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1  | INTRODUC TION

A person’s satisfaction with the indoor environment depends mainly 
on the temperature, humidity, air quality, light exposure, and acous-
tics.1 Aside from comfort, these factors also affect productivity of 
building occupants.2 Much research has been carried out on the 
effects of the indoor environmental parameters separately. In this 
study, we focus on the interaction between light and temperature 
perception.

The combined effect of the indoor environmental parame-
ters (including light and temperature) has only been reported in a 
few studies. Some experiments have demonstrated the relative 

importance of these factors to the perception of the overall indoor 
environment.2,3 It was also observed that some indoor environmen-
tal factors may compensate each other to a certain extent.2 This 
compensation may contribute to a comfortable indoor environ-
ment while simultaneously reducing building energy consumption. 
One theory about the interaction between temperature and light 
is the hue- heat hypothesis and states that “an environment which 
has dominant light frequencies toward the red end of the visible 
spectrum feels warm and one with dominant blue frequencies feels 
cool.”4 Several studies confirm this association between light with 
short wavelengths and a cool thermal sensation compared to light 
with long wavelengths.5 More recently, the study of Huebner et al. 
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Abstract
Expanding the acceptable range of indoor temperatures allows to reduce building 
energy consumption and may be beneficial for health. Therefore, we explored 
whether light conditions can be used to influence thermal perception under various 
ambient temperatures. In two laboratory experiments, we tested the effect of the 
correlated color temperature of light (2700 K and 5800 K) and its intensity (5 and 
1200 lux) on thermal perception. The light exposures were provided during cool, 
neutral, and warm thermal conditions. Cold- induced perceived shivering was higher 
for the 5800 K light exposure. All other parameters related to thermal perception did 
not significantly differ between the light exposures. Interestingly, the other way 
around, an increasing ambient temperature resulted in a warmer perception of the 
light color. In every light condition, it appeared that the perceived light intensity was 
closest to neutral under the thermoneutral condition. Between different light ses-
sions, the change in visual comfort and the change in thermal comfort were positively 
related. The main conclusion therefore is that thermal discomfort can be partly com-
pensated by lighting that results in a higher perceived visual comfort. Field studies 
are required to demonstrate whether lighting can enable new strategies to improve 
indoor environmental workplace satisfaction.
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(2016) also found evidence for this hypothesis; thermal comfort rat-
ings were higher when participants were exposed to 2700 K com-
pared to 6500 K light, but concluded that more research is required 
to determine its practical value.6 Baniya et al (2016) did not find 
direct evidence for the hue- heat hypothesis although participants 
felt thermally more comfortable under light with a correlated color 
temperature (CCT) of their preference.7 Fewer studies have been 
carried out on the direct effect of light intensity on thermal sensa-
tion and thermal comfort. Two studies found a cooler thermal sen-
sation under low light intensity as compared to bright light,8,9 while 
the third experiment reported no significant effect of light intensity 
on thermal comfort and thermal sensation.10 Additionally, changes in 
thermal sensation caused by the intensity of light may be related to 
changes in core body temperature.5 In conclusion, it remains unclear 
why in some studies the light exposure affected thermal sensation, 
while in others it did not. The duration of the exposure and the am-
bient temperature may play a role. Moreover, it is unknown whether 
light exposure effects on thermal sensation are mediated by vi-
sual perception and/or by changes in body and skin temperatures. 
Well-	controlled	studies	are	required	to	test	whether	the	interaction	
between light and temperature perception could be of practical rel-
evance when designing indoor environments.

Currently,	 heating,	 ventilation,	 and	 air	 conditioning	 (HVAC)	
systems consume about 50% of the energy use in buildings.11,12 
Therefore, it is highly relevant to investigate whether thermal 
sensation can also be affected by other parameters than ambient 
temperature.

When	 the	 indoor	 acceptable	 temperature	 range	 could	 be	 en-
larged even to a minor extent, a significant reduction in energy use 
may be feasible.13 Moreover, there are indications that exposure 
to a relatively low or high temperature is healthy.14-16 So allowing 
a larger variation in indoor temperature will reduce building energy 
consumption and may also improve health of building occupants. 
Therefore, it would be interesting to identify other environmental 
factors, next to temperature itself, which could contribute to ther-
mal comfort. In this study, we investigate the potential of light expo-
sure to influence thermal comfort.

The objective of this study was to investigate the interactions 
between light exposure and ambient temperature on thermal per-
ception and visual perception. It is hypothesized that visual percep-
tion and thermal perception affect each other (e.g, the hue- heat 
hypothesis). Also, light may affect the relation between ambient 
temperature and thermal perception, by influencing thermophysiol-
ogy, like core body temperature or skin temperatures.

