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Abstract

Correlated Colour Temperature (CCT) of lighting may affect not only occupant visual perception, but also
other indoor environment perceptions, such as perceptions of the thermal environment or the air quality.
This study aimed at quantifying the association between CCT of white LED lighting and subjective
perceptions and performance at operative temperatures at the upper and lower borders and in the middle
of the comfort range.

Higher CCT was significantly associated with decreasing thermal sensation, but only at the thermally neutral
condition. Female subjects responded stronger to changes in CCT than male subjects. Under all
temperature conditions, CCT was clearly associated with the perceived brightness of the light, and at 22°C
also with the perceived air quality and with subjectively assessed alertness. CCT had no effect on the
measured performance of a d2 task.

At 22°C, the observed decrease in thermal sensation when CCT went from 2700 K to 6200 K was equivalent
to a difference in operative of 1.7°C. With an assumed neutral CCT of 4500 K (middle of range), a decreased
heating set point in an office building, corresponding to an equivalent shift in CCT from 4500 K to 2700 K,
resulted in a reduction of around 8% of the building’s total annual energy use. However, this assumes ideal
conditions without influence from daylight, light from PC monitors, or coloured surfaces and other
potentially disturbing factors.
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1. Introduction

New LED technology that allows for control of illumination in terms of the CCT and illuminance intensity is
currently being introduced widely in buildings. In addition to being energy efficient, LED lighting
characteristics may affect both occupant visual perception and other subjective attributes of the indoor
environment. However, knowledge on the influence on humans of interacting indoor environment
exposures is not well established, although some studies did explore how humans reacted to simultaneous
exposure to thermal factors, air quality, lighting, or noise [1-6].

One potential interaction is the association between colour and thermal sensation, which has been a
recurrent research topic during almost a century [7-11]. These studies used a wide range of methods to
expose subjects to different colour schemes without being able to document unambiguously an association
with thermal sensation. Based on their experiments in which blue, red, and white colours were projected
on a surface, Houghten et al. [8] speculated that a subject’s psychological responses might affect his
physiological responses to such an extent that he could be comfortable in a lower temperature because of
the colour effect. However, Berry [9] did not find any change in the levels of heat subjects would tolerate as
a function of the colours of illumination. Fanger et al. [10] exposed subjects to extreme blue at 150 lux and
extreme red at 190 lux at two noise levels (40 dBA and 85 dBA) and found that subjects preferred a slightly,
but statistically significant, lower ambient temperature amounting to 0.4°C in the red than in the blue light.
Greene and Bell [11] examined the possibility of wall colours mediating thermal comfort and found that
colour influenced personal comfort and perceived environmental quality, but not the perceived



temperature. The inconclusive findings of these early studies may be caused by different modes of
exposure ranging from touching objects of different colour to rather extreme changes of the colour of the
lighting [7,10].

Recent studies that seem more relevant for modern lighting applications, and for the study reported in this
article, provided similarly inconclusive results. Hibner et al. [12] found that thermal perception varied
significantly between CCT at 2700 K and 6500 K when temperature was decreasing from 24°C to 20°C, but
not when the temperature was increasing in the same range. Despite challenges to control accurately the
chamber temperature, this study supported the hypothesis that lighting characteristics may affect thermal
perception and comfort. In addition, general acceptance of the chamber environment was the variable that
most clearly and significantly depended on the CCT. In contrast, Baniya et al. [13] found no association
between light source CCT and thermal sensation or comfort in their study in a test chamber with
controllable LED lighting. In this study, subjects were exposed to three CCTs at 2700 K, 4000 K, and 6200 K
at two temperature levels of 20°C and 25°C. In a simulated aircraft environment, Winzen et al. [14] exposed
subjects to light at low illuminance (compared to an office setting) ranging from 124 lux to 223 lux and let
the subjects fill in questionnaires on pocket PCs. Despite the potentially disturbing influence of light from
the PC screens, the study found that the temperature perception was significantly lower in a room with
blue light than in a room with yellow light. At the same time, the air was perceived as better and fresher in
blue light and participants felt more alert than in yellow light. In a related study, Albers et al. [15] used a
mock-up of an aircraft and found that lighting influenced subjective well-being.

In addition to perceptual responses, a range of physiological responses have also been associated with CCT
or other colour characteristics of the environment. These include blood pressure [16], rectal temperature
[17] melatonin suppression, attenuation of evening decline of core body temperature, and increased heart
rate in light at 460 nm as compared with 550 nm [18]. It has also been suggested that light at low CCT may
decrease central nervous system activity [19] and oppositely that very low-intensity blue light may increase
objective alertness as measured by reaction time and EEG during prolonged nighttime performance testing
[20]. In their comprehensive literature review, Souman et al. [21] noted that increasing the intensity of
polychromatic white light increased subjective ratings of alertness, though a substantial portion of the
studies failed to detect significant effects. Even fewer of the studies found significant effects of light on
reaction time.

As was also concluded by te Kulve et al. [22] several studies indicate that lighting exposure may be able to
alter subjective thermal sensation and comfort in controlled environment studies, although the effect has
not been consistent between studies. Table 1 summarizes exposure modes and findings from the
referenced studies on the association between colour and thermal perception.

