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This paper explores human observer preferences for various sky-like interior
lighting scenarios realized by a combination of a blue-enriched indirect uplight
component with a correlated color temperature (CCT) of 6,500 K up to 30,000 K
and a 4,000 K or 5,500 K direct downlight component. Variations in the natural sky
weremimicked by the indirect uplight component reflected from the ceiling of the
experimental room. The settings for the direct lighting component, on the other
hand, were selected based on the reported outcomes of previous preference
studies in the field of interior lighting. The resulting lighting conditions were
evaluated by a total of 29 observers, from which subjective ratings of brightness,
sky-likeness, satisfaction, pleasantness, and general appeal were collected in an
office workplace environment. In this experimental setting, the most preferred
lighting conditions exhibited a direct-to-indirect lighting ratio of 50:50 with a CCT
of 4,000 K in the direct component and 6,500, 7,500, and 9,000 K in the indirect
component. For all examined combinations, none was rated as truly sky-like.
Nonetheless, the study results showed that only the combination of a warmer CCT
in the direct component and a cooler, blue-enriched CCT in the indirect lighting
component leads to a maximum in the subjects’ preference ratings. In summary,
the subjects preferred light settings with a white appearance on the work surface
without any intense or noticeable blue cast or tint.
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1 Introduction

In today’s modern society, people spend most of their working hours in indoor
environments. Hence, in recent years, the development and planning of proper interior
lighting strategies have become an increasingly vital part of the architectural design process.
As shown in the literature, lighting in general has a non-negligible impact on the wellbeing,
fatigue, vitality, and mental health of human recipients (Mills et al., 2007). In addition, the
visual system of humans has evolutionarily adapted to dynamic changing sunlight, whereby
dynamic light settings help maintain the circadian rhythm of humans (Engwall et al., 2015;
Wang et al., 2022).

The aim of this research is to transfer the behavior of the sky to the interior. A study was
conducted to address the following research questions: can the sky be mimicked with
pendant luminaires involving a blue-enriched ceiling light in offices? What difference in
direct and indirect color temperatures is preferred by subjects? To answer these questions, a
subject study was conducted with eight correlated color temperatures (CCTs) in the range of
6,500–30,000 K to illuminate the ceiling combined with 4,000–5,500 K for the radiation
toward the desk. The downward illuminating component has two purposes: first is to
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simulate the direct sunlight and the more important second purpose
is to shift the overall color temperature toward a general preferred
range of up to 6,500 K vertically at the human eye (Boyce and Cuttle,
1990; Fotios, 2017). Furthermore, two variating ratios between the
luminaire parts for upward illumination to the ceiling and radiation
direct to the desk are discussed. The researched ratios are 30%/70%
and 50%/50% for down- and upward irradiance, respectively. The
research questions are targeted in a subject study with overall
32 light settings and the aid of a questionnaire.

In the following chapters, the state-of-the-art research, study
design, evaluation, and discussion are introduced in greater detail.

2 Fundamentals

This section introduces the fundamentals and the state-of-the-
art research in this field. For creating a preferred light setting that
can mimic the sky, multiple research fields are depicted. At the
beginning, the general preferred illuminance and CCT for office
lighting are explained as general satisfying ground truth.
Furthermore, the sky parameters under multiple conditions, such
as clear, cloudy, overcast, and dusk, are explained, which include the
prevailing CCTs, the measurement times, and locations. This
information forms the fundamental that is transferred into the
interior. Due to the maximum sky CCT of up to 100,000 K, the
following section discusses the literature for blue-enriched light for
indoor illumination and the satisfaction. As the last component of
this section, the research on indirect and direct radiating light and
the preferred ratio is discussed to assign the blue-enriched sky CCTs
to pendant luminaires within a room.

2.1 Preferred correlated color temperature
and illuminance

Acceptable light levels for visual task fulfillment can be achieved
by a illuminance of 500 lx (according to DIN EN 12464-1). However,
for evoking a maximum preference of a specific light setting, an
illuminance of rather 850 lx up to 2,000 lx is needed (Boyce, 1970;
Begemann et al., 1997; Manav, 2007; Khanh et al., 2019; Aryani et al.,
2020). Nonetheless, unidimensional measures of the light level, such
as illuminance, are usually not sufficient for adequately modeling
and predicting human light preferences. Instead, the spectral
composition of the lighting conditions must also be taken into
account. From a practitioner’s point of view, information about the
spectral features of white light sources is usually encoded in terms of
appropriately assigned CCTs. Starting in 1941, with the seminal
work of A. A. Kruithof (1941), who proposed the first graphical
representation of the preferred combinations of illuminance and
CCT for interior lighting, many researchers of the following
generations have tried to further explore the relationship between
these combined impact factors and human preferences in lighting.