2  | METHOD

Two experiments were carried out to study the effects of light intensity 
(study 1) and the CCT of light (study 2). The current manuscript focuses 
on the interactions between the perception of light exposure and the 
perception of ambient temperature. Results of these studies on the 
alerting effects of light in relation to thermophysiological parameters 

(body temperatures) are reported elsewhere.17,18 The study design of 
both experiments was similar, consisting of two sessions with three 
time blocks with different ambient temperatures. Study 1 (N = 19) 
took	place	between	January	2015	and	July	2015.	Study	2	(N	=	16)	took	
place	between	August	2015	and	January	2016.	The	Medical	Ethical	
Committee of Maastricht University Medical Centre+ approved the 
study protocol. All participants provided a written informed consent 
previous to the experiments. All procedures were conducted accord-
ing to the principles of the Declaration of Helsinki.

2.1 | Participants

All participants in both studies were healthy females, age between 
18 and 30 years, and a BMI between 18 and 25 kg/m2. Participants 
were recruited by advertisements on local billboards at the univer-
sity and at the website digi- prik.nl. They met the inclusion crite-
ria: Caucasian females, generally healthy, using microgynon 30 or 
levonorgestrel/ethinyl estradiol, and normal chronotype (Table 1). 
The use of oral contraceptive was mandatory because it reduces 
the body temperature differences between the phases of the men-
strual cycle.19,20 Exclusion criteria consisted of the following: color 
blindness, ocular pathologies, medication use, pregnancy, hyper-
tension, general feeling of illness at day of experiment, (history 
of) cardiovascular diseases, and contraindication of the telemetric 
pill. These criteria were checked using a medical and chronotype 
questionnaire.21

2.2 | Protocol

Two groups of volunteers took part in the studies. The first group 
participated in the light intensity study, and the second group par-
ticipated in the light CCT study. Each study consisted of two labora-
tory sessions (Figure 1). The time between the two sessions of one 
participant was at least one week with a maximum of 3 weeks. Each 

Practical Implications

• Since people spent most of their times indoors, comfort-
able and healthy indoor environments are important. 
Many experiments have investigated the effect of sepa-
rate indoor environmental parameters on (e.g,) comfort 
and productivity.

• Our study results show that the thermal comfort is influ-
enced by visual comfort. Additionally, visual perception 
is affected by the thermal environment.

• Using this knowledge, visually comfortable light condi-
tions can be used to improve thermal comfort, thereby 
allowing for wider indoor temperature ranges which in 
turn could lead to energy savings and further advance 
healthy building design.
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session started with a baseline at a thermoneutral condition of 29 °C. 
The baseline was followed by exposure to a cool (26°C) or a warm 
(32°C) environment, depending on the randomization. The second 
condition was always the neutral (29 °C) condition, and the third con-
dition was either the cool or warm. Thus, all participants were ex-
posed to a warm and a cool condition in each session, but the order 
was randomized between participants (Figure 1). However, for each 
individual, the order of the temperature conditions was kept the same 
for the two sessions. For study 1, the 30- min baseline consisted of a 
light exposure with an illuminance of 250 lux and a CCT of 4000 K. 
Baseline was followed by dim light exposure (5 lux, 4000 K) (session 
1) or bright light exposure (1200 lux, 4000 K) (session 2). During 
study 2, the baseline of 45 min had an illuminance of 5 lux and a CCT 
of 4000 K. During study 2, the light intensity was kept constant at 
55 lux, once with a CCT of 2700 K and once with a CCT of 5800 K.

The participants arrived at 9:00 PM at the laboratory the 
day before the experiment. They refrained from food, caf-
feine, and alcohol from 6:00 PM. After signing the informed 
consent, they entered the respiration/climate chamber. In the 
respiration/climate chamber, human energy expenditure can 

be measured by means of indirect calorimetry, while the in-
door temperature and light conditions can be controlled ac-
curately. The procedure of the experiment was explained, and 
the questionnaires were practiced. At 11:00 PM, the light was 
switched off and the participant went to bed. At 7:00 AM, the 
participant was awakened and the light was switched on at 
baseline levels. After a small breakfast (a cracker containing 
53 kcal), preparations for the experiment were performed. At 
8:00 (for study 1) and 7:45 AM (for study 2), the experiment 
started in an adjacent room under baseline light and tempera-
ture conditions. During all conditions, the participants were 
lying on a stretcher and were dressed in underwear (clothing 
insulation value of 0.04 clo). Core body temperature (CBT), 
skin temperatures, and energy expenditure were measured 
on a 1- min interval. Perceived comfort was evaluated using a 
questionnaire that was filled out every 15 min. Between each 
block (of 75 min), there was a small break in which the partici-
pant got a cracker (53 kcal) and was allowed to drink water. The 
order of the temperature conditions was randomized among 
participants, but was kept the same within one participant’s 