Study reference Study location Sample size Colour Effect of colour or
appliedto | CCT on thermal
perception
[7] Ohio, US 25 Objects No
[8] Pennsylvania, US 2 Screen No
[9] Virginia, US 25 Light No
[10] Lyngby, DK 16 Light Yes
[11] Colorado, US 144 Walls No
[12] London, UK 32 Light Yes




[13] Aalto, Fl 16 Light No
[14] Hamburg, DE 59 Light Yes
[15] Gottingen, DE 199 Light Yes
[23] Kansas, US 21 Goggles No

Table 1. Overview of exposure modes and outcomes of earlier studies dealing with the association between
colour or CCT and thermal perception.

Four of the 10 studies included in Table 1 found an association between colour and thermal perception
[10,12,14,15]. Common for these was that they used the CCT of the lighting as the main exposure variable.
Only the study by Baniya et al. [13] did not find that CCT affected thermal sensation or comfort. Thus,
although evidence in the literature is somewhat ambiguous, the referenced studies generally seem to
support the hypothesis that visual stimuli, in addition to parameters related with the body’s heat balance,
may affect thermal perception. If the hypothesis is supported it may indicate that controllable LED lighting
can expand the temperature interval that building occupants find comfortable and thereby reduce the use
of energy to heat and cool buildings. Also, current literature suggests that other perceptual responses and
performance-related metrics such as alertness may be influenced by the lighting in buildings, although the
evidence is not entirely conclusive [21].

This study attempted to quantify the association between CCT of white LED lighting and subjective
perceptions and performance at temperatures on the upper and lower boundary of the summer and winter
thermal comfort envelopes, respectively, and at a temperature optimal for winter comfort. In addition,
potential energy savings of the trade-off between adjustable LED lighting and heating set points were
estimated.

2. Methods

Experiments were carried out with human subjects in a controlled environment chamber at the Technical
University of Denmark (DTU). At constant room temperature, CCT was varied smoothly between plateaus
at a rate that was designed to be imperceptible to the subjects. Indoor environment perceptions were
assessed by questionnaires and the effect of the lighting exposure on subjects’ performance was evaluated
by a short standardized test.

2.1 Experimental procedure

When subjects arrived to an experimental session, they first acclimatized during 30 min in a room adjacent
to the test room. The acclimatization room had a neutral temperature around 22°C and a CCT around 3500
K. During the acclimatization period, they completed a questionnaire dealing with clothing composition,
anthropometric data, whether they used glasses or contact lenses, were suffering from common symptoms
like headache, blocked nose, irritated eyes, etc. They also indicated their sensitivity to high light intensity
and low or high temperature on five-point scales going from not sensitive to extremely sensitive. Before
each experiment, the subjects were told approximately what to wear to obtain a clothing insulation of 1 clo
at 19°C and 22 °C and 0.5 clo at 27 °C. They also had to list their garments in the preliminary questionnaire
and a picture was taken of their outfit the current day.

After acclimatization, subjects entered the test room and were seated at one of four desks. During the
exposure period of 1.5 hrs they completed six questionnaires and three d2 performance tests (Figure 1).
The subjects had five minutes to answer a questionnaire and five minutes to complete the performance



test. During these periods, the CCT was kept constant. Between questionnaires and performance tests, the
subjects were entertained with newspapers and sudokus that were printed on eggshell coloured paper.

Figure 1 around here
2.2 Subjects

Forty-four paid subjects (16 female and 28 male) participated in the experiments. They were mostly
students recruited by posters at the university and through social media. The aim was an equal gender
distribution, but fewer female than male subjects signed up reflecting the gender composition at the
university (Table 2). All subjects were from northern or central Europe, had normal eyesight and were not
colour blind as documented with the Ishihara colour perception test [24]. Prior to their first experiment,
subjects participated in an introduction session presenting the experimental procedure, the questionnaires
and the performance test. Also, they were tested for colour blindness and instructed on which clothing to
wear during the experiments at different temperatures. Subjects were told that the purpose of the study
was to investigate the influence of the indoor environment on occupant perceptions and they were thus
blind to the real purpose of the experiments.

All subjects participated in experiments at 19°C and 27°C (one subject did not show up under each of the
two conditions) and half of them participated in the experiment at 22°C. Three experimental sessions were
conducted per day (9-11, 12-14, 15-17) and a subject was assigned to only one time slot to minimize the
influence of the circadian rhythm on the perception of the lighting. Table 2 shows anthropometric data of
the subjects and how many took part in each of the three experimental conditions at 19°C, 22°C and 27°C.
All subjects gave their informed consent to participate in the experiments.

Niot Age (years) Height (m) Weight (kg) Nig N> Ny
Female 16 24.9 (6.2) 1.70 (0.07) 63.4 (9.0) 16 8 15
Male 28 23.1(2.3) 1.85 (0.06) 80.3 (9.6) 27 15 28
All 44 23.8(4.2) 1.79 (0.10) 75.2 (12.4) 43 23 43

Table 2. Experimental participation and anthropometric data for the subjects. Numbers in parentheses
indicate standard deviations.

