 
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On the other hand M B ( Eq. (2 )) is the basal metabolic rate and

t is calculated through Eq. (4 ) [47] : 

 B = 0 . 0484 · ( 19 . 7 · FFM + 743 ) (4) 

here FFM is the fat-free body mass, assessed through Eq. (5 ): 

FM = W − BF (5) 

In Eq. (5 ) W is the body weight in kg and BF is the body fat, cal-

ulated for women and men through Eqs. (6 ) and (7 ) respectively

48] : 

F = 0 . 737 · W − 5 . 15 · H 

3 + 0 . 37 (6)

F = 0 . 685 · W − 5 . 86 · H 

3 + 0 . 42 (7)

In Eqs. (6 –7 ) H is the height in m and, together with W , deter-

ines the Body Mass Index (BMI) ( Eq. (8 )) [49] : 

MI = W/ H 

2 (8) 

nd the skin surface of each subject ( Eq. (9 )) [42] : 

ubois area = 0 . 202 ·
(
W 

0 . 425 · H 

0 . 725 
)

(9) 

The value of the skin surface is important because the Pre-

icted Mean Vote (PMV), whose predicted values are compared to

he thermal perception votes given by the interviewees, was deter-

ined through the software Rayman [50] . This software requires

he metabolic rate M in Watt as input parameter. Hence the re-

ulting value in W/m 

2 obtained through Eq. (2 ) was multiplied by

he skin surface of the corresponding interviewee. 

Each participant was asked to wear standard clothes for the

urvey: trousers and short-sleeve shirt. Women were allowed to

ear knee-length skirt and short-sleeve shirt. This was due to

he importance of having thermal clothing insulation values as

uch similar as possible: indeed, the first ensemble reports a ther-

al clothing insulation of 0.57 clo whereas the second 0.54 clo (1

lo = 0.155 m 

2 K W 

−1 ). The insulation of the chair in the experiment

as also evaluated. According to Table B3 of the standard ASHRAE

5 [42] , the used chair could be considered a wooden side arm

hair, which is the one used in most of the basic studies of ther-

al comfort that were carried out to establish the PMV-PPD in-

ex. However, in the case of this chair and with clothing ensem-

les with standing insulation values between 0.5 and 1.2 clo, the

forementioned standard does not report additional insulation. 
.3. Questionnaire 

The questionnaire used in this study was structured according

o the ISO 10551 [51] with a clear and simple language ( Fig. 2 ). 

It was formed by 3 sections. The first part was about per-

onal information: gender, age, weight, height and activity per-

ormed 30 min before the test. The second part of the question-

aire, which the interviewee was asked to fill before being exposed

o a light with a specific colour temperature, concerned thermal

erception, thermal preference, personal acceptability and personal

olerance. According to ISO 7730 [52] , ASHRAE Standard 55-2004

42] and Huebner et al. [44] , the thermal perception is evaluated

hrough the so called ASHRAE 7-point scale (cold ( −3), cool ( −2),

lightly cool ( −1), neutral (0), slightly warm ( + 1), warm ( + 2) and

ot ( + 3)). On the other hand, the McIntyre scale (cooler ( −1), no

hange (0) and warmer ( + 1)) and a 5-point scale ranging from per-

ectly bearable (1) to unbearable (5) were used for thermal pref-

rence and personal tolerance respectively. The third part of the

uestionnaire was like the second section with the only difference

hat it included a question aimed at evaluating the suitability level

f the task while performing the test. The subjects filled this third

art after they had been exposed for 30 min to a specific type of

ight and this allowed to determine the way the light and its colour

emperature affected thermal comfort. 

The questionnaire here described was answered by the inter-

iewee during the first of three tests part of the experiment. In the

ther two, the subjects filled up the second and third section (skip-

ing the part concerning personal information). The questionnaire

as in Spanish, which is the mother tongue of the participants. Fi-

ally, every questionnaire was related to the corresponding inter-

iewee and to the measured environmental variables through an

D. 

.4. Experimental procedure 

At the beginning of the survey the clothing ensembles of the

articipants were checked in order to be sure they complied with

hose suggested by the researchers. If a discrepancy was revealed,

he subject was asked to take off or put on single garments. 

The interviewees signed approving the form and the re-

earchers presented the experiment as a study to evaluate the in-

uence of different environmental conditions on thermal comfort.
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Fig. 2. Questionnaire used in the survey. 
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According to Huebner et al. [44] , specific conditions were not men-

tioned in order to avoid possible bias. 

Before starting the experiment, the interviewees were subject

to a preparatory time interval of 15 min in a space right outside

the test room and characterized by a certain uniformity in terms of

lighting conditions and temperature. This allowed the interviewees

to have a similar pre-experimental metabolic rate and a certain ac-

climatization time [44] . The Ishihara test was also performed to

evaluate their colour perception. 

The next step was to let one couple of participants at a time

to enter the test room (except for two episodes where the subject

performed the test alone) and the different sessions of the exper-
c

ment were carried out with a temperature around 22 °C (mean

alue = 21.9 °C, sum of the deviations’ squares = 0.3 °C). 

The temperature in the test room was almost constant thanks

o its location. Indeed the test room where the experiment was

arried out is located on the third floor below the ground level

f the Faculty of Civil Engineering of the University of Granada.

his choice is due to the excellent thermal inertia of the afore-

entioned room, which had been checked many times in different

easons through the years and, in order to have an air temperature

s much constant as possible, the survey was carried out during

onsecutive days. In addition, the underground location of the test

oom did not allow the natural light to enter, thus avoiding any

ombination with the tested artificial light. 
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Fig. 3. Participant during the survey while filling the questionnaire. 
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The participants were asked to sit down on a chair with a

olding desk and adopt the most comfortable reading position for

0 min. The reading was chosen by the participants and supervised

y the researchers. The only constrains were the topic (not stress-

ul topics) and the format (always paper, never tablets, e-books or

ny light emitting device). 