Baniya et al. (2015), for example, examined the preferred
combinations of illuminance and CCT for different ethnic groups
in an office lighting scenario using tunable white light-emitting
diode (LED) luminaires. Nine different lighting presets were
assessed by a total of 53 human subjects of European (20), Asian
(20), and African (13) ethnicities. Pleasantness for European people

was in general at 4,000 K and for Asian people at 5,000 K. In
conclusion, the CCT can be selected in a broader range and can
depend on further parameters with regard to subjective preferences.
Likewise, they described that the combination of the illuminance
and CCT has an important impact on the perceived illuminance.

With respect to the CCT, light is perceived brighter with a higher
CCT (Baniya et al., 2015). Fotios (2001) suggested that not only the
color temperature but rather the combination of color temperature
and color rendering is a better measure of the perceived brightness
(Dikel et al., 2014). Boyce and Cuttle (1990) described in their
experiment that for fully adapted people, the CCT between
2,700 and 6,300 K is negligible for user preferences. Similarly,
Fotios (2017) described that the CCT in the range of
2,500–6,500 K for a pleasant light setting is insignificant in most
of the investigated papers in the review. They also found that
illuminances below 300 lx should be avoided, and illuminances
above 500 lx are recommended. Further studies revealed that a CCT
of 4,000–5,000 K is preferred in most scenarios (Shamsul et al., 2013;
Yang and Jeon, 2020).

Finding a comprehensively preferred light setting for all user
groups is difficult. Lok et al. (2018) described that the alertness effect
of light from different studies is reported as inconsistent and
concluded to be rather on an individual and subjective scale.
Thus, color temperature should be chosen based on the
subjective scale scores and the users’ opinion (Kazemi et al., 2018).

In a long-term study for office environments, Mills et al., (2007)
investigated the effects observed within an intervention group
exposed to highly blue-enriched 17,000 K fluorescent lamps with
a horizontal illuminance on the reference surface of 311 lx and
compared them to a baseline control group exposed to a standard
2,900 K lighting condition with approximately the same illuminance
for a total duration of 14 weeks. Their study showed that the
intervention group rated the lighting conditions as tolerable
while, at the same time, experiencing an improved wellbeing.
Similar results were reported by Viola et al. (2008). In a
crossover study that investigated the effects of different lighting
scenarios in the office environment, the same 104 subjects were first
exposed to a 17,000 K fluorescent lighting condition at 310 lx for
4 weeks and then, for another 4 weeks, to a 4,000 K control
condition at 421 lx. Overall, it could be shown that measures of
alertness, positive mood, performance, and evening fatigue were
improved when exposed to the blue-enriched, higher CCT
condition. These two experiments indicate that even much
higher-than-standard CCTs are tolerated in office working
environments with incoming sunlight while, at the same time,
improving physiologically and psychologically relevant measures.
Moyano et al. (2020b) revealed that blue light, even 10 cm in front of
a laptop, tablet, or smartphone compared to a summer day, will not
cause blue-light hazard since the mean irradiance is 0.0775 Wm−2

compared to 25 Wm−2. These findings were also confirmed by
Bullough et al. (2019) and Moyano et al. (2020a) for indoor LED
lighting.

2.2 Sky conditions

For the design of good interior lighting, the impact of sunlight
on the overall indoor lighting conditions must be considered
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explicitly. Natural sunlight has varying color temperature conditions
and brightness levels due to the time of day, season, location,
orientation, and cloud conditions (Chain et al., 2001). According
to a literature review by Hernández-Andrés et al. (2001), the most
frequently observed CCTs for clear sky conditions showed a
consistent range of 5,555–5,882 K. The CIE, on the other hand,
defined a spectrum with 6,500 K (D65) as natural daylight. Table 1
gives a literature overview of different studies regarding sky
conditions, their measurement time frame, and the location and
the corresponding CCTs. The measurements reflect the sky and not
directly the sunlight. Furthermore, the full range of the
measurement is provided in addition to the most occurring CCT,
which most papers use. With the full range of CCT, the wide variety
of color temperatures during the day can be shown. For different sky
conditions, the lower bound is similar to the most frequent CCTs,
and the upper bound differs as follows: clear sky: 5,500–100,000 K,
cloudy: 4,864–26,728 K, overcast: 3,758–34,572 K, and dusk:
1,400–12,800 K. Note that the condition categories and the
classification of the single measurements of the different sky
conditions are not standardized and lead to variations. Another
important finding related to the interplay between illuminance and
CCT is the variance in illuminance and CCT changes due to the sky

condition: a large variation in CCT leads to a small illuminance
variation and vice versa (Nayatani and Wyszecki, 1963).

The following statements can be derived from the currently
available literature: illuminance is the main driver for preference. A
horizontal level of at least 500 lx should be achieved. For interior
lighting, a CCT of 4,000 K–5,000 K is preferred on average. It should
be noted that the actually preferred CCT varies over a much wider
range with the individual user, performed tasks, and time of day. In
real world settings, windows and the sky conditions affect the
resulting illuminance and CCT of the lighting conditions as
additional factors. The outdoor color temperature range starts
from 5,500 K and may reach up to 100,000 K (K Nayatani and
Wyszecki, 1963).