Study 1 mean ± SD Study 2 mean ± SD

All partici-
pants mean ± 
SD

N 19 16 35 - 

Age 22.3 ± 1.9 22.2 ± 2.4 22.2 ± 2.0 Years

Height 1.70 ± 0.07 1.70 ± 0.06 1.70 ± 0.06 Meters

Weight 62.7 ± 5.5 62.4 ± 5.3 62.5 ± 6.0 kg

BMI 21.7 ± 1.8 21.5 ± 2.1 21.6 ± 1.9 kg/m2

Fat percentage 30.2 ± 3.2 27.9 ± 4.7 29.2 ± 4.0 %

TABLE  1 Participant characteristics

F IGURE  1 Protocol of study 1 (left) consisting of a dim and a bright light session and study 2 (right) with a low CCT session (2700 K) and 
a high CCT session (5800 K). * The order of the light sessions was randomized among the participants. ** The order of the cool and warm 
conditions was randomized among participants but was the same for each participant’s two light sessions
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two sessions. Also, the 2nd block was always the thermoneu-
tral condition to ensure an equal temperature change between 
all blocks. The order of the light sessions also was randomized 
among the participants.

2.3 | Measurements

2.3.1 | Indoor environment

Air temperature and relative humidity were measured at one- min 
intervals by means of four dataloggers (iButton, DS1923, Maxim). 
The iButtons were placed next to the participant at a height of 
0.1, 0.3, 0.6, and 1.1 m. The installed light system was a LED wall 
washer	(Philips	SkyRibbon	IntelliHue	Wall	Washing	Powercore).	The	
illuminance of the lighting was confirmed with a lux meter (Testo 
545) each time the lighting condition changed. The illuminance was 
measured in the outward direction of the optical axis at the outer 
surface of the participant’s eye in its most usual viewing direction. 
The spectrum of each lighting condition was measured once using a 
radiospectrometer	(Jeti).

2.3.2 | Thermal and visual perception

Every 15 min (see Figure 3), a questionnaire was used to evaluate 
thermal and visual perception. Subjective thermal perception was 
evaluated by the parameters: “thermal comfort,” “thermal sensa-
tion,” “preferred temperature change,” “self- assessed shivering,” and 
“self- assessed sweating.” Thermal sensation and thermal preference 
were evaluated using a scale that combined the 7- point (Likert) scale 
with a continuous rating, thus allowing for noninteger values.12,22 
Thermal	sensation	ranged	from	−3	“Cold”	to	+3	“Hot,”	and	the	pre-
ferred	 temperature	 ranged	 from	 −3	 “Much	 cooler”	 to	 +3	 “Much	
warmer.” Thermal comfort was analyzed using two 3- point continu-
ous rating scales, one from “very uncomfortable” to “just uncomfort-
able” and the second from “just comfortable” to “very comfortable.” 
Self- assessed shivering and self- assessed sweating were evaluated 
on	a	visual	analog	scale	(VAS)	ranging	from	1	“Not	at	all”	to	10	“Yes,	
I shiver/sweat.”

Subjective visual perception was evaluated by the parameters: 
“perceived light intensity,” “perceived light color,” “visual comfort,” 
“preferred light intensity change,” and “preferred light color change.” 
The perceived intensity and perceived color each were reported on 
7- point continuous rating scales, from “very dim” to “very bright” 

and from “very cool color” to “very warm color,” respectively. 
Subsequently, after each of these two questions, participants were 
asked to indicate how comfortable that was, on the same scale as 
used	 for	 thermal	 comfort.	 “Visual	 comfort”	was	 calculated	 as	 the	
mean of visual comfort vote of the intensity and the color of light. 
Finally, the participant indicated their preferred light adjustment 
using	two	continuous	rating	scale,	with	7	points	 (−3	to	3)	 the	first	
ranging	from	−3	“much	darker”	to	3	“much	brighter”	and	the	second	
ranging	from	−3	“a	cooler	color”	to	3	“a	warmer	color.”