Before starting the experiment, once comfortably sat, the par-

icipants answered the first and second part of the questionnaire

 Fig. 3 ). 

Then, they read for 30 min under one of the three types of light

warm, neutral or cold) and filled up the third section of the sur-

ey. Subsequently they were exposed for 10 min to a neutral light

o neutralize their colour impressions, followed by 30 min with

ne of the other two lights. Also in this case the sample was asked

o fill the second and third section of the questionnaire. Finally,

he process was repeated for the third type of light. The exposure

rder of the participants was balanced. 

.5. Predicted mean vote (PMV) 

The votes provided by the interviewees to judge their thermal

erception were compared to those calculated through the Pre-

icted Mean Vote (PMV) [53] . This index was also used to exam-

ne the possible indoor air temperature variation which is pos-

ible to set under the three different types of light without al-

ering the occupants thermal perception. The PMV predicts the

ean value of the votes that a large group of people would give

o judge the thermohygrometric conditions of a specific environ-

ent and its use is recommended by ISO 7730 [52] and ASHRAE

5 [42] . It was initially developed to be used in indoor environ-

ents through a field survey based on a sample of 1565 people.
hen Jendritzky and Nubler [54] parametrized the radiative fluxes

o take into account the shortwave radiation and, with the name of

Klima-Michel Model” (KMM), it was possible to use the PMV out-

oors as well. The PMV model is function of four environmental

ariables (air temperature, mean radiant temperature, wind speed

nd relative humidity) and two operative variables (metabolic rate

nd thermal clothing insulation) and it is defined according to Eq.

10 ): 

MV = 

(
0 . 303 · e −0 . 036 M + 0 . 028 

)
· S (10) 

here M is the metabolic rate and S is the storage related to the

nergy budget of the human body. Hence S is ( Eq. (11 )): 

M + W P + Q ( MRT , WS ) + Q H ( T A , WS ) + Q L ( RH , WS ) 

+ Q SW 

( RH , WS ) + Q RE ( T A , RH ) = S (11) 

All the terms reported in Eq. (11 ) are positive if they represent

n energy gain for the human body. This is why the metabolic

ate M is always positive, whereas the physical work output W ,

he latent heat flow related to the evaporation of moisture diffused

hrough the skin Q L and the latent heat flow from sweat evapora-

ion Q SW 

are always negative. 

Finally, the PMV depends on the ASHRAE 7-point scale, which

anges from −3 (cold) to + 3 (hot) where 0 corresponds to the ther-

al neutral condition. Such scale was also used by the participants

n the survey to evaluate their thermal perception. 

. Results and discussion 

Table 3 reports the results of the survey. 

While referring to the thermal perception of the interviewees

fter the tests, it is possible to notice a discrepancy of about 0.50

nits between the scenarios with cold and warm lights. This con-

ition leads to state that there is a certain influence of the type of

ight on thermal perception. However it is important to point out

hat the mean values of the votes given by the interviewees were

lways part of that range that ISO 7730 [52] identifies as thermal

omfort (( −1)-(1)). The influence of the colour temperature is then

onfirmed through the thermal preference of the subjects. If the

btained mean values under neutral and warm lights are close to

he option “no change”, the situation is completely different for

he votes given under cold light. Indeed, the mean value is 2.41

nd there is a general need of warmer thermal conditions. It must

e specified that both for thermal preference and perception, the

alues concerning the neutral light are in an intermediate position

nd tend to the values corresponding to the colour temperature of

772 K. The situation is different if the personal acceptability and

he suitability of the task during the test are taken into consid-

ration. The best results continue to be those registered in pres-

nce of neutral light but, differently from what happened in the

ther cases, they are followed by those obtained under cold light.

inally, small differences were found in terms of personal tolerance

etween cold and warm lights. 

The influence of lighting colour temperature on thermal com-

ort is also supported by statistical analysis. 

In this study the Friedman test reported the values of 3.694

nd 0.158 for χ2 and p respectively. These values are slightly

igher than what Baniya et al. [55] found with an air tempera-

ure of 20 °C. Indeed, these researchers had compared the effect

f the colour temperatures of 2700 K, 4000 K and 6200 K reporting

he values of χ2 = 3.033 and p = 0.219. The same authors [55] re-

eated the experiment with an air temperature of 25 °C but in this

ast scenario the influence of the colour temperature ( χ2 = 8.456,

 = 0.015) was higher than what reported in the present study. 

Then an analysis based on the Wilcoxon Signed-Rank test was

arried out. It revealed how the main differences in terms of ther-

al comfort occur between the thermal perception of the sub-
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Table 3 

Results of the answers provided by the interviewees related to thermal perception and preference, personal tolerance and acceptance 

and suitability level while performing the task. 