In the following section, sky-like, high-CCT ceiling illumination
approaches in combination with direct work desk lighting are
discussed.

2.3 Blue-enriched light

An approach which combined a blue-enriched 14,000 K
ceiling light with a 4,000 K downlight for creating a balanced

TABLE 1 Literature review of correlated color temperature (CCT) during different time frames, locations, and sky conditions for integrated measurements of the
sky. The full range of measurements is provided as stated in the papers.

Sky Time frame Location CCT Reference

Clear - - 40,000 K Chain et al. (2001)

18:00 08.1998 - 7,000 K near the Sun

> 20,000 K opposite side of the Sun

End of February till beginning of April 8 a.m. till 6 p.m. Ottawa, CAN 100,000 K–10,000 K Nayatani and Wyszecki (1963)

19.08.2020 Darmstadt, GER Morning: 10,929 K–14,170 K Trinh et al. (2022)

6:32 a.m. till 6:23 p.m. Noon: 5,500 K–6,500 K

Evening: up to 17,815 K

2 years Granada, ESP 5,873 K–32,754 K Hernández-Andrés et al. (2001)

Cloudy 23.09.2020 Darmstadt, GER Morning: 6,300 K–12,400 K Trinh et al. (2022)

7:27 a.m. till 7:14 p.m. Noon: 5,400 K–5,900 K

Evening: 8,100 K–16,066 K

2 years Granada, ESP 4,864 K–26,728 K Hernández-Andrés et al. (2001)

Overcast 11:15 a.m. 08.1997 - Approximately 6,000 K Chain et al. (2001)

End of February till Ottawa, CAN 6,000 K–7,000 K Nayatani and Wyszecki (1963)

beginning of April Increase to 8,500 K

8 a.m. till 6 p.m.

2 years Granada, ESP 3,758 K–34,572 K Hernández-Andrés et al. (2001)

Dusk - - < 2,000 K Chain et al. (2001)

108 till 1 min - Direct sunlight 4,160 K–1,400 K Jou et al. (2013)

before sunset Sky 12,800 K–8,760 K

- Summer - 9,500 K–30,000 K Mardaljevic (2020)
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indirect/direct lighting scenario in classrooms was considered by
Keis et al. (2014). During a 5-week intervention period in winter
time, it could be shown that the blue-enriched light exerted an
acute stimulating, positive effect on the students’ alertness and
cognitive performance. Despite these physiologically positive
effects, only half of the students were satisfied with the new
lighting condition, while the other half reported it to be too bright
for their taste. However, the inclusion of an indirect blue-
enriched CCT lighting component was still perceived as
comfortable by most students. At the eye level (120 cm above
ground), the combined CCT was approximately 5,500 K at an
illuminance level of 300 lx. The preference for blue-enriched
lighting was explicitly examined by Lewinski (1938), who
projected chromatic-colored light onto a white reference wall
to collect subjective ratings of pleasantness. They found that blue
light intensity, in general, was experienced as more pleasant than
green, purple, red, orange, or yellow wall illumination. These
colors were obtained by accordingly filtered light from a 300-W
incandescent light source. Likewise, Kombeiz and Steidle (2018)
conducted a study comprising 146 subjects and researched the
impact of red and blue accent lighting at a faced wall in a room
with white accent lighting. Red and blue accent light combined
with white light can improve the performance in creative
(Kombeiz and Steidle, 2018) and proofreading tasks
(Hoonhout et al., 2009). These study results support the
concept of using an accent blue-enriched light in the interior.
The limitations to the experiments show that further studies need
to be conducted to evaluate whether this is also true if the accent
light is placed on the ceiling. Similarly, another study indicated
that for office workplaces, the field of view and the viewing angle
are important for the brightness reaching the eye (Babilon et al.,
2021). Hansen et al. (2022) conducted two experiments with
direct spotlights and diffuse indirect light. The first experiment
found that 55%–85% indirect light is preferred over different
tasks and avoids discomfort due to glare. In the second
experiment, 3,300 K, 4,200 K, and 5,800 K light as a
combination of direct and indirect light leading to five
combinations with and without daylight was used at 500 lx at
the desk area. They concluded that 80% of the subjects did not
choose the same light as preferred under the two sunlight
conditions: clear sky and overcast. The condition with the
same direct and indirect light with 5,800 K CCT is the least
preferred under both sunlight conditions; 3,300 K direct and
5,800 K indirect light is preferred for clear sky conditions, and
both parts (direct and indirect light) with 4,200 K were preferred
for the overcast condition. This can be interpreted as indicating
that the Sun and blue sky under the clear sky condition have
different CCTs and study subjects’ preferences for different sky
conditions. For overcast conditions, the separation between
direct (sunlight) and indirect (skylight) vanishes, and
therefore, the room should also look more homogeneous.