2.3 Experimental conditions

In balanced order, subjects were exposed to CCTs that nominally varied from 2700 K to 6300 K and back to
2700 K or from 6300 K to 2700 K to 6300 K. The lighting control solution Casambi was used to program the
lighting animations from a Bluetooth connected application [25]. The application controlled a sequence of
connected scenes with pre-defined CCT and lighting intensity. The lighting animations connected all the
created scenes, fades and waits. Fade indicates the time it took to change from one scene to the next. The
rate of change of CCT was adjusted according to the corresponding reciprocal colour temperature (RCT) to
take into account the chromatic sensitivity of the human eye [26]. The procedure for composing the
lighting animations was:

1. RCTs for all scenes were calculated
2. The RCT-difference between adjacent scenes was determined

3. Individual RCT-differences were divided with the sum of all RCT-differences to determine its relative
magnitude



4. The relative weights were multiplied with the total time allocated to non-steady CCT (total time
subtracted wait time) to determine the time step between two levels of constant CCT

Waits were included at the minimum, lower quartile, median, upper quartile and maximum RCT. During
waits, subjects completed questionnaires and performance tests.

Figure 2 shows the CCT schemes used during the experiments. The CCTs were measured after the lighting
animations were set up in the lighting control system, but prior to carrying out the actual experiments. The
luminous flux was adjusted so that the illuminance at desk level was around 1000 lux at all applied CCTs
(Table 3). This illuminance was double that recommended for office settings [27], but was selected based
on pre-tests to stimulate subjects’ visual system to the degree possible without being too extreme and
cause glare. Table 3 shows illuminance and corresponding Duv’s for the luminaires measured after the
lighting animations had been set up [28]. The measured CCTs did not span the entire range that the lighting
specifications indicated for the applied fixtures and therefore cut-off points at around 2750 K and 6200 K
were introduced in the lighting control system to facilitate reproducible lighting exposures between
experiments.

Figure 2 around here

Nominal CCT Duv Illuminance (lux)
(K)

2700 0.0013 1021

3000 -0.0010 1058

3600 -0.0030 1052

5000 -0.0005 1063

6300 0.0037 1067

Table 3. Duv and illuminance measured at desk level for each nominal CCT after the lighting animations had
been set up.

Figure 3 shows examples of the spectral distributions measured in the test room at the applied nominal
CCTs.

Figure 3 around here

Exposures included three different operative temperatures at the lower boundary of the category C winter
comfort envelope (19°C), at the winter comfort temperature (22°C), and at the upper boundary of the
category C summer comfort envelope (27°C) [29].

2.4 Test room and lighting setup

Experiments were carried out in a test room without daylight access and with the capacity to hold up to
four subjects. The lighting system in the room comprised nine fixtures mounted in the suspended ceiling at
the locations shown in Figure 4. Five of these were square fixtures (Philips RC464B LED80S/TWH PSD
W60L60 VPC PIP) used to illuminate mostly the area occupied by the subjects and four rectangular fixtures
(Philips RC464B LED80S/TWH PSD W30L120 VPC W) illuminated the wall in front of the subjects. These are
essentially the same luminaire that differed only in shape. The fixtures contained cold-white and warm-
white LEDs that could be dimmed separately to achieve the desired CCTs.

Figure 4 around here



The three walls in front and to the side of the subjects were covered with painted gypsum boards to ensure
uniform spectral properties. The wall behind the subjects was painted brick, the floor a light gray low-
polluting floor covering material (polyolefine) and the ceiling consisted of modular, acoustical ceiling tiles.
Table 4 shows the measured average spectral reflectance of the major surfaces in the room. These were
measured prior to the experiments with a spectroreflectometer based on an Avantes C3648 spectrometer,
a @ 50 mm integrating sphere and a halogen light source.

Surface Colour | Reflectance [%]
Walls (including door) | White 88
Ceiling White 84
Floor Gray 38
Tables White 83

Table 4. Average reflectance of the major surfaces in the test room.

Luminance images were captured with a TechnoTeam LMK Mobile prior to experiments and Figure 5 shows
the luminance distribution as seen from the position at the second desk from left in Figure 4. All four
subject locations had rather uniform and almost similar luminance distributions around 250-300 cd/m? at
desk level and between 125 and 250 cd/m? on the walls. The luminaires were mounted in the suspended
ceiling and were clearly visible to the subjects, although their main field of vision included mostly the wall
in front of them or the desks.

Figure 5 around here

The mechanical ventilation system that supplied air through the diffuse ceiling also controlled the room
temperature. The ventilation rate was kept constant during all experiments at 92 L/s corresponding to an
air change rate of 8.3 h™>. Room dimensions were 5.65 x 2.70 x 2.60 m°.

Physical measurements

Before and during each experimental session a series of measurements were carried out to monitor the
exposure conditions in the test room.

During the experiments, a SIM-2 spectral irradiance meter logged the lighting characteristics at 2 s intervals
[30]. The instrument measured illuminance and the spectral power distribution of the irradiance from 380
to 780 nm. From the spectral power distribution, chromaticity coordinates, colour rendering index, and CCT
were calculated. Prior to starting an experiment, measurements were made on the working plane to
validate an illuminance of 1000 lux regardless of the CCT. During the experiments, the instrument was fixed
at a position approximately 0.5 m below the square lighting fixture in the corner (marked with x in Figure
4).