Thermal perception (Cold ( −3), Cool ( −2), Slightly cool ( −1), Neutral (0), Slightly warm ( + 1), Warm ( + 2), Hot ( + 3)) 

1772 K 40 0 0 K 11,530 K 

Before the task After the task Before the task After the task Before the task After the task 

Mean Value 0.00 −0.08 −0.06 −0.22 −0.15 −0.59 

Standard deviation 0.96 1.03 0.85 0.63 0.89 0.73 

25th percentile 0.00 −1.00 −1.00 −1.00 −0.50 −1.00 

75th percentile 0.00 1.00 0.00 0.00 0.00 0.00 

Thermal preference (Cooler (1), No change (2) Warmer (3)) 

1772 K 40 0 0 K 11,530 K 

Before the task After the task Before the task After the task Before the task After the task 

Mean value 2.04 2.04 1.78 1.94 2.12 2.41 

Standard deviation 0.52 0.65 0.53 0.52 0.51 0.49 

25th percentile 2.00 2.00 1.25 2.00 2.00 2.00 

75th percentile 2.00 2.00 2.00 2.00 2.00 3.00 

Suitability of the task (Very comfortable (1), Comfortable (2), Neutral (3), Slightly uncomfortable (4), Very uncomfortable (5)) 

1772 K 40 0 0 K 11,530 K 

Mean value 2.44 1.72 2.12 

Standard deviation 0.89 0.65 0.76 

25th percentile 2.00 1.00 2.00 

75th percentile 3.00 2.00 3.00 

Personal acceptability 

1772 K 40 0 0 K 11,530 K 

Before the task After the task Before the task After the task Before the task After the task 

Accept 81.5% 59.3% 94.5% 83.4% 88.9% 66.7% 

Reject 18.5% 40.7% 5.5% 16.6% 11.1% 33.3% 

Personal tolerance (Perfectly bearable (1), Slightly difficult to bear (2), Fairly difficult to bear (3), Very difficult to bear (4), Unbearable (5)) 

1772 K 40 0 0 K 11,530 K 

Before the task After the task Before the task After the task Before the task After the task 

Mean Value 1.35 1.42 1.28 1.22 1.26 1.48 

Standard deviation 0.55 0.57 0.45 0.42 0.58 0.63 

25th percentile 1.00 1.00 1.00 1.00 1.00 1.00 

75th percentile 2.00 2.00 1.75 1.00 1.00 2.00 
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jects under neutral and cold light ( Z = −2.0 6 6, p = 0.039). Signifi-

cant variations also characterized the comparison between warm

and cold light ( Z = −1.758, p = 0.079), whereas not so important

were the results provided by the comparison of warm and neu-

tral light ( Z = −0.372, p = 0.710). In this last case the results are

affected by the small difference of the mean values representing

the thermal perception and by the standard deviation reported for

the test under warm light. Indeed, the aforementioned standard

deviation value is higher than the one determined in the other

two tests and leads to a certain dispersion of the data (which

sometimes overlap with those of the neutral light). These results

prove in part what Baniya et al. [55] stated. Referring to a tem-

perature of 25 °C, they discovered higher discrepancies ( Z = −3.338,

p < 0.001) for what concerns the thermal comfort between warm

(2700 K) and neutral light (4000 K). On the other hand, lower val-

ues concerned the comparison between the colour temperatures of

270 0 K and 620 0 K ( Z = −1.436, p = 0.151) and of 40 0 0 K and 620 0 K

( Z = −1.320, p = 0.187). 

According to Yasukouchi et al. [40] , it should be also consid-

ered that the influence of the colour temperature on thermal per-

ception and comfort might increase with lower air temperatures.

However, the present study refers to indoor environments destined

to be workplaces, hence the air temperature can’t be too low. An-

other factor that might have affected the thermal perception votes

given by the interviewees is the time interval they had been ex-

posed to a certain type of light. Indeed, in this study the subjects

filled the questionnaire after 30 min. Such period of time can con-
ribute to the chromatic adaptation and bring the interviewees to

erceive the light as white rather than reddish or bluish [55] . Then

he influence related to the suitability of the task during the test

ust be considered. Some researchers stressed the fact that the in-

erviewees usually give the best votes, in terms of thermal percep-

ion, when they are exposed to their favourite colour temperature

55] . This is why during this survey the best votes were registered

n presence of the neutral colour temperature, both for the thermal

erception and the suitability of the task during the test. Indeed, a

eutral colour temperature usually characterizes the light to which

hese subjects are exposed to and this is a further factor that might

ave affected the results. 

Even more interesting considerations concern the influence of

ome variables on participants’ thermal perception after being ex-

osed to the different types of light. In order to examine this issue

he partial F test was implemented: this test allows to evaluate in

 quantitative way the contribution that each independent variable

s able to provide to a possible developed model. Therefore, it gives

he possibility to estimate how much each variable might affect

he dependent variable (as already said the thermal perception af-

er each test). In this study, a variable can improve a hypothetical

eveloped model if the value of the partial F test is higher than

.51, the critical value assessed through the evaluation of the 95th

ercentile of Fischer’s pdf. 

As showed in Fig. 4 , the highest value (5.47) is obtained for

he gender. This finds a confirmation in the results of the study

arried out by Liu et al. [56] . Indeed they examined the different
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Fig. 4. Partial F test values normalized with respect to the maximum revealed 

value. 

Table 4 

Values of the t statistic for the examined independent variables. 

t Statistic 

Type of light Gender Age Body mass index Metabolic rate 

2.10 −2.34 −0.36 −0.19 −0.46 
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hysiological feedbacks of subjects exposed to the same thermal

nvironment with respect to 12 different clothing ensembles. The

xperiment was performed for four different values of the air tem-

erature (10, 16, 22 and 28 °C) and stressed how the thermal sensi-

iveness in women is higher than the one characterizing men. The

xistence of significant differences in the thermal perception and

reference of male and female subjects was also proved by Kuntz

aykot et al. [57] based on 83 field studies in three office buildings

ocated in Florianopolis, southern Brazil. From a more general point

f view, Van Craenendonck et al. [58] highlighted how the hypoth-

sis of gender differences in thermal perception is examined in 30

apers and how 21 of them confirm it. 

With respect to the present study and the partial F test, it is

lso important to stress that the second value (4.39) is reported

y the type of light. This is showed through Fig. 4 reporting the

alues of the partial F test normalized with respect to the highest

evealed value. 

Moreover, it is possible to notice how variables as the metabolic

ate, age and the Body Mass Index (BMI) affect less the thermal

erception of the subjects after the test. This is proved by the eval-

ation of the values determined for the t statistic ( Table 4 ). 