2.4 Direct-to-indirect light ratio

Separate consideration of indirect blue and direct white light
leads to the examination of ratios from the two light emitters. de
Vries et al. (2021) indicated that a higher ratio of indirect to

direct light has a significant higher score on coziness, liveliness,
and detachment. Furthermore, a post hoc grouping was provided
to the results of the participants, which revealed that only indirect
light (no direct light) differs in the rating of the light. In both
subject groups, 30% direct light and 70% indirect light were
considered good conditions. In unison, Houser et al. (2002)
concluded in his experiment that 60% and more indirect
horizontal illuminance is preferred in general. A detailed
horizontal illuminance with grading of 10% was used, and the
three scales (dislike/like, unpleasant/pleasant, and unsatisfying/
satisfying) showed no significant difference. Veitch and
Newsham (2000) recommended an indirect light ratio of 40%.
Increasing effects for the effect of health, cognitive tasks, and
wellbeing could not be found after the removal of glare
(Fostervold and Nersveen, 2008).

In summary, a luminaire with direct and indirect light is
preferred (Boyce et al., 2006). Furthermore, for interior lighting,
a higher ratio of indirect light is mostly preferred. There are huge
variations in intrapersonal preferences of lighting, and a perfect light
for everyone cannot be determined from the literature (Fostervold
and Nersveen, 2008; Fotios and Cheal, 2009).

3 Methods

For this research, we conducted a study to examine the effect of
high CCTs as ceiling light in the range of different sky conditions
and a direct desk light CCT similar to preferred indoor color
temperatures with different ratios between direct and indirect
emitted light. The difference in the aforementioned studies is that
this research investigates higher maximal CCTs for the indirect light
emitting part, combined two irradiance ratios of the direct and
indirect light. Furthermore, the psychological effects and the
similarity to the memorized sky has become the research focus.In
this section, the subject study room with the luminaires is
introduced, as well as the questionnaire to address the research

FIGURE 1
Two workstations decorated for the study with everyday office
supplies like books, paper, bottles, cans, flowers, keyboard, monitor,
and pens.
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goals. Subsequently, the study design with the time sequence and
light conditions is described.

3.1 Experimental room conditions

The study was conducted in a rectangular experimental room of
dimension 6.17 m × 5.48 m located in Darmstadt, Germany, where
two subjects could be tested at the same time. Figure 1 shows that the
subjects were randomly assigned one of two possible display
workplaces, which were set up on a large meeting table centrally
aligned with the room dimensions. Each workplace comprised a
range of colored objects that may be encountered in typical office
environments (e.g., books, beverages, flowers, and paper sheets). The
mean reflectance factors of the white table surface, dark table
surface, floor, green cupboard, and white walls are 0.93, 0.12,
0.35, 0.45, and 0.88, respectively.

For illuminating this office-like scenario, six custom-made,
individually addressable LED luminaires were suspended from
the ceiling. Each luminaire comprised two white-light channels
for the downlight component (warm-white at 2,700 K and cool-
white at 6,500 K) and a combination of five colored and two white-
light channels for the uplight component. The dominant
wavelengths of the colored channels were as follows:
blue—454 nm, cyan—476 nm, orange—595 nm, lime—540 nm,
and red—648 nm. The two white uplight channels comprised an
arrangement of warm- and cool-white LEDs with 2,700 K and
6,500 K, respectively. Figure 2 depicts the corresponding relative
spectral power distributions (SPDs) of the individual LED channels.

It should be noted that the orange, lime, and white-light channels are
each composed of phosphor-converted LEDs (i.e., blue chip coated
with various phosphor materials), whereas the red channel is formed
by a combination of two different, quasi-monochromatic red LEDs
at 630 nm and 660 nm, respectively. All other channels use direct-
emitting LEDs. In case that all channels were lit to the maximum, the
irradiance measured in a central location on the table surface was
749.06 Wm−2, which resulted in an overall, maximally achievable
illuminance of 8,517 lx. During operation, a smooth dimming
behavior of the luminaires is achieved by a pulse-width
modulation (PWM) of 500 Hz for the white LEDs and current
dimming for the colored channels. The DALI protocol was used with
170 dimming steps per channel to set the desired spectra.

3.2 Questionnaire

To collect the participants’ subjective preference ratings
associated with various sky-like light settings during the
experiments, a dedicated questionnaire was used for the
assessment, as shown in Figure 3. Regarding its first four
questions, a semantic differential with a bipolar seven-point
intensity rating scale with words provided for each step between
antonyms was adopted from Tifler and Rea (1992), Ploder and Eder
(2015), and Hansen et al. (2022), who used this type of
scale—identified as suitable for this purpose by Flynn et al.
(1979)—to measure subjective impressions in similar lighting
contexts. For the fifth question, on the other hand, which collects
an overall rating of general appeal for the current lighting situation, a

FIGURE 2
Spectra of the two direct (down: 2,700, 6,500 K) and the seven indirect LED channels (up: blue, cyan, orange, lime, red, white 2,700 K, and white
6,500 K) which can be individually controlled.
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dedicated non-linear, semi-semantic interval scale was applied. This
scale was developed by Brückner (2014) and Bodrogi et al. (2014,
2011) for the color rendition evaluation of white light sources but
was also applied successfully for modeling user preferences in the
context of light and color perception (Khanh et al., 2018; 2019;
Klabes et al., 2021).