2.3.3 | Body temperatures and energy expenditure

Skin temperatures were measured by iButton dataloggers (DS1922L, 
Maxim).23 These were attached to 26 body sites as reported in a 
previous study.17 Mean skin temperature (Tmeanskin) was calculated 
using skin temperatures measured at the 14 ISO- defined skin sites.24 
Core temperature was measured using a telemetric temperature pill 
(VitalSense® medical grade capsules, EquivitalTM, Hidalgo Limited, 
Cambridge, UK). The pill was ingested in the evening before the 
experiment to ensure that it was sufficiently deep in the intestinal 
track. Human energy expenditure was measured using indirect calo-
rimetry. Oxygen consumption and carbon dioxide production were 
measured with an automated respiratory gas analyzer and a mask 
(Omnical Indirect Calorimeter, Maastricht Instruments, Maastricht, 
the Netherlands). Samples were taken every breath and averaged 
over 1- min intervals. Gas analyzers and flow meter were calibrated 
previously to all measurements. Energy expenditure was calculated 
from	 the	 data	 according	 to	 Weir’s	 method25. Skin temperatures, 
CBT, and energy expenditure were measured continuously during 
the experiment on a 1- min interval (Figure 2).

2.4 | Data analyses and statistics

Statistical analyses were performed using IBM SPSS Statistics 22 for 
Mac. To check whether there was no significant unwanted variation 
in the ambient temperature (Tamb) and relative humidity (RH) for the 
different light exposures, a linear mixed model, repeated for the light 
sessions, was performed for all temperature conditions. The 75- min 
means of the ambient temperature and the relative humidity of each 
condition was used for analyses (paragraph 3.1).

To test the overall effect of light (independent of the ambient 
temperature) on temperature perception, a linear mixed model 
was composed. The dependent variables were “thermal sensation,” 

F IGURE  2 Schedule of the measurements during each condition of 75 min. The questionnaires are indicated with a “Q.” Skin 
temperatures (SKT), core body temperature (CBT,) and energy expenditure (EE) were measured on 1- min intervals throughout the 
experiment
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“thermal comfort,” and “preferred temperature change.” The mean 
score of each of these items was calculated from all questionnaires 
of each temperature condition. The light sessions were included as 
main factors. The temperature condition and the time of the expo-
sure (block) were included as covariates (paragraph 3.2).

Since the effect of light on thermal perception may depend on the 
ambient temperature, each ambient temperature was also analyzed 
separately. Dependent variables were “thermal sensation,” “thermal 
comfort,” “preferred change in room temperature,” “self- assessed 
sweating” (warm condition only), and “self- assessed shivering” (cool 
condition only). In the linear mixed model with a random intercept, 
light exposure, the effect of timing of the questionnaire during ex-
posure, and the interaction between light exposure and timing were 
included as main factors. The time of the condition (block) during 
which the temperature condition took place (e.g, 1st block or 3rd 
block for the cool and warm condition) was included as a covariate. 
To take into account the individual differences in thermal perception 
between participants in the two studies, the vote of the dependent 
variable at baseline was included as a covariate. In case the interac-
tion between light and time was significant (P < 0.05), the model was 
run for each time point separately. Otherwise, the interaction was 
removed from the model. In the cases where there was (or tended to 
be) an effect of light exposure on thermal perception (P < 0.10), CBT, 
mean skin temperature, and energy expenditure were included to 
test whether light effects were related to altered thermophysiology 
(paragraph 3.2). Similarly, the effect of ambient temperature on the 
perception of light was tested for all light exposures separately. The 
dependent variables were the “perceived light intensity,” “perceived 
light color,” “visual comfort intensity,” and “visual comfort color.” The 
temperature condition, the time of the questionnaire (time), and the 
interaction between temperature and time were the independent 
variables. The included covariate in the mixed model was time of 
the condition (block). The Benjamini- Hochberg procedure (BH pro-
cedure) was performed to reduce the false discovery rate (FDR).26 

The procedure was applied for all calculated P- values in comparing 
light sessions and separately for all calculated P- values in comparing 
temperature conditions. The adjusted P- values are reported in the 
results (paragraph 3.3).

Finally, we tested whether visual comfort and thermal comfort 
were correlated. The analyses were performed on the mean of the 5 
questionnaires of each participant. The correlation was performed 
using linear mixed models, including ambient temperature (with 
thermal comfort as dependent variable) or for light session (with 
visual comfort as dependent variable) as a covariate. Additionally, 
the relation between the change in perceived light exposure and 
the change in perceived ambient temperature was analyzed. Linear 
mixed models were used to combine the results of all conditions 
in one model. Thereafter, correlations between Δ perceived light 
exposure and Δ perceived temperature were analyzed per ambient 
temperature.	Visual	comfort	was	the	average	of	the	visual	comfort	
votes concerning the intensity and the light color (paragraph 3.4).