Operative temperature, relative humidity, and air velocity were measured with the Vivo measurement
system from Dantec Dynamics [31] The Vivo Draught 20T31 transducer measures air velocity and air
temperature (range 0-1 m/s, 0-40°C; accuracy +2%), the Vivo Temperature 20T32 transducer measures
operative temperature (range 0 — 60 °C; accuracy £ 0.03 °C), and the Vivo Humidity 20T33 transducer
measures air humidity and temperature (range 0 — 100 %, 0 —45°C; £ 1 %, + 0.03°C). The surface
temperatures in the room were measured with an Elma 610A Infrared Thermometer (range -50 — 550 °C;
accuracy +1.0% £ 1.0 °C in the 20 — 300°C range).

All Vivo transducers and the Elma 610A Infrared Thermometer were used before the beginning of an
experiment to evaluate the possible difference in the thermal exposure between subjects. At each subject’s



position, the Vivo transducers were used at 0.1 m, 0.6 m and 1.1 m above the floor, corresponding to the
ankle, abdomen and neck level of a seated person [32]. In the unoccupied room four heated dummies, each
emitting 70 W to represent sensible human heat loss, were used during the pre-exposure measurements
(Figure 4). During the experiments, the operative temperature and the humidity were logged at 1 min
intervals at the center of the room 0.6 m above the floor.

The carbon dioxide concentration was measured with a Vaisala CO, transducer model GMW?22 (range 0 —
5000 ppm; accuracy * (2 % of the range + 2% of the reading)). The device was placed in head height on the
wall behind the subjects and it logged the CO, concentration at 5-minute intervals.

2.6 Subjective measurements

Subjects were asked to complete six identical questionnaires each containing 19 questions. The
guestionnaire focused on the subjects’ perception of the thermal- and visual environment, but also
guestions about the air quality and the noise level were included, in part to blur the purpose of the study.
An excerpt of the scales that were included in the questionnaire is included as supplementary material.

Questionnaires were printed on egg-shell coloured paper not to interfere with the subjects’ visual
adaptation.

Subjects were presented to three performance tests to measure their concentration ability [33]. The test
consisted of 14 rows of the characters d and p with one or two dashes above and/or below each character.
The task was to mark as many of the target characters as possible; the target character being a character d
with two dashes either above or below or one above and one below. A row should be completed in
maximum 20 seconds.

2.6 Data processing and analysis

For each exposure, environmental data was aggregated for the periods with waits. Questionnaire
responses were manually converted to spreadsheet format and then re-checked for consistency.

The d2 concentration performance was calculated as the number of correctly marked d2 characters
subtracted the number of distracting characters marked mistakenly; the numbers were totaled across all 14
rows.

We used mixed effects modeling (MEM) to enable inclusion of both fixed effects and random factors
(subjects) in the analysis (e.g. [34]). Associations between CCT and subject perceptions recorded on
interval scales, e.g. thermal sensation, were thus analyzed with subject as random factor and CCT and
gender as main effects and a term for the interaction between CCT and gender. The analysis was adjusted
for covariates including clothing insulation and measured mean operative temperature during the relevant
waits. Even though subjects acclimatized for 30 min at a resting condition prior to the experimental
exposure, a slight decrease in their mean thermal sensation during the experiment was observed. To adjust
for this, time (0 to 90 min) was included as a covariate in the model. This did not affect if an independent
variable was significant or not, but improved the log-likelihood of the tested mixed effects models. The
model included both random intercepts at subject level and random coefficients accounting for differences
in the effect of the CCT between subjects. Normality of residuals was checked in g-q plots

We used generalized estimating equations (GEE) in the analysis of data recorded on ordinal, categorical
scales to account for intra-subject correlation (e.g. [35]). Associations between CCT and perceptions with
more than two response categories were analyzed in Gaussian GEEs with identity link functions, also



adjusted for the effect of covariates, which for thermal preference included time in all analyses, measured
operative temperature and observed clothing insulation as well as the CO, concentration in the analysis of
the perceived air quality. Binary responses (fatigue and headache excluding don’t know responses (See
supplementary material) were also analyzed in GEEs, assuming a binomial distribution and logistic link
function. All models used an exchangeable covariance structure to account for intra-subject correlation
between questionnaires.

Based on subjects’ indication of their sensitivity to high or low temperature or high light intensity, dummy
variables were introduced with value 0 for those who answered they were not or only slightly sensitive and
1 for those who answered they were sensitive, very sensitive or extremely sensitive. This variable was used
in generalized linear mixed effects models to test if subjects’ sensitivity affected their thermal sensation,
preferred temperature or perceived brightness of the light.

Generalized linear mixed effects models were used to test associations between CCT and the d2
concentration performance. The order of appearance when a subject had been presented to a test (1-6 for
subjects participating in only two experimental sessions and 1-9 for the rest) was included in the model to
adjust for learning effects. The model also accounted for autocorrelation between the order of appearance
(learning) by estimating distinct variances for each within-group error. All analyses were carried out with
Stata IC version 12.0 (Statacorp, TX, USA).

3. Results
3.1 Environmental exposures

Table 5 shows that the nominal and measured CCTs were very similar, although the standard deviation
increased with the CCT. The CCT variability did not depend on the temperature and Table 5 therefore
includes measurements made under all temperature conditions

Nominal CCT (K) Measured CCT (K)
(mean % sd)

2700 2746+ 3

3000 2986+ 4

3600 3560+ 8

5000 4955 + 23

6300 6231 +31

Table 5. Nominal and measured CCT. sd indicates standard deviation of measurements repeated at fixed
lighting settings under all temperature conditions.