The present study investigates the subjective rating and
preference of office lighting with sky-like ceiling light. In the
literature review in Section 2, the brightness level of light sources
often creates a significant influence on subjective preference (Boyce,
1970; Baniya et al., 2015; Fotios, 2017), and question 1 will focus on
this fact and evaluate the subjective brightness from “dim” to
“bright.” Question 2 focuses on the sky-like impression of the
light setting and evaluates how close the light setting resembles
the sky from “not close” to “close.” Question 3 is used to assess the
impact on a participant from “unsatisfying” to “satisfying.” The
study examines light settings for office environments, and therefore
question 4 is used to assess the visual pleasantness from
“unpleasant” to “pleasant.” Question 5 is used to assess the
general appeal on a semantic interval scale from 0 to 100 with
seven semantic terms (“very bad” = 12.8, “bad” = 26.5, “weak” =
41.2, “moderate” = 52.9, “good” = 79.6, “very good” = 91.6, and
“excellent” = 97.9) (Bodrogi et al., 2014; 2011; Brückner, 2014). All
five questions gather the subjective impression of the room and the
surrounding office objects. The subjects were able to view the entire
room during adaptation and evaluation phases. The questionnaire
was filled out on a sheet of paper, and all five questions were asked
for each light setting.

3.3 Study design

The study design is divided into two parts: i) part one explains
the aim of the study to the test subjects by reading the same
explanation at the start of the experiment to each group. Each
subject group consists of up to two subjects. The study was
conducted at the end of April 2022 between 8 a.m. and 6 p.m. in
Darmstadt, Germany. Due to the COVID pandemic, there were only

two subjects in addition to the study leader in the room tomaintain a
minimum distance of 1.5 m. After the explanation, the Ishihara
color vision task using standard pseudoisochromatic plates was
performed to rule out color vision deficiencies. ii) During this
second phase of the experiment, the light setting which has the
most equal CCT for direct and indirect light was shown: 5,500 K
direct (Ev = 350 lx) and 6,500 K (Ev = 150 lx) indirect with an
illuminance ratio of 30:70 (direct:indirect) according to de Vries
et al. (2021). Subsequently, the questionnaire was introduced. In
order to clarify possible questions from the subjects, exemplary the
questionnaire for the current light setting was answered. These
answers were not included in the evaluation. During the
complete study, the room was darkened with blackout blinds to
exclude sunlight variance. After this first phase that took
approximately 10 min, the second phase started with the study
subjects in the room. In this part, 32 light settings were
randomly provided to the subjects to exclude the order-effects
response bias. Each light setting was presented for a 60 s
adaptation time in which the subjects should look around, check
the room, and notice the objects on the desk. Fairchild and Lennie
(1992), Fairchild and Reniff (1995), and Begemann et al. (1997)
showed that this adaptation time could be used for 80% chromatic
adaptation and is also sufficient for pupil adaptation (Zandi et al.,
2020; Zandi and Khanh, 2021). Immediately afterward, a 30 s
evaluation time was given for answering the questionnaire.
Figure 4 summarizes the study design with the timings. During
each study group, the timing and the randomization were fully
automated with a graphical interface for the study leader, so every
run was made as equal as possible. The interface was programmed
specifically for this study using Python 3.7. Every participant
received a compensation of 10 Euros after the experiment. A total
of 29 people participated in the experiment aged 21–30 years (mean
age 25.03 years ± 2.38 standard deviation), of which 14 were female
participants and 15 were male participants.

Hereafter, the ratio between direct and indirect light in percent is
abbreviated with the letters D for down (direct) and U for up
(indirect), meaning 30% direct and 70% indirect emitted light will be
referred to as D30 and U70, respectively. The conducted study was

FIGURE 3
Subjective questionnaire that was used for each examining the light setting. The questionnaire was originally provided in German and is presented
here as a translation. The original five questions provided in German are: “1. Wie empfinden Sie die Helligkeit? 2. Wie nahe ist die Lichtsituation an der
Farbe des Himmels? 3.Wie fühlen Sie sich bei dieser Lichtsituation? 4. Ist diese Lichtsituation visuell angenehm? 5.Hat die Lichtsituation Ihnen allgemein
Gefallen?” The first four questions use a semantic differential with a bipolar seven-point intensity rating scale with full verbalization between
antonyms, and question 5 uses a semantic interval scale from 0 to 100 with seven semantic terms.
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evaluated with a total of 32 light settings generated from a
combination of the parameters shown in Table 2. The variations
include two direct CCTs, eight indirect CCTs, and two irradiance
ratios. The CCTs were chosen with respect to the literature explained
in Section 2. Direct CCTs were picked for a preference in interior
lighting. Values for the indirect CCTwere selected to cover the range
of possible CCTs for sky conditions and include the standardized
D65 and D75 CCTs.