This test [59,60] allows to establish whether there is a signifi-

ant relation between the examined independent variables and the

hermal perception after the exposure to the different lights. This

appens if the value of the t statistic exceeds the range ±2.04, ob-

ained through the percentile (1 −α)% concerning the Student’s pdf

ith a significance level of 0.05 and 75 degrees of freedom. 

Once the influence of the colour temperature of lighting on the

ubjects’ thermal perception is confirmed, the possible variation in

he air temperature has to be assessed. 

This is why the relation of the Predicted Mean Vote (PMV) is

earranged as follows ( Eq. (12 )): 

MV = PM V 0 + 

δPMV 

δT A 
· �T A + 

δPMV 

δMRT 

· �MRT + 

δPMV 

δRH 

· �RH 

(12) 

here: 

• PMV 0 is the value of the Predicted Mean Vote in a condition

close to the neutral one (PMV = 0); 
• �T A , �MRT and �RH are the variations in the air temperature,

mean radiant temperature and relative humidity respectively; 
• δPMV/ δT A , δPMV/ δMRT and δPMV/ δRH refer to the variations

in the Predicted Mean Vote due to a unit variation of the air

temperature, mean radiant temperature and relative humidity

respectively. 

If the scenario with cold light is taken as an example, in

q. (12) the PMV 0 and PMV are set to −0.15 and −0.59 and they

epresent, with respect to the ASHRAE 7-point scale, the mean val-

es of the votes provided by the interviewees before and after

he test. �MRT and �RH are then set to 0 whereas δPMV/ δT A ,

btained based on Fig. 5 [53] , is set to 0.35. The value of the

hermal clothing insulation (0.55 clo) represents the mean value

eriving from the clothing ensembles of the interviewed sub-

ects and it is chosen according to the standard ASHRAE 55-2004

42] . The chart corresponding to the metabolic rate per unit of

kin surface M/A DU = 50 kcal h 

−1 m 

−2 ( Fig. 5 ) is then used. In-

eed 50 kcal h 

−1 m 

−2 is the closest value to the mean metabolic

ate obtained based on those calculated for the participants to

he survey among those categorized by Fanger (50 kcal h 

−1 m 

−2 ,

00 kcal h 

−1 m 

−2 and 150 kcal h 

−1 m 

−2 ) [53] . 

By substituting the values previously reported in Eq. (12) , the

esult is | �T A | = 1.25 °C. With cold light, it represents the increase

n the air temperature that might be set without provoking a varia-

ion in people’s thermal perception. On the other hand, with warm

nd neutral light such increase can be of 0.23 °C and 0.46 °C re-

pectively. 

These considerations can be confirmed through Fig. 6 . It shows

ow the thermal perception of the participants changes after being

xposed to the different types of light (hence colour temperatures)

hrough an analysis based on the number of occurrences related to

ach thermal perception vote. This is why the votes given by the

articipants after being exposed to the different types of light were

elated to those provided before the test. 

For example with cold light it can be noticed how the afore-

entioned increase in the air temperature is possible because of

he high number of interviewees that, after the test, switched from

0) to ( −1) their thermal perception vote (26%). It is also important

he number of people that, once they expressed a preliminary vote

f ( + 1), assigned to their thermal perception the votes ( −1) and

0) (referring to the total number of subjects interviewed, 7.5% and

1% respectively). 

On the other hand with neutral light, a significant percentage

oncerned those who decreased their vote from (0) to ( −1)(22%)

nd from ( + 1) to (0)(11.1%). However it should be said that the

esults are mitigated because 22.2% of the interviewed subjects re-

orted an increase in their thermal perception vote from ( −1) to

0). 

With a colour temperature of 1772 K, the allowed increase in

he air temperature is related to the fact that 38.5% of the subjects

id not change their perception, thus maintaining a neutral ther-

al condition. 

Further interesting considerations concern Fig. 7 , showing the

mportance of taking into account even lighting aspects during the

valuation of occupants’ thermal perception. Indeed Fig. 7 com-

ares the thermal perception votes of the participants after being

xposed to the different types of light with those obtained through

he Predicted Mean Vote (PMV), the most common index to study

he thermohygrometric conditions in indoor environments. It is

ossible to compare them because the ASHRAE 7-point scale was

sed in both cases. Moreover, the Predicted Mean Vote (PMV) was

eveloped in indoor environments with neutral light. This is why

he major differences occur in the tests performed in presence of

old and warm light. 
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Fig. 5. Chart used to obtain the value of δPMV/ δT A [53] . 

Fig. 6. Comparison among the votes of the interviewees with respect to the thermal perception before and after the exposure to cold (A), neutral (B) and warm (C) light. 

Fig. 7. Comparison between the values deriving from the Predicted Mean Vote (PMV) model and those provided by the interviewees while referring to the environmental 

conditions after the tests with cold (A), neutral (B) and warm (C) light. 
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In particular, it is possible to notice how with cold light the

orrespondence between the values of the Predicted Mean Vote

PMV) and those provided by the interviewed subjects is not sig-

ificant. In the great majority of the cases (96%) the environmental

nd operative variables led to a PMV value of (0) and only 40%

f the subjects reported an equal corresponding thermal percep-

ion vote, thus confirming how important the type of light and its

olour temperature are in the field of indoor thermal comfort. 

On the other hand a higher predictive ability of the PMV is re-

ealed for a light with a neutral colour temperature. Indeed in 56%

f the cases a value equal to (0) both for the PMV and the vote

rovided by the interviewed subjects is reported. 