Figure 6 compares the operative temperatures measured in each experimental session with the
corresponding nominal temperature. In most experiments, the operative temperature increased slightly
from the beginning of the experiment before stabilizing after 15-20 min exposure. In general, however, the
temperature increase from beginning to end of the experiments was rather modest.

Figure 6 around here

Table 6 summarizes all environmental parameters across experimental sessions at each nominal
temperature. As Figure 6 also indicated, the measured and the nominal temperatures deviated only little,
which was an important requirement for the evaluation of the expected modest effect of CCT on subjects’
thermal responses. The clothing insulation was almost the same in the experiments at 19°C and 22°C, but
somewhat lower than the typical winter clothing insulation of 0.9 - 1 clo. At 27°C, the mean clothing



insulation matched fairly well the standard summer level of 0.5 clo. It was not possible to humidify or
dehumidify the supply air, but despite variations of the outdoor temperature and thus outdoor air
humidity, the relative air humidity in the test room decreased slightly with increasing temperature,
indicating that the humidity ratio was rather constant (approximately 4-5 g vapour/kg dry air). Due to the
high air exchange rate needed to maintain a stable temperature, the CO, concentration was generally low,
although at 27°C it was slightly higher than at 19°C and 22°C. The interior in the test room comprised low-
polluting materials, which, combined with a low CO, concentration, should promote a good air quality.

The highest measured mean air velocity was 0.15 m/s, but mostly the mean air velocity was below 0.10 m/s
and spatially uniform. The background sound pressure level in the test room was around 48 dB(A)
regardless of the experimental condition.

Nominal temperature 19°Cc" 22°C 27°C
Operative temperature (°C) 19.3+0.2 22.1 + 0.2 27.0 + 0.2
Relative humidity (%) 306 28+4 22+3
Clothing insulation (clo) 0.75 +0.10 0.76 £ 0.06 0.53+0.09
CO, concentration above 167 £ 54 171 +62 240 + 98
outdoors (ppm)

Y"Mean + standard deviation across experimental sessions at the listed nominal temperature
Table 6. Summary of environmental parameters measured in experiments at each nominal temperature.

3.2 Associations between CCT and subjective perceptions

Figure 7 shows that under all temperature conditions mean thermal sensation clearly depended on the
operative temperature and approximated slightly cool at 19°C, neutral at 22°C, and slightly warm at 27°C.
Figure 7 also indicates that the crude association between CCT and the mean of the thermal sensation and
the preferred temperature was rather weak. Thermal comfort varied with the temperature in a range
between comfortable and slightly uncomfortable. The association between thermal sensation and thermal
comfort did not depend on CCT. The air quality was perceived clearly better at 19°C than at 22°C or 27°C
(Figure 8). Possibly due to the high illuminance of 1000 lux, the light was generally perceived as bright, but
perceived brightness also increased with increasing CCT, regardless of the operative temperature in the test
room.

Figure 7 around here
Figure 8 around here

To monitor subjects’ perceptions from the beginning of the exposure, they completed the first
guestionnaire immediately after being seated in the test room. Responses recorded with this questionnaire
may therefore not reflect entirely the conditions in the room, as subjects likely were affected by the step-
change induced by the shift in environment from the acclimatization room to the test room. It was
therefore decided to exclude responses recorded with this questionnaire from the statistical analyses of the
association between CCT and subjective perceptions.

It is clear from Figure 7 that the temperature in the test room dominated the thermal sensation response
as compared with the CCT. It was therefore also decided to carry out statistical analyses separately at each
temperature level to minimize the confounding influence on the responses of the body’s heat balance.



Table 7 shows the results of the statistical modelling of thermal sensation, thermal preference, perceived
air quality, and perceived brightness.

19°C 22°C 27°C Model type

‘hermal sensation p Effect p Effect p Effect MEM
size size size

ccT 0.69 2.5-10° <0.01J -2.5-10" | 0.78 1.3-10”
Interaction CCT and gender* 0.96 3.6-10° <0.01 2.4-10" 0.42 -4.5-10-5
Gender** 0.02 0.93 0.11 -0.59 0.02 0.71
Time 0.01 -5.5-10° | <0.01 4 -8.7-10° | <0.01 4 -5.2:10-3
Measured operative temp. 0.48 -0.40 0.71 0.22 <0.014 -1.16
Clothing insulation 0.01 2.93 0.47 -1.33 0.62 0.57
‘hermal preference GEE
CCT 0.65 -2.0-10° | 0.01 4 1.9-10° | 0.86 8.2:10°
Interaction CCT and gender* 0.37 4.9-10° | <0.01 -2.6:10* | 0.96 2.6-10°
Gender** <0.01 -1.13 0.29 0.47 0.04 -0.65
Time <0.01 1 |7.810° |0.09 5.2:10° | 031 1.810°
Measured operative temp. 0.98 -0.012 0.46 0.48 0.09 0.72
Clothing insulation 0.01J -2.69 0.0.67 0.81 0.68 0.50
erceived air quality GEE
CCT 0.42 2.510° |<0.01 1 1.2:10° | 0.24 -3.7-10”
Time 0.54 1.2.10° |<0.01 4 1.2.10° |<0.01 4 6.7-10-3
Measured CO, 0.48 2.1-10° | 0.11 -3.8:10° | 0.15 -1.6:10°
erceived brightness MEM
CCT <0.01 1 |1.610° |<0.01 3.510° |<0.011 1.8-10"
Time <0.01J |-5510° |0.07 -4.6:10° | <0.01 4 -6.7-10°

J' means that dependent variable decreased with increasing independent variable

M means that dependent variable increased with increasing independent variable

* A significant outcome means that females’ thermal sensation decreased more with increasing CCT than
did males’.