Due to the fact that the brightness sensitivity curve V(λ) has the
highest sensitivity at 555 nm and a quite low sensitivity in the red
and blue wavelength areas, the illuminance as a parameter could not
be a sufficient measure to evaluate the brightness of CCTs used in
this study with up to 30,000 K. However, the illuminance is
calculated by weighting the physical spectrum with the V(λ)
function.

Since the measured CCTs in this experiment have a high peak in
the blue region and, therefore, would have a low illuminance, the
irradiance is calculated as the ratio of the direct to indirect light, and
illuminance will be noted only for reference. The irradiance ratio is
in addition equivalent to the electric energy which is needed to
obtain the light ratio. In summary, all light settings consume the
same amount of electricity. Furthermore, using question 1, the
subjective perceived brightness can be evaluated in terms of
brightness sensitivity of the human eye.

The most equal direct and indirect CCT settings from the
survey, 5,500 K direct and 6,500 K indirect, was used as reference
to determine the irradiance which is kept constant. The illuminance
was measured vertically at the approximate human eye level of
120 cm above ground in the middle of the two subjects. A vertical
illuminance of 500 lx was used, which corresponds to approximately
850 lx horizontal illuminance in the center of the desk between the
subjects. The value was chosen with consideration of the
standardized horizontal illuminance of 500 lx (DIN EN 12464-1)

and the preference for higher illuminance of 850 lx up to 2,000 lx.
Furthermore, in order to ensure comparability to other literature
works (Fleischer et al., 2001; Keis et al., 2014; Hansen et al., 2022),
the value is not chosen higher. The measured values of irradiance
and corresponding illuminance at the eye level are displayed in
Table 3 for the direct part and Table 4 for the indirect component.
These tables show the decreasing illuminance with an increasing
CCT and the nearly constant irradiance Ee.

4 Results

The statistical analysis of 29 participants’ data will be
determined based on the often used significance level of 0.05. All
collected data are dependent samples, without measurement
repetition within the subjects. For further statistical analysis, the
normal distribution was checked by applying the Shapiro–Wilk test
(Shapiro and Wilk, 1965) and crosschecked graphically with a
histogram. Both showed that all the samples are not normally
distributed (p-value < 0.05).The first four questions of the
questionnaire shown in Figure 3 utilize a semantic differential
scale with an ordinal scale that are interpreted as ranked data
which are thus independent of the normal distribution. We

FIGURE 4
Subject study designwith the timed sequence of the two parts. Part one provides information and explanations. In part two, the 32 light settingswere
presented, and the questionnaire was answered by the subjects.

TABLE 2 Examined light parameters during the subject study. A total of 32 light settings were generated from all possible combinations. The ratios are calculated
based on the irradiance. The abbreviation D and U indicate the direct and indirect radiated light, respectively.

Direct CCTs 4,000 K 5,500 K

Indirect CCTs 6,500 K 7,500 K 9,000 K 11,000 K 14,000 K 18,000 K 24,000 K 30,000 K

Ratios D30/U70 D50/U50

TABLE 3 Measured values of the direct component with the 30% (D30) and
50% (D50) ratio.

Direct CCTs Direct ratio: 30% Direct ratio: 50%

4,000 K 5,500 K 4,000 K 5,500 K

Ev in lx 154.4 151.6 274.5 275.1

Ee in Wm−2 0.487 0.4753 0.8634 0.86
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choose the linear mixed-effects model ANOVA for the significance
tests. Hence, all five questions are not normally distributed, and this
model could also be used due to the fact that it is robust against
violation of the normal distribution criteria (Glass et al., 1972;
Harwell et al., 1992; Lix et al., 1996). As advantage of this model,
the main effects of the ratio, indirect CCT, and direct CCT as well as
the intersection of these variables can be evaluated. For significant
groups, Tukey’s post hoc test was applied with the Holm–Bonferroni
method to control the familywise error rate to find which groups are
significant. Spearman’s rho test was applied for correlations, and
Pearson’s test was used for linear correlations.

Three dependent variables were used for further analysis: direct
CCT, indirect CCT, and the ratio between direct and indirect
irradiance. The dependent variables of the five questions were
used as outputs.

4.1 Brightness

The direct/indirect ratio and the indirect CCT are the significant
main variables (χ2(1) = 109.59, p < 0.0001; χ2(7) = 74.3, p < 0.0001)
affecting the perceived brightness. The interaction of direct and indirect
CCTs has likewise a significant influence (χ2(7) = 15.47, p = 0.0304).