Finally, the situation is different in presence of warm light.

ig. 7 (C) shows a peak of 38% in correspondence of a neutral con-

ition but at the same time a higher variety in the thermal percep-

ion votes. With a PMV of (0), a vote of ( −2) and ( + 2) is revealed

n 12% and 4% of the cases respectively. 

. Conclusions 

This study examines the influence of the type of light and its

olour temperature on people’s thermal perception. Therefore, a

est room with three different separate environments is set. Each

nvironment is characterized by a certain type of light to evaluate

he influence of a cold, neutral and warm light (the colour temper-

tures are 11,530 K, 40 0 0 K and 1772 K respectively). The sample is

ormed by 42 subjects who were exposed for 30 min to each one

f the aforementioned lights and, before every test, the effects of

he previous colour temperature were neutralized to let the subject

e exposed to the next type of light. The interviewees were then

sked to wear standard clothing ensembles and filled a question-

aire structured according to the ISO 10551. Therefore, the inter-

iewees provided personal information and judged their own ther-

al perception and preference, personal tolerance and acceptabil-

ty and the suitability of the task during the test. Different envi-

onmental variables were also measured during every test and this

llowed to relate certain values of air temperature, wind velocity,

ean radiant temperature and relative humidity to each subject. 

While observing the obtained results, a certain influence of the

ight and its colour temperature on thermal perception is reported.

ndeed, a discrepancy of 0.51 units between the mean values of the

otes given by the interviewees after they were exposed to warm

nd cold lights is revealed. 

Such discrepancies are also confirmed by the Friedman’s test

hereas the Wilcoxon Signed-Rank test allowed to identify those

ifferences mainly among the votes given after the subjects were

xposed to cold and neutral lights. The influence of the colour tem-

erature was then quantitatively evaluated through the partial F

est and the values obtained for each variable were normalized

ith respect to the maximum reported value. It is important to

otice that the type of light reported the value of 0.90, lower only

han that related to the gender (1.00). These results were con-

rmed through the t statistic. Indeed, the gender and the type of

ight reported the values of ( −2.34) and (2.10) respectively. In order

o have energy savings, the variation in the indoor air temperature

ue to a different thermal perception of the subject deriving from

he used type of light was also determined. In the present study,

very colour temperature led to a decrease in the mean value of

he votes given by the participants in the survey after the test.

ence while rearranging the Predicted Mean Vote (PMV) relation

n terms of partial derivatives, it was possible to experience an in-

rease in the air temperature of 1.25 °C, 0.46 °C and 0.23 °C with

old, neutral and warm light respectively. This means that, dur-

ng summer, the air temperature in a certain environment char-

cterized by a light with a high colour temperature can increase

ore than one degree without modifying occupants thermal per-
eption. The influence of the type of light on indoor thermal com-

ort was finally proved by the comparison between the PMV values

nd those provided by the interviewees after the tests. A possible

eason could lie in the fact that the PMV was developed through

 survey carried out in environments with a neutral light. This led

o a certain similarity with the results of the test carried out un-

er a colour temperature of 40 0 0 K and at the same time to a dis-

repancy with those provided in presence of warm and cold light.

ndeed under the last type of light a thermal perception vote given

y the interviewees after the task of −1 corresponds to a PMV

qual to 0 in more than half of the scenarios. 

Some limitations of the study could be related to the chosen

ighting colour temperatures and to the effects deriving from a

rolonged exposition to a certain type of light. Moreover, it should

e specified that the room is an experimental facility and partic-

pants might be psychologically biased by the context to which

hey are exposed. However future developments in the research

ill have a narrow range for what concerns the examined lighting

olour temperatures and evaluate the relation between the ther-

al perception and lighting colour temperature even during the

old season. Indeed, from this point of view it is possible that the

ndoor air temperature might be lower in presence of a warm light

uring the heating season. 

onflict of interest and authorship conformation 

None. 

cknowledgements 

This research received no specific grant from any funding

gency in the public, commercial, or not-for-profit sectors. A spe-

ial thanks to Mrs. Flavia Franco for the help she provided in the

reparation of this paper. In particular, Iacopo Golasi gratefully ac-

nowledges Sapienza University of Rome and its area related to the

nternationalization of the research activity to support his career

nd works through the Ph.D. Mobility Programme. 

eferences 

[1] F.G. Montoya, A. Peña-García, A. Juaidi, F. Manzano-Agugliaro, Indoor lighting
techniques: an overview of evolution and new trends for energy saving, Energy

Build. 140 (2017) 50–60, doi: 10.1016/j.enbuild.2017.01.028 . 
[2] International Energy Agency. Energy Efficiency 2017. 

doi:10.1787/9789264284234-en. 

[3] R.A . Mangkuto, M.A .A . Siregar, A . Handina, Faridah, Determination of appropri-
ate metrics for indicating indoor daylight availability and lighting energy de-

mand using genetic algorithm, Sol. Energy 170 (2018) 1074–1086, doi: 10.1016/
J.SOLENER.2018.06.025 . 

[4] L. Sharma, S.F. Ali, D. Rakshit, Performance evaluation of a top lighting light-
pipe in buildings and estimating energy saving potential, Energy Build. 179

(2018) 57–72, doi: 10.1016/J.ENBUILD.2018.09.022 . 

[5] F. Salata, I. Golasi, M. di Salvatore, A. de Lieto Vollaro, Energy and reliability
optimization of a system that combines daylighting and artificial sources. A

case study carried out in academic buildings, Appl. Energy 169 (2016) 250–
266, doi: 10.1016/j.apenergy.2016.02.022 . 

[6] D.A. Chi, D. Moreno, J. Navarro, Correlating daylight availability metric with
lighting, heating and cooling energy consumptions, Build. Environ. 132 (2018)

170–180, doi: 10.1016/J.BUILDENV.2018.01.048 . 