** A significant outcome means that female subjects felt cooler than male subjects.

Table 7. Outcome in terms of significance levels (p-values) and effect sizes of the statistical modelling of
thermal sensation, thermal preference, perceived air quality and perceived brightness of the light.
Significant outcomes in bold.

Thermal sensation was significantly associated with CCT, but only at a temperature of 22°C where subjects
felt cooler at the higher than at the lower CCT. This was contrary to expectations as at 19°C and 27°C, on
the edges of the temperature comfort zone, there was no association between thermal sensation and CCT.
At 22°C the interaction between CCT and gender was significant indicating that females’ thermal sensation
decreased more with increasing CCT than did males’. Correspondingly, subjects preferred a higher
temperature with increasing CCT at 22°C, female subjects more so than male subjects.

At 22°C, the air quality was perceived as being fresher at high than at low CCT, but as for thermal sensation,
the temperature per se seemed to dominate the air quality response at 19°C and 27°C. The strongest
association with CCT was found for the perceived brightness, independent of the temperature in the test
room, and subjects generally perceived the lighting as brighter the higher the CCT. Time from the start of
the experiment was significantly associated with the dependent variable in most of the analyzed models,
but as subjects were balanced between the 2700K-6300K-2700K and the 6300K-2700K-6300K exposure




sequences, time was confounded with the CCT only at 3400 K, which subjects always were exposed to
during the second wait (Figure 2). Excluding this CCT from the analyses affected slightly the CCT effect
magnitude, but not the significance level.

Grouping subjects according to their self-assessed sensitivity to low or high temperature or to high light
intensity entailed that their distribution on the exposure sequences LHL and HLH was no longer balanced,
but between 43% / 57% and up to 30% / 70%. Also, only 23 subjects participated in the experiment at 22°C
meaning that the subgroups at this temperature consisted of 7 sensitive and 16 non-sensitive subjects. Yet,
at 22°C there was a weak tendency that subjects sensitive to low temperature responded stronger to the
change in CCT than the non-sensitive (p = 0.085, MEM) and voted progressively cooler with increasing CCT.
Likewise, those who were sensitive to high light intensity tended to prefer a higher temperature with
increasing CCT (p = 0.054, MEM). At 19°C and 27°C, there was no relation between subjects’ sensitivity to
low temperature and CCT. Sensitivity to high temperature did not affect thermal sensation or temperature
preference and sensitivity to high light intensity did not affect perceived brightness.

Subjects felt significantly more alert at high than at low CCT, but only at 22°C as shown in Table 8. This did
not affect the percentage of subjects feeling fatigue, which was independent of CCT. Also, alertness and
fatigue were independent of the operative temperature. The percentage of subjects feeling headache
increased significantly with CCT at all temperature levels (borderline at 22°C) indicating that the subjects
were negatively affected by the high CCTs. No association between the d2 concentration performance and
the CCT was found.

19°C 22°C 27°C Model type
p Effect p Effect p Effect
size size size

Alertness GEE

-CCT 0.63 1.5:10° | <0.014 | 1.1-10* | 0.44 2.6:10°

- Time 0.04J |-3.610° | 0.72 -8.1:10" | 0.29 -2.0-10°

Fatigue GEE - logistic
-CCT 0.28 6.9:10° | 0.08 1.4-10" | 0.37 4.2:10°

- Time 0.08 -6.4-10° | 0.13 6.7-10° | 0.14 -3.9:10°

Headache GEE - logistic
-CCT 0.02 ) |-2.5-10" | 0.05 1.7:10* | 0.02 -2.0-10™

- Time 0.97 2.5:10" | 0.23 <0.01 P |-1.410°

M means higher alertness or higher percentage of subjects feeling fatigue or headache with increasing CCT
or Time

J' means lower alertness or lower percentage of subjects feeling fatigue or headache with increasing CCT
or Time

Table 8. Outcome of the statistical modelling in terms of significance levels (p-values) and effect sizes of
alertness, fatigue and headache. Significant outcomes in bold.

4. Discussion

As was also suggested by Houghten et al. (1940), we expected that CCT would influence thermal sensation
mostly at temperatures on the boundaries of the comfort zone. This appeared to be a wrong assumption,
as a significant effect of CCT on thermal sensation was seen only at 22°C in the middle of the winter
comfort temperature range. This result is intriguing as potential modification of temperature set points in
buildings by controlling CCT would probably be more relevant around optimal comfort than on the edge of
the class C comfort zone corresponding to thermal sensations close to slightly cool and slightly warm [29].