Figure 5 shows the ratings for question 1 (Q1) separated based on the
irradiance ratios and indirect CCTs. In detail, the mean of the indirect
CCTs are perceived brighter for D50/U50 (mean brightness rating of
1.01) as for D30/U70 (mean rating 0.28) as represented by the redmean
values for a combined and individual consideration of the direct CCTs:
4,000 K (D30/U70mean: 0.33, D50/U50mean: 0.94) and 5,500 K (D30/
U70 mean: 0.22, D50/U50 mean: 1.08). All subject ratings as well as the
variable illuminance for theD50/U50 light settings are higher compared
to those for D30/U70. This suggests that for a dominating indirect
component (D30/U70), a strong influence on the perceived brightness
is given by the indirect CCTs. It is important to have in mind that the
irradiance was held constant, not the illuminance; hence, this behavior
was expected since with higher CCTs, the illuminance as a first correlate
to perceived brightness is decreasing.

4.2 Sky-likeness

Question 2 (Q2) addresses the sky-like impression of the light
setting. The different ratios D50/U50 and D30/U70 have no
significant impact (χ2(1) = 1.47, p = 0.2255). Likewise, the direct
CCTs, 4,000 K or 5,500 K, have no impact (χ2(1) = 0.087, p =
0.7675). The indirect CCT has an impact on the sky-like feeling

TABLE 4 Measured values of the indirect component with the 50% (U50) and 70% (U70) ratio.

Indirect CCTs 6,500 K 7,500 K 9,000 K 11,000 K 14,000 K 18,000 K 24,000 K 30,000 K

Indirect ratio: 50%

Ev in lx 248.3 244.4 247.9 216.1 196.9 187.6 205.6 204.5

Ee in Wm−2 0.8604 0.8614 0.9207 0.8654 0.8535 0.8512 0.8414 0.8607

Indirect ratio: 70%

Ev in lx 336 333.7 294.5 275.7 256.5 240.3 278.2 259.1

Ee in Wm−2 1.174 1.186 1.102 1.11 1.116 1.12 1.14 1.107

FIGURE 5
Evaluation of brightness with violin plots, on which the mean values (red dots with red numbers) and median values (black lines) are illustrated.
Significant main effect of the direct/indirect ratio and indirect CCT. D50/U50 has a higher brightness rating than D30/U70 with respect to all indirect
CCTs.
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of the participants (χ2(7) = 28.41, p = 0.0002) and is consistent with
the expectation that the indirect CCT influences the sky-like
impression of the room. In addition, all interactions of the
variables, direct/indirect ratio, direct CCT, and indirect CCT,
have no significant effect. Figure 6 presents the subjective rating
separated by the irradiance ratio and indirect CCT. An increase in
24,000 K and 30,000 K can be observed. It is important to note that
these two CCTs are directly placed on the Planckian locus, and the
other CCTs are placed on the daylight curve (Judd et al., 1964).
Nevertheless, a trend toward higher CCTs to be more sky-like can be
identified. Tukey’s post hoc test with the Holm–Bonferroni
adjustment showed that, in particular, 6,500 K–24,000 K,
6,500 K–30,000 K, and 7,500 K–30,000 K have significantly
different ratings for Q2 (p = 0.001164, p = 0.000128, and p =
0.049544, respectively). This indicates that the change from the
daylight curve to the Planckian locus between 18,000 K and 24,000 K
has no significant effect.

In summary, the indirect CCT has a main effect on the sky-like
impression of the room and has a trend toward higher CCTs. In
contrast, the overall mean value of the sky-like question rating with a
standard deviation of 0.11 ± 1.57 is considered by the subjects as
neutral, i.e., neither sky-unlike nor very sky-like. Likewise, if the data
are split up for individual parameters, the mean value in all groups is
rated as neutral: D30/U70: 0.06 ± 1.57, D50/50: 0.17 ± 1.57, 4,000 K
direct: 0.13 ± 1.52, and 5,500 K direct: 0.1 ± 1.62. It follows that it is
not sufficient to illuminate the ceiling with a higher CCT to achieve a
sky-like appearance; however, this does not have any negative
effects.

4.3 Preference

The preference is measured with three questions:
Q3 satisfaction, Q4 pleasantness, and Q5 general appeal. The
results of both Spearman’s and Pearson’s correlation tests
revealed that these three questions have a higher correlation than
ρ > 0.78 to each other. A significant test revealed that the subjective
satisfaction, pleasantness, and general appeal from Q3, Q4, and