[7] M.M. Aman, G.B. Jasmon, H. Mokhlis, A .H.A . Bakar, Analysis of the performance
of domestic lighting lamps, Energy Policy 52 (2013) 482–500, doi: 10.1016/j.

enpol.2012.09.068 . 
[8] F. Salata, I. Golasi, G. Falanga, M. Allegri, E. De Lieto Vollaro, F. Nardecchia,

F. Pagliaro, F. Gugliermetti, A. De Lieto Vollaro, Maintenance and energy opti-
mization of lighting systems for the improvement of historic buildings: A case

study, Sustainability 7 (2015) 10770–10788, doi: 10.3390/su70810770 . 
[9] F. Salata, I. Golasi, S. Bovenzi, E.L. Vollaro, F. Pagliaro, L. Cellucci, M. Coppi,

F. Gugliermetti, A.L. Vollaro, Energy optimization of road tunnel lighting sys-

tems, Sustainability 7 (7) (2015) 9664–9680, doi: 10.3390/su7079664 . 
[10] S. Yoomak, C. Jettanasen, A. Ngaopitakkul, S. Bunjongjit, M. Leelajindakrair-

erk, Comparative study of lighting quality and power quality for LED and HPS
luminaires in a roadway lighting system, Energy Build. 159 (2018) 542–557,

doi: 10.1016/j.enbuild.2017.11.060 . 

https://doi.org/10.1016/j.enbuild.2017.01.028
https://doi.org/10.1016/J.SOLENER.2018.06.025
https://doi.org/10.1016/J.ENBUILD.2018.09.022
https://doi.org/10.1016/j.apenergy.2016.02.022
https://doi.org/10.1016/J.BUILDENV.2018.01.048
https://doi.org/10.1016/j.enpol.2012.09.068
https://doi.org/10.3390/su70810770
https://doi.org/10.3390/su7079664
https://doi.org/10.1016/j.enbuild.2017.11.060


122 I. Golasi, F. Salata and E.d.L. Vollaro et al. / Energy & Buildings 185 (2019) 112–122 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[11] L.T. Doulos, A. Tsangrassoulis, P.A. Kontaxis, A. Kontadakis, F.V. Topalis, Harvest-
ing daylight with LED or T5 fluorescent lamps? The role of dimming, Energy

Build. 140 (2017) 336–347, doi: 10.1016/j.enbuild.2017.02.013 . 
[12] B.-L. Ahn, S. Yoo, J. Kim, H. Jeong, S.-B. Leigh, C.-Y. Jang, Thermal management

of LED lighting integrated with HVAC systems in office buildings, Energy Build.
127 (2016) 1159–1170, doi: 10.1016/j.enbuild.2016.06.027 . 

[13] J. Liu, W. Zhang, X. Chu, Y. Liu, Fuzzy logic controller for energy savings in a
smart LED lighting system considering lighting comfort and daylight, Energy

Build. 127 (2016) 95–104, doi: 10.1016/j.enbuild.2016.05.066 . 

[14] W.R. Ryckaert, K.A.G. Smet, I.A.A. Roelandts, M. Van Gils, P. Hanselaer, Linear
LED tubes versus fluorescent lamps: An evaluation, Energy Build. 49 (2012)

429–436, doi: 10.1016/j.enbuild.2012.02.042 . 
[15] M.S. Rea, M.G. Figueiro, A. Bierman, R. Hamner, Modelling the spectral sensi-

tivity of the human circadian system, Light. Res. Technol. 44 (2012) 386–396,
doi: 10.1177/1477153511430474 . 

[16] M. Rea, M. Figueiro, Light as a circadian stimulus for architectural lighting,

Light. Res. Technol. 0 (2016) 1–14, doi: 10.1177/14771535166 8236 8 . 
[17] K. Konis, A novel circadian daylight metric for building design and evaluation,

Build. Environ. 113 (2017) 22–38, doi: 10.1016/j.buildenv.2016.11.025 . 
[18] Q. Dai, W. Cai, W. Shi, L. Hao, M. Wei, A proposed lighting-design space: cir-

cadian effect versus visual illuminance, Build. Environ. 122 (2017) 287–293,
doi: 10.1016/j.buildenv.2017.06.025 . 

[19] J. van Hoof, A.M.C. Schoutens, M.P.J. Aarts, High colour temperature lighting for

institutionalised older people with dementia, Build. Environ. 44 (2009) 1959–
1969, doi: 10.1016/j.buildenv.2009.01.009 . 

[20] R. Amorim, V. Molina-Moreno, A. Peña-García, Proposal for sustainable dy-
namic lighting in sport facilities to decrease violence among spectators, Sus-

tainability 8 (2016) 1298, doi: 10.3390/su8121298 . 
[21] R. Amorim, J. López, V. Molina-Moreno, A. Peña-García, Use of natural light

vs. Cold LED lighting in installations for the recovery of victims of gender vi-

olence: impact on energy consumption and victims’ recovery, Sustainability 9
(2017) 562, doi: 10.3390/su9040562 . 

[22] F.C. Houghten, H.T. Olson, J. Suciu, J., Sensation of warmth as affected by
the color of the environment., Illum. Eng. 35 (1940) 908–914. https://www.

cabdirect.org/cabdirect/abstract/19412700554 . 
[23] P.C. Berry, Effect of colored illumination upon perceived temperature., J. Appl.

Psychol. 45 (1961) 248–250, doi: 10.1037/h0040221 . 

[24] P.O. Fanger, N.O. Breum, E. Jerking, Can colour and noise influence man’s ther-
mal comfort? Ergonomics 20 (1977) 11–18, doi: 10.1080/00140137708931596 . 