Also, females felt colder than males at the same temperature and their thermal sensation seemed to
decrease faster with increasing CCT. The experiments were designed to attain mean thermal sensations of
10.7 and 0 on the seven point scale, but the outcome at the extreme temperatures was closer to -1.2 and
1.1 at 19°C and 27°C, respectively. It seems that at these temperatures visual, stimuli could not compete
with the overall body heat balance, which thus seemed to dominate subjects’ thermal sensation responses.
In correspondence with this, subjects generally preferred a slightly higher temperature at 19°C and a
slightly lower temperature at 27°C, regardless of the CCT. At 22°C the shift in thermal sensation caused by
the CCT also induced a change in the preferred temperature. At 27°C, thermal sensation decreased with
increasing mean operative temperature, although the temperature varied only in a rather narrow interval
between 26.5°C and 27.4°C. It is likely that this unexpected finding was caused by a progressively decaying
metabolic rate, which may have caused the subjects’ thermal sensation to also decrease.

Perceived brightness increased significantly with the CCT and in general, this was the response that most
clearly and consistently was affected by the CCT. This was in agreement with Laurentin et al. [36] and
several of the studies included in the comprehensive literature review by Fotios et al [37], although some of
the referenced studies also suggested that CCT was an insufficient metric for so-called spatial brightness. At
22°C, the perceived air quality improved with increasing CCT, even though the measured air temperature,
air humidity and CO, concentration varied only little within this temperature condition. The perceived air
quality differed more clearly between the three temperature conditions in the test room, confirming the
influence of the air temperature on the perceived air quality [38-40]. Overall, these findings suggest that
the different domains of the indoor environment interact to some degree, but that the strength of the
interaction varies with the domain and the type of perceptual outcome. However, as the human sensory
system integrates and processes a multitude of inputs, e.g. thermal, atmospheric, visual, and acoustic,
future design of buildings and their technical systems should aim at accounting better for these
interactions.

We purposely selected participants that were all from northern or central Europe with the purpose to
minimize the influence of differences in CCT customs between the temperate to cold northern climate
regions with a custom for “warmer” lighting and the warmer southern regions, where “colder” lighting
seems to be more common. Therefore, the findings of this study are limited to people accustomed to
lighting behaviors that may be more typical in temperate to northern climate regions.

Subjects who assessed themselves to be sensitive to temperature or light could possibly also be those who
responded stronger to changes in CCT. However, this hypothesis could not be verified, although some
indications of differences between the sensitive and non-sensitive subgroups were seen. As anticipated did
the subjects who were sensitive to low temperature generally feel cooler and prefer higher temperature
than the non-sensitive. However, the association between subjects’ sensitivity to temperature and their
response to changing CCT was not strong and never significant. Subjects were not recruited according to
their sensitivity and in particular, the grouping into sensitive and non-sensitive resulted in rather small
subgroups that were not balanced in relation to the sequence of CCT exposure. With the current study
design, subjects’ general sensitivity to indoor environment exposures could thus not explain the association
between CCT and thermal responses.

A rather high illumination of 1000 lux at desk level was applied, which was higher than in most of the cited
earlier studies that also detected effects of CCT on thermal responses (from 125 to 500 lux) [10,12,14,15].
Also, the general appearance of the test room was unusually clinical with large white surfaces, which, in
combination with the illumination, was expected to best stimulate responses to the changing CCT. If no



effect of CCT would be observed under these conditions, it is unlikely that more realistic conditions with
lower illumination, daylight, and differently coloured surfaces would elicit a response. Despite the high
illumination did subjects not note that the CCT was changing and they generally remained naive to the
purpose of and the exposure used in the experiments. The experimental conditions and thus the applied
CCT levels were determined based on the RCT. As a consequence, subjects were only exposed to a CCT of
3400 K early in the experiments and not after different experimental durations, as was the purpose of
exposing subjects to either the LHL or HLH sequences (Figure 2). This may have caused that subjective
perceptions of the thermal environment, air quality and lighting deviated somewhat from the general
trends at a CCT of 3400 K.

Banyia et al. [13] speculated that if the effect of CCT on thermal sensation and comfort was real and
persisted also outside well-controlled climate chambers, light source CCTs could be used to sustain energy
savings in buildings. Correspondingly, Hibner et al. [12] suggested that the use of light to impact on
comfort would be to reduce consumption of power in situations of high power demand. In this study and at
an operative temperature of 22°C, the association between CCT and thermal sensation was significant with
an effect magnitude of -0.000992 (scale units)/(K CCT). This was estimated as an average of females and
males and therefore the effect magnitude differs from Table 7 that includes also the interaction between
gender and CCT. The average effect magnitude corresponds to a difference in mean thermal sensation of
0.35 scale units between the minimum and maximum CCT applied in the experiments. This difference in
thermal sensation was converted to an equivalent difference in operative temperature using the PMV
model with a metabolic rate typical for office work (1.2 met), standard winter clothing insulation (1 clo), a
low air velocity (0.1 m/s) and a relative humidity of 28% as recorded during the experiments (Table 6) [41].
Calculations were made with the Berkeley thermal comfort tool and showed that a CCT of 2750 K at 21.2°C
should cause the same thermal sensation as a CCT of 6200 K at 22.9°C (Table 9) [42].

PMV 017 |0 -0.18
CCT(K) | 2750 | 4500 6200
t, (°C) 212 | 220 22.9

Table 9. Estimated difference in operative temperature equivalent to the observed difference in mean
thermal sensation between the extremes of the applied CCTs. Average for females and males.