Q5 have significant main effects on all dependent variables
individually: direct/indirect ratio (χ2(1) = 40.64, p < 0.0001;
χ2(1) = 31.61, p < 0.0001; and χ2(1) = 50.93, p < 0.0001), direct
CCT (χ2(1) = 8.01, p = 0.0047; χ2(1) = 13.83, p = 0.0002; and χ2(1) =
5.88, p = 0.0153), and indirect CCT (χ2(7) = 67.88, p < 0.0001;
χ2(7) = 58.53, p < 0.0001; and χ2(7) = 62.37, p < 0.0001). All the
main influencing variables in all three questions have a significant
effect on the preference. Furthermore, there is a significant
interaction effect of the direct/indirect ratio and the indirect CCT
on all three questions (χ2(7) = 23.04, p = 0.0017; χ2(7) = 17.43, p =
0.0148; and χ2(7) = 28.26, p = 0.0002). All three variables: (i) Direct
CCT, (ii) indirect CCT, and (iii) ratio as well as the interaction of the
ratio with the indirect CCT can, therefore, be adjusted to modify the
satisfaction, pleasantness, and general appeal. Furthermore, the
mean values of the three questions are considered and illustrated
in Figure 7 within the violin plots. D50/U50 (mean ± standard
deviations of 0.77 ± 1.39; 0.76 ± 1.44; and 64.7 ± 18.84) is more
satisfying as D30/U70 (mean ± standard deviations of 0.23 ± 1.51;
0.28 ± 1.5; and 56.37 ± 20.26). In the room, the D50/U50 setting
could illuminate the work plane in a more white light setting, which
could lead to higher satisfaction, pleasantness, and general appeal
due to the fact that the indirect light has a higher CCT with less
intensity due to the D50/U50 ratio. In general, 4,000 K (mean ±
standard deviations of 0.61 ± 1.43; 0.67 ± 1.44; and 61.88 ± 19.33) is
more preferred to 5,500 K (mean standard deviations of 0.39 ± 1.52;
0.37 ± 1.52 and; 59.19 ± 20.56). A lower direct CCT with the same
indirect CCT range leads to a lower overall CCT. The overall CCT
range for 4,000 K direct light is 4,950 K–8,700 K and has a higher
mean rating than 5,500 K direct light with 5,480 K–12,030 K.
Figure 8 illustrates the rating data of Q3, which is similar to
Q4 and Q5. Both ratios D30/U70 and D50/U50 have a negative
correlation (Pearson’s and Spearman’s correlation coefficients are
equal to Q3: −0.22, Q4: −0.21, and Q5: −0.2 for D30/U70 and for
D50/U50, they are Q3: −0.14, Q4: −0.17, and Q5: −0.17) between
preference and the indirect CCT, and the rating of satisfaction,
pleasantness, and general appeal is higher toward the lowest CCT,
6,500 K. Hence, D50/U50 reveals 9,000 K and D30/U70 6,500 K as
the most preferred indirect CCTs with the highest mean rating.

FIGURE 6
Evaluation of sky-likeliness question 2 (Q2) with violin plots, on which the mean values (red dots with red numbers) and median values (black lines)
are illustrated. Higher CCTs are more sky-like.
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The following conclusions for satisfaction, pleasantness, and
general appeal can be stated: the subjects preferred the D50/
U50 setting with 4,000 K direct light, and the indirect CCT is not
the main influencing factor for this light setting. A trend in the
direction of lower CCTs follows the order 6,500 K up to 9,000 K.

5 Discussion

In this paper, a study was conducted to evaluate light settings
with light emitted to the ceiling (indirect) and directed to the work
plane with two direct/indirect irradiance ratios: D50/U50 and D30/
U70. Following the fact that the illuminance is not used to define the
direct and indirect ratios, the perceived brightness Q1 shows that the
irradiance ratio between direct and indirect light and the indirect
CCT are significant main variables influencing the brightness level.

The perceived brightness of the subjects is higher for the D50/
U50 irradiance ratio. A higher brightness for D50/U50 is also
explainable by the illuminance that is higher due to the increased
ratio of direct emitted light at 4,000 K and 5,500 K that has more
intensity at the peak of the V(λ) curve. As a result, we indicate that
the illuminance is a good measure to evaluate the perceived
brightness.

With a closer look at the influence of the illuminance, Table 5
shows a significance test of the main effects of the linear mixed-
effects ANOVA model for three groups of data: all data, only the
ratings for D50/U50 light settings, and only for D30/U70. In
agreement with previous studies, Table 5 explains that the
question about the brightness (Q1) is highly significant with the
illuminance. Nevertheless, for all other questions, except for one
entry (Q2 with D30/U70 data), the illuminance is a significant main
effect. The evaluation results for preference and sky-likeness must,

FIGURE 7
Evaluation of satisfaction (Q3), pleasantness (Q4), and general appeal (Q5) with violin plots, on which the mean values (red dots with red numbers)
and median values (black lines) are illustrated. D50/U50 has a higher mean rating in all three questions.

FIGURE 8
Evaluation of satisfaction question 3 (Q3) with violin plots, on which themean values (red dots with red numbers) and median values (black lines) are
illustrated. D50/U50 and 4,000 K are the most preferred settings.
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therefore, be interpreted with caution since there is an additional
significant influence of the illuminance on these questions.

The total vertical illuminance of 520 lx down to 389 lx for the
light settings used in this paper is in a similar range as described in
Suk (2019) with 352 lx or Keis et al. (2014) with