[25] F. Albers, J. Maier, C. Marggraf-Micheel, In search of evidence for the hue-heat
hypothesis in the aircraft cabin, Light. Res. Technol. 6 (2014) 1–12, doi: 10.1177/

1477153514546784 . 
[26] T.C. Greene, P.A. Bell, Additional considerations concerning the effects of

“warm” and “cool” wall colours on energy conservation, Ergonomics 23 (1980)

949–954, doi: 10.1080/00140138008924804 . 
[27] C.A. Bennett, P. Rey, What’s So Hot about Red? Hum. Factors 14 (1972) 149–

154, doi: 10.1177/001872087201400204 . 
[28] L.-C. Ou, M.R. Luo, A. Woodcock, A. Wright, A study of colour emotion and

colour preference. Part I: colour emotions for single colours, Color Res. Appl.
29 (2004) 232–240, doi: 10.1002/col.20010 . 

[29] H.-N. Ho, D. Iwai, Y. Yoshikawa, J. Watanabe, S. Nishida, Combining colour and
temperature: a blue object is more likely to be judged as warm than a red

object., Sci. Rep. 4 (2014) 5527, doi: 10.1038/srep05527 . 

[30] M.F. Mogensen , H.B. English , The apparent warmth of colors, Am. J. Psychol. 37
(1926) 427–428 . 

[31] S. Kuno , H. Ohno , N. Nakahara , Thermal sensation in transitional conditions
and the hue-heat hypothesis, Environ. Transition. IAPS 9th Int. Conf. 7–10 July,

1986 . 
[32] L. Clark , The Ancient Art of Color Therapy, Devin-Adair Pub, 1975 . 

[33] J. Itten , Kunst der Farbe , Subjektives Erleben und Objektives Erkennen Als

Wege zur Kunst, O. Meier, Ravensburg, 1961 . 
[34] D.M. Pedersen, M. Johnson, J.H. West, Effects of room hue on ratings of self,

other, and environment, Percept. Mot. Skills. 46 (1978) 403–410, doi: 10.2466/
pms.1978.46.2.403 . 

[35] V. Candas , A. Dufour , Thermal comfort: multisensory interactions? J. Physiol.
Anthropol. Appl. Hum. Sci. 24 (2005) 33–36 . 

[36] J. Winzen, F. Albers, C. Marggraf-Micheel, The influence of coloured light in

the aircraft cabin on passenger thermal comfort, Light. Res. Technol. 46 (2014)
465–475, doi: 10.1177/1477153513484028 . 

[37] H. Nakamura , M. Oki , Influence of air temperature on preference for color tem-
perature of general lighting in the room, J. Hum.-Environ. Syst. 4 (20 0 0) 41–47 .
[38] T. Morita, H. Tokura, Effects of lights of different color temperature on the noc-
turnal changes in core temperature and melatonin in humans., Appl. Hum. Sci.

15 (1996) 243–246, doi: 10.2114/jpa.15.243 . 
[39] C. Cajochen, M. Münch, S. Kobialka, K. Kräuc hi, R. Steiner, P. Oelhafen, S. Orgül,

A. Wirz-Justice, High sensitivity of human melatonin, alertness, thermoregu-
lation, and heart rate to short wavelength light, J. Clin. Endocrinol. Metab. 90

(2005) 1311–1316, doi: 10.1210/jc.2004-0957 . 
[40] A. Yasukouchi, Y. Yasukouchi, K. Ishibashi, Effects of color tem perature of flu-

orescent lamps on body temperature regulation in a moderately cold environ-

ment., J. Physiol. Anthropol. Appl. Hum. Sci. 19 (20 0 0) 125–134, doi: 10.2114/
jpa.19.125 . 

[41] L. Shi , Effect of illumination and color temperature of lighting on human ther-
moregulation, J Shanghai Jiao Tong Univ. 47 (2013) 1616–1620 . 

[42] ASHRAE Standard 55 - Thermal Environmental Conditions for Human Occu-
pancy, (2010). 

[43] EN 12464-1 - European Standards, (n.d.). https://www.en-standard.eu/

csn- en- 12464- 1- light- and- lighting- lighting- of- work- places- part- 1- indoor- 
work- places/?gclid=EAIaIQobChMIi- rTk7zN1wIVzZ3tCh1l9AgzEAAYASAAEg 

KESPD _ BwE (Accessed 20 November 2017). 
44] G.M. Huebner, D.T. Shipworth, S. Gauthier, C. Witzel, P. Raynham, W. Chan,

Saving energy with light? Experimental studies assessing the impact of colour
temperature on thermal comfort, Energy Res. Soc. Sci. 15 (2016) 45–57, doi: 10.

1016/j.erss.2016.02.008 . 

[45] ISO 7726:1998 - Ergonomics of the thermal environment – Instruments for
measuring physical quantities, (n.d.). https://www.iso.org/standard/14562.html

(Accessed 9 December 2017). 
[46] C. Bouden, N. Ghrab, An adaptive thermal comfort model for the Tunisian con-

text: a field study results, Energy Build. (2005) 37, doi: 10.1016/j.enbuild.2004.
12.003 . 

[47] M.D. Mifflin, S.T. St Jeor, L.A. Hill, B.J. Scott, S.A. Daugherty, Y.O. Koh, A new

predictive equation for resting energy expenditure in healthy individuals., Am.
J. Clin. Nutr. 51 (1990) 241–247. http://www.ncbi.nlm.nih.gov/pubmed/2305711

. 
[48] T.H. Allen , M.T. Peng , K.P. Chen , T.F. Huang , C. Chang , H.S. Fang , Prediction of

blood volume and adiposity in man from body weight and cube of height.,
Metabolism 5 (1956) 328–345 . 

[49] World Health Organization, Global Database on Body Mass Index, (n.d.). http:

//apps.who.int/bmi/index.jsp?introPage=intro _ 3.html (Accessed 23 December
2017). 