3  | RESULTS

3.1 | Indoor environment

The ambient temperature and relative humidity did not vary signifi-
cantly during the different light exposures (all P > 0.05) (Figure 3A,B). 
Within	the	room,	the	CCT	of	the	light	was	the	same	during	the	bright	
and dim light session, but (as intended) differed for the 2700 K and 
the 5800 K sessions (Figure 4). The photopic lux levels were similar 
(~55 lux) for the 2700 K and 5800 K session and were ~5 lux for the 

dim light session and ~ 1000 lux for the bright light session (Table 2).

3.2 | Effect of light exposure on thermal perception

The individual thermal comfort votes plotted against thermal sensation 
form a parabola with its maximum (highest thermal comfort) just on 

F IGURE  3  (A) Ambient temperatures per temperature condition and light exposure. Means ± SEM per 15 min. (B) shows ambient 
temperature per participant for the neutral 2700K condition (15- min means)
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the warm side of the thermal sensation scale (Figure 5A). There was no 
consistent effect of light exposure on thermal perception when all three 
temperature conditions were taken into account. The “thermal sensa-
tion,” “thermal comfort,” and “preference to change temperature” were 
not significantly different between the four light exposures (all P > 0.05).

Therefore, we analyzed the temperature condition separately. 
For the thermoneutral condition, the parameters related to thermal 
perception did not significantly differ between the light sessions 
(Figure 5B). For the cool condition, “self- assessed shivering” was in-
creased for the 5800 K exposures compared to the three other light 
exposures (Figure 6). The difference in “self- assessed shivering” be-
tween 2700 K and the 5800 K exposures increased during the cool 
condition (effect of time, see Figure 6). “Self- assessed sweating” in 
a warm thermal environment was not affected by light exposure. 
Thermal sensation and thermal comfort did not significantly differ 
between light sessions during any of the temperature conditions 
(Figure 5B). Altogether, only the effect of 5800 K on self- assessed 
shivering was significant.

It was hypothesized that light- induced subjective thermal re-
sponses are caused by changes in thermophysiology. CBT, mean 
skin temperature, and energy expenditure were therefore added to 
the linear mixed models of self- assessed shivering. However, these 
thermophysiological parameters did not significantly contribute to 
the light- induced effect on self- assessed shivering (all P > 0.10). This 
indicates that the adjusted subjective response was not a thermo-
physiological, but a visual (psychological) effect of light exposure.

3.3 | Effect of ambient temperature on 
light perception

3.3.1 | Light intensity

Obviously, the perceived light intensity was highest during the bright 
light exposure and lowest during the dim light (Figure 7). The ambient 
temperature, however, significantly affected the perception of light: 
The “perceived light intensity” was closest to neutral when exposed 
to the neutral ambient temperature (Figure 7). In line with these re-
sults, visual comfort was higher during thermoneutral as compared 
to during the warm condition (for dim (P < 0.05) and 2700 K light 
(P < 0.05,). Also, visual comfort was higher during thermoneutral 
compared to the cool condition for the 5800 K exposure (P < 0.05). 
This leads to the idea that thermal comfort may affect the perceived 
light intensity and corresponding visual comfort. For the bright light 
exposure, thermal comfort was indeed negatively correlated with 
perceived light intensity (βbright =	−0.147,	P = 0.048). In addition, ther-
mal comfort was correlated with visual comfort for the dim light, 
2700 K light, and 5800 K light (βdim = 0.133, P = 0.025, β2700K = 0.237, 
P = 0.010 and β5800K = 0.425, P < 0.001) but not for bright light.

3.3.2 | Light color

During the cool condition, both the 2700 K and the 5800 K light 
were perceived as a cooler color (as compared to the neutral and 
warm ambient temperature condition, see Figure 8). In accordance, 
the bright light exposure was perceived as being cooler in color tone 

F IGURE  4 Spectral power distribution of the light exposure 
during study 1 (bright and dim) and study 2 (2700 K and 5800 K)

λmax Bright Dim 2700 K 5800 K

Photopic lux 555 987 4.13 54.4 55.4

“Cyanopic- lux” (S- cone) 419 491 1.77 13.5 46.4

“Melanopic- lux” 
(ipRGC- melanopsin)

480 762 2.90 25.5 60.5

“Rhodopic- lux” (Rod) 496 824 3.24 31.9 59.4

“Chloropic- lux” (M- cone) 531 895 3.66 43.2 56.3

“Erythropic- lux” (L- cone) 558 974 4.07 54.5 54.7

CCT [K] 3776 3517 2549 5831

aPhotopic illuminance and correlated colour temperatures (CCT) of the various light conditions and 
the corresponding inputs to all five known photoreceptor types within the human retina (photore-
ceptor type indicated between brackets), expressed in “alpha- opic (equivalent) illuminances” as de-
fined in Ref27. λmax denotes the peak wavelength in nm of the spectral sensitivity function that is 
used to calculate the different lux values. 