Changing CCT from 2700 K to 6200 K at a comfortable temperature thus resulted in an equivalent
temperature difference of 1.7°C, considerably larger than the difference in directly determined preferred
temperature of 0.4°C as observed by Fanger et al. [10] when using red and blue light. In an attempt to
qguantify the potential energy savings of stimulating thermal sensation by use of CCT, we made a simple,
dynamic simulation of a room in a typical Danish office building and used as a reference a heating set point
temperature of 22°C at an assumed mid-range CCT of 4500K [43]. By changing the heating set point to
21.2°C at a CCT of 2750 K with an unchanged mean thermal sensation, a reduction of around 8% of the
building’s total annual energy use was found when the building was located in a cool temperate climate
(Denmark). However, in practice this reduction in energy use will be smaller due to the influence of
daylight, light from computer monitors, a more diverse colour scheme in offices, and the general
uncertainty if the effect of CCT on thermal sensation will persist also during sustained periods of time.

Subjects felt more alert in high than in low CCT, but only at 22°C. This was in agreement with Souman et al.
[21] who reported that in a majority of their reviewed studies, polychromatic white light increased
subjective alertness, although a substantial proportion of the studies for different reasons failed to
document the effect. Mostly, the studies referenced by Souman et al. [21] reporting significant effects on
subjective alertness of the CCT were carried out in the evening. Our exposures were limited to mornings or



afternoons, as defined by Souman et al., when melatonin levels are low and CCT may be less likely to affect
alertness. At 19°C and 27°C, the percentage of subjects reporting headache increased with CCT. The higher
self-reported alertness at 22°C in the current study was not reflected in the objectively measured
performance, which was unaffected by the CCT.

In summary, the main finding of this study was that CCT was associated with thermal sensation, not at the
border of the comfort zone as expected, but at a condition close to thermal neutrality. This finding relied on
subject exposures in a rather clinical environment and with a high lighting intensity and therefore it may
have statistical more than practical relevance. To estimate if the interaction between lighting
characteristics and thermal sensation can be used in practice to save energy in buildings, further studies
that include daylight, light from PC monitors and other disturbing effects should be carried out.

5. Conclusions

Carefully controlled experiments were carried out with human subjects exposed to CCT in a range that
currently can be achieved with controllable, white LED lighting and at operative temperatures at the border
of and in the middle of the comfort range.

CCT was associated with thermal sensation at the thermally neutral condition, but not when subjects felt
slightly cool or slightly warm. The reason could be that the heat balance of the body dominated the thermal
response when subjects were not feeling neutral. Female subjects responded stronger to changing CCT
than male subjects. Also, there was a weak tendency that subjects who were sensitive to low temperature
responded stronger to changes in the CCT.

CCT was clearly associated with the perceived brightness of the light, regardless of the applied operative
temperature, and at 22°C also with the perceived air quality. At this temperature, the air was perceived as
being fresher with increasing CCT.

At 22°C, subjects felt more alert with increasing CCT, but this did not affect their objective performance as
measured with a standardized task.

An equivalent temperature difference of 1.7°C corresponding to the shift in thermal sensation when CCT
went from 2750 K to 6200 K at a constant operative of 22°C was found. Shifting the heating set point in an
office building by one-half of this difference, from a neutral CCT to the lowest CCT applied in this study,
resulted in a reduction of around 8% of the building’s total energy use. However, this simulation result
assumed ideal conditions without considering influence from daylight, light from PC monitors, or coloured
surfaces and other potentially disturbing factors.
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Figure captions

Figure 1. Timeline displaying the chronology of questionnaires (Q) and performance tests (P) during
the 90 min exposure period.

Figure 2. CCT schemes used during the experiments. The values in the figure are based on
measurements made after the lighting animations were set up, but prior to carrying out the
experiments. The dots indicate a scene and the connecting lines indicate fades and waits.

Figure 3. Spectral distribution of the light in the test room at nominal CCTs of 2700 K, 3000 K, 3600 K,
5000 K, and 6300 K.

Figure 4. Location of the lighting fixtures in the suspended ceiling and subjects’ position in the test
room (marked by the barrel-shaped dummies). Lines from the top of the dummies indicate the view
direction.

Figure 5. Luminance distribution at the position of the second desk from left (Figure 4).

Figure 6. Comparison of nominal operative temperatures and temperatures measured in each
experimental session. Top: 19°C; middle: 22°C; bottom: 27°C.

Figure 7. Mean thermal sensation (left) and preference (right) as function of CCT and nominal
temperature. Error bars indicate standard deviations. Abscissae shifted slightly to show error bars
(jitter).

Figure 8. Mean perception of the air quality (left) and brightness of the light (right). Error bars
indicate standard deviations. Abscissae shifted slightly to show error bars (jitter).

SM1. Excerpt of the applied questionnaire scales.



Highlights

Increased correlated colour temperature significantly decreased thermal sensation at a neutral operative
temperature, but not at operative temperatures on the border of the temperature comfort zone

Increased correlated colour temperature increased the perceived brightness of the light and at 22°C also
improved the perceived air quality and caused subjects to feel more alert.

The observed shift in thermal sensation corresponded to a reduction of around 8% of a building’s total
annual energy use.