[50] A. Matzarakis, F. Rutz, H. Mayer, Modelling radiation fluxes in simple and
complex environments - application of the RayMan model, Int. J. Biometeorol.

(2007) 51, doi: 10.1007/s00484- 006- 0061- 8 . 
[51] ISO 10551:1995 - Ergonomics of the thermal environment – Assessment of the

influence of the thermal environment using subjective judgement scales, (n.d.).

https://www.iso.org/standard/18636.html (Accessed 8 December 2017). 
[52] ISO 7730:2005 - Ergonomics of the Thermal Environment – Analytical Deter-

mination and Interpretation of Thermal Comfort using Calculation of the PMV
and PPD Indices and Local Thermal Comfort Criteria, (n.d.). https://www.iso.

org/standard/39155.html (Accessed 16 December 2017). 
[53] P.O. Fanger , Thermal Comfort: Analysis and Applications in Environmental En-

gineering, McGraw-Hill Inc., New York, 1970 . 
[54] G. Jendritzky, W. Nübler, A model analysing the urban thermal environment

in physiologically significant terms, Arch. Meteorol. Geophys. Bioclimatol. Ser.

B 29 (1981), doi: 10.1007/BF02263308 . 
[55] R.R. Baniya, E. Tetri, J. Virtanen, L. Halonen, The effect of correlated colour

temperature of lighting on thermal sensation and thermal comfort in a sim-
ulated indoor workplace, Indoor Built Environ. 0 (2016) 1–9, doi: 10.1177/

1420326X16673214 . 
[56] H. Liu, Y. Wu, D. Lei, B. Li, Gender differences in physiological and psycholog-

ical responses to the thermal environment with varying clothing ensembles,

Build. Environ. 141 (2018) 45–54, doi: 10.1016/j.buildenv.2018.05.040 . 
[57] J.K. Maykot, R.F. Rupp, E. Ghisi, Assessment of gender on requirements for ther-

mal comfort in office buildings located in the Brazilian humid subtropical cli-
mate, Energy Build. 158 (2018) 1170–1183, doi: 10.1016/j.enbuild.2017.11.036 . 

[58] S. Van Craenendonck, L. Lauriks, C. Vuye, J. Kampen, A review of human ther-
mal comfort experiments in controlled and semi-controlled environments, Re-

new. Sustain. Energy Rev. 82 (2018) 3365–3378, doi: 10.1016/j.rser.2017.10.053 . 

[59] M. Bulmer , Principles of Statistics, Dover Publications Inc., 2003 . 
[60] A. Gelman , J. Hill , Data Analysis Using Regression and Multilevel/Hierarchical

Models, Cambridge University Press, 2007 . 

https://doi.org/10.1016/j.enbuild.2017.02.013
https://doi.org/10.1016/j.enbuild.2016.06.027
https://doi.org/10.1016/j.enbuild.2016.05.066
https://doi.org/10.1016/j.enbuild.2012.02.042
https://doi.org/10.1177/1477153511430474
https://doi.org/10.1177/1477153516682368
https://doi.org/10.1016/j.buildenv.2016.11.025
https://doi.org/10.1016/j.buildenv.2017.06.025
https://doi.org/10.1016/j.buildenv.2009.01.009
https://doi.org/10.3390/su8121298
https://doi.org/10.3390/su9040562
https://www.cabdirect.org/cabdirect/abstract/19412700554
https://doi.org/10.1037/h0040221
https://doi.org/10.1080/00140137708931596
https://doi.org/10.1177/1477153514546784
https://doi.org/10.1080/00140138008924804
https://doi.org/10.1177/001872087201400204
https://doi.org/10.1002/col.20010
https://doi.org/10.1038/srep05527
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0029
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0029
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0029
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0030
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0030
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0030
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0030
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0031
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0031
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0032
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0032
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0032
https://doi.org/10.2466/pms.1978.46.2.403
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0034
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0034
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0034
https://doi.org/10.1177/1477153513484028
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0036
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0036
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0036
https://doi.org/10.2114/jpa.15.243
https://doi.org/10.1210/jc.2004-0957
https://doi.org/10.2114/jpa.19.125
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0040
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0040
https://www.en-standard.eu/csn-en-12464-1-light-and-lighting-lighting-of-work-places-part-1-indoor-work-places/?gclid=EAIaIQobChMIi-rTk7zN1wIVzZ3tCh1l9AgzEAAYASAAEgKESPD_BwE
https://doi.org/10.1016/j.erss.2016.02.008
https://www.iso.org/standard/14562.html
https://doi.org/10.1016/j.enbuild.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/2305711
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0044
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0044
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0044
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0044
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0044
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0044
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0044
http://apps.who.int/bmi/index.jsp?introPage=intro_3.html
https://doi.org/10.1007/s00484-006-0061-8
https://www.iso.org/standard/18636.html
https://www.iso.org/standard/39155.html
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0046
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0046
https://doi.org/10.1007/BF02263308
https://doi.org/10.1177/1420326X16673214
https://doi.org/10.1016/j.buildenv.2018.05.040
https://doi.org/10.1016/j.enbuild.2017.11.036
https://doi.org/10.1016/j.rser.2017.10.053
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0052
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0052
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0053
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0053
http://refhub.elsevier.com/S0378-7788(18)32377-6/sbref0053

	Influence of lighting colour temperature on indoor thermal perception: A strategy to save energy from the HVAC installations
	1 Introduction
	2 Materials and methods
	2.1 Experimental set-up
	2.2 Participants
	2.3 Questionnaire
	2.4 Experimental procedure
	2.5 Predicted mean vote (PMV)

	3 Results and discussion
	4 Conclusions
	Conflict of interest and authorship conformation
	Acknowledgements
	References