TABLE  2  Illuminances of the various 
light conditionsa
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under the cool ambient temperature than under the neutral ambi-
ent temperature (βcool-neutral =	−0.177,	P < 0.05). Surprisingly, for dim 
light, the perceived color of the (4000 K) light was judged to be most 
cool during the warm ambient temperature condition (βwarm-cool =  
−0.261,	 P < 0.001, and βwarm-neutral =	−0.187,	 P < 0.05). For the 
2700 K and 5800 K light exposures, thermal sensation tended 
to correlate with perceived light color (β2700K = 0.09, P < 0.10, 
β5800K = 0.10, P < 0.10). So a warmer thermal sensation resulted in 
a warmer color perception of light. The 5800 K exposure was per-
ceived as least comfortable during the cool thermal environment 
(P < 0.001,), while dim light was perceived as least comfortable dur-
ing the warm temperature condition (P < 0.05). For the 2700 K and 
bright exposures, ambient temperature did not significantly affect 
visual comfort regarding the apparent color of light. The preferred 
light adjustment was more toward a cooler color during the warm 
conditions as compared to the neutral condition (for bright, 2700 K 
and 5800 K: P < 0.10) and the cool thermal condition (for bright, 
dim and 5800 K: P < 0.05, for 2700 K: P < 0.10).

Taken together, the perceived light intensity was closest to neu-
tral for the thermoneutral condition. Except for the bright light, the 
intensities were rated as most comfortable during the thermoneutral 
temperature compared to warm and/or cool. The ambient tempera-
ture affected the apparent warmth of light (with either a high or low 
CCT). Light is perceived to have a warmer color (tone) under higher 
ambient temperatures.

3.4 | Correlations between visual 
comfort and thermal comfort

Visual	 comfort	 (VC)	 is	 correlated	with	 thermal	 comfort	 (TC)	 (cor-
rected for ambient temperature (βVC	= 0.466, P < 0.001) and cor-
rected for the light session (βTC = 0.178, P < 0.001)). Correlations 
between the change in perception of light and temperature revealed 

that the difference in visual comfort (Δ	 Visual	 Comfort)	was	 also	
associated with the change in thermal comfort (Δ Thermal Comfort) 
(Table 3). The correlations per temperature separately show a sig-
nificant relation during the cool (Figure 9) and during the warm 
condition (Table 3). There was no significant relation during the 
thermoneutral condition (Table 3). Also, the apparent warmth of the 
light color tended to be associated with thermal sensation (Table 3).

4  | DISCUSSION

The aim of this tightly controlled study was to investigate the inter-
action between ambient temperature perception and light percep-
tion. For each ambient temperature, it was analyzed if light exposure 

F IGURE  5 Thermal comfort plotted against thermal sensations of study 1 and study 2. (A) Data used from individual votes. (B) Mean per 
temperature and light exposure (mean ± SEM)

F IGURE  6 Self- assessed shivering during the cool condition 
(mean ± SEM). Significant differences between the 2700 K and 
5800 K light session are indicated as follows: # < 0.10, * < 0.05
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affected temperature perception. Only self- assessed shivering was 
significantly influenced by light exposure. In this study, there were 
no significant indications that thermophysiological parameters (skin 
temperature, CBT, and energy expenditure) explained the light- 
induced changes in self- assessed shivering. The effects of ambient 
temperature on visual perception were less ambiguous: Higher am-
bient temperature resulted in a warmer perception of the color of 
light. Also, the perceived light intensity was closest to neutral (not 
being dark or bright) during the thermoneutral temperature as com-
pared to the cool or warm ambient temperature condition. Finally, 
thermal comfort and visual comfort ratings were correlated. This 
implies that thermal comfort can be influenced by modulation of 
visual comfort rather than by specific physical light characteristics. 
However, light conditions that are experienced as visually comfort-
able differed significantly between participants. This highlights the 
importance to take into account individual differences in follow- up 
studies and the design of indoor environments. The results make it 
worthwhile to explore whether thermal comfort decrements can 
be mitigated by increasing visual comfort (i.e, by adapting lighting 
conditions).

4.1 | Effect of light exposure on thermal perception

No consistent effects of light CCT or light intensity on thermal sen-
sation and thermal comfort were observed for the different ambient 
temperatures.	We	could	not	confirm	the	hypothesis	that	a	warmer	
color of light leads to a higher thermal sensation. During the cool 
thermal condition, self- assessed shivering was higher for the high 
CCT as compared to the low CCT. The direction of this effect fits the 
hue- heat hypothesis that a more blue- rich spectrum is associated 
with a cooler sensation. However, this effect was not reflected in the 
thermal sensation votes during the 5800 K session, which did not 
significantly differ from thermal sensation during the 2700 K ses-
sion. Still, we observed that the difference in perceived light color 
between light sessions tended to be correlated with the difference 
in thermal sensation (for the cool condition). Higher color saturation 
toward the blue or the red end of the spectrum may be required to 

evoke stronger associations toward a cool or warm thermal environ-
ment. This could explain why participants in aircraft simulation stud-
ies28,29 felt significantly warmer under yellow compared to blue light 
for the same ambient temperature. The application of (nonwhite) 
light with a high color saturation may, however, be less suitable for 
office environments due to the poor color rendering.

It is worth to note that the combination of the intensity and the 
CCT of white light can influence the light perception and thereby 
can influence hue- heat effect. The Kruithof curve suggests that light 
with an intensity of 55 lux and a CCT of 2700K can appear too dark 
or cool, while, at higher intensities (>150 lux), its color rendition can 
become unnatural.30 Therefore, it could be that even though the per-
ceived color significantly differed between the 2700 K and 5800 K 

F IGURE  7 Perceived light intensity 
per temperature condition for each light 
exposure (mean ± SEM). Statistically 
significant effects of temperature 
condition are indicated *P < 0.05 and 
**P < 0.01

F IGURE  8 Perceived color of the light exposure for the 2700 K 
and 5800 K light exposures, ranging from “a very cool color” till “a 
very warm color” (mean ± SEM). Statistically significant effects of 
temperature condition are indicated *P < 0.05 and **P < 0.01
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sessions, this difference in perceived color was too small to affect 
thermal sensation or thermal comfort. The light intensity can influ-
ence the hue- heat effect, but the literature is not conclusive in this 
respect.6,7 Unfortunately, not all studies testing the hue- heat hy-
pothesis reported the light intensity that was used during the exper-
iments.31 Also, the duration of exposure could play a role, as, in the 
aircraft studies, the effect was measured after only 10 min of light 
exposure.28,29 In the current study, the duration of the light exposure 
was 225 min (three times 75 min) and preparations were done under 
the same light conditions. A noticeable visible change in light color 
and the apparent warmth of light may be needed before thermal sen-
sation is affected. A review of five studies indicates that there is no 
consistent time of day effects in the effect of light intensity on ther-
mal sensation.5 However, it cannot be excluded that the time of the 
day might still play a role in the effects of light on thermal sensation.

In the current study, there were no indications that the light- 
induced changes in thermal perception were related to changes 
in body temperature. There was no physiological explanation for 
a higher self- assessed shivering during the 5800 K exposure. The 
cool condition was the most uncomfortable thermal condition, and 
the 5800 K light exposure was perceived as the most uncomfort-
able light exposure. The high level of unpleasantness may have re-
sulted in higher levels of arousal,32 thereby increasing sensitivity for 
shivering.

The most interesting result of this study was the significant rela-
tion between visual comfort and thermal comfort. Under the same 
thermal conditions, the change in comfort between sessions was 
related to the change in visual comfort. This implies that thermal 
discomfort could be alleviated by changes in light conditions that 
improve (subjective) visual comfort, or, stated differently, that light 
conditions with a poor visual comfort could have a negative effect 
on thermal comfort. Baniya et al., 2016, also observed the highest 
thermal comfort ratings for the light condition that was perceived 
as being visually most comfortable.7 In the current study, the ambi-
ent temperature influenced the effect of light exposure on thermal 

comfort; the correlations between Δ visual comfort and Δ thermal 
comfort were only present during the cool and warm condition, not 
during the thermoneutral condition. This suggests that some kind 
of (thermal) discomfort is required for the interaction between the 
change in visual and thermal comfort. Since the pleasantness of a 
certain CCT of light depends on the illuminance,30,33 the combina-
tion of CCT and light intensity may play a crucial role in improving 
thermal comfort. Additionally, the preferred light conditions will de-
pend on the light distribution and on the light source being an elec-
tric light or daylight.34

Currently,	HVAC	systems	consume	about	50%	of	the	building	en-
ergy use, while 17%- 33% is used for conventional lighting.11	When	
light settings can be used to expand the range of acceptable indoor 
temperatures, this will reduce the energy demand of heating and 
cooling installations. This allows to reduce building energy use, es-
pecially when energy- efficient light sources, such as LED’s, are used. 
Incandescent or halogen light sources dissipate heat and are not very 
energy- efficient.35 Fluorescent lighting and LED lighting are much 
more energy- efficient, while current LED systems provide unprece-
dented opportunities to tune the light spectrum and intensity, thus 
enabling for a wide range of variations in light settings that can in-
crease (visual) comfort.

4.2 | The effect of thermal perception on 
visual perception

Interactions between comfort votes also appear to work for visual 
comfort for the different thermal conditions; if the temperature 
was perceived as more comfortable, the light conditions were also 
rated as being more comfortable. Highest visual comfort votes 
were obtained during the neutral temperature (thermally most 
comfortable condition). Also, light intensity was perceived as clos-
est to neutral (neither being dark or bright) during the thermoneu-
tral condition.

TABLE  3 Correlations between the change in visual perception 
and thermal perception

Δ visual comfort and Δ 
thermal comfort

Δ perception light color 
and Δ thermal Sensation

ΔBright-Dim and Δ2700K-5800K ΔDim-Bright and Δ2700K-5800K

R or β P- value R or β P- value

All 0.29 0.001 0.13 0.087

Cool 0.52 0.002 0.25 0.173

Neutral 0.13 0.467 0.04 0.831

Warm 0.34 0.047 0.20 0.258

Results are presented for all ambient temperature conditions together 
(All) and per temperature condition. The mean Δ	 Visual	 comfort	 for	
bright- dim and 2700 K- 5800 K was positive and therefore used for the 
analyses. The mean Δ perceived light color was positive for dim- bright 
and 2700 K- 5800 K. Correlations with a P- value <0.10 are indicated in 
bold.

F IGURE  9 Δ	Visual	Comfort	and	Δ Thermal Comfort during 
the cool condition between each participants’ two light exposures 
either Δbright-dim for study 1 (black dots) or Δ2700K-5800K for study 2 
(gray squares)
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There was a consistent effect of the ambient temperature on 
light color perception; during higher ambient temperatures, the 
color of light was perceived as being a warmer color. As a result, the 
5800 K exposures (bluish) were perceived as the coolest color and 
the least comfortable during the cool condition. The preferred light 
color also depended on the ambient temperature; for the cool con-
ditions, participants preferred a lower CCT compared to the warm 
conditions. Similar results were obtained in the study of Nakamura 
et al, where participants rated the low CCT as most comfortable 
during the lowest temperature, while the highest CCT was most 
comfortable during the high temperature.36 Although the hue- heat 
hypothesis was not confirmed in this study, the ambient tempera-
ture did affect the apparent warmth of light.

4.3 | Implications and study limitations

The current experiments were carried out in a well- controlled 
laboratory setting. The advantage is that the effects of (light) in-
terventions can be monitored carefully. However, field studies are 
required to test whether the correlation between visual comfort 
and thermal comfort is also present in daily life environment and 
whether the results are practically relevant. Only young healthy 
females participated in the current study, while different results 
may be obtained for males and older adults. Finally, the various ex-
perimental sessions in this study were scheduled over a one- year 
period and hence carried out in different seasons. Thermal and 
visual perception may be affected by summer or winter. The effect 
of season was reduced, because we used within- subject statistics 
and all participants had their two sessions within a period of three 
weeks. Moreover, to reduce the effect of previous ambient condi-
tions, all participants arrived at the laboratory the evening before 
the experiment.

5  | CONCLUSION

Using the study results, we conclude that visual perception and 
thermal perception affect each other. Self- assessed shivering under 
cool ambient temperatures was higher for a high CCT. In the current 
study, this effect of light exposure on thermal perception was not 
mediated via thermophysiology. Although the hue- heat hypothesis 
was not confirmed, there seems to be a relation between visual and 
thermal comfort; higher visual comfort levels were correlated with 
higher thermal comfort votes. The visually most comfortable light 
condition strongly differs between participants. Therefore, it would 
be interesting to explore the influence of self- chosen light set-
tings on thermal comfort in future studies. Concerning the effect 
of ambient temperature on light perception (in all light conditions 
apart from dim light), light consistently was perceived as having a 
warmer color for higher ambient temperatures. Interestingly, a bet-
ter thermal comfort resulted in higher visual comfort ratings and a 
perceived light intensity closer to neutral (Figure 10). Further (lab-
oratory) studies on the perception of light or temperature should 

take into account that other environmental factors can significantly 
influence these perceptions. More importantly, the interactions be-
tween visual and thermal comfort can enable new strategies to im-
prove indoor environmental workplace satisfaction, reduce building 
energy consumption, and create healthy buildings.
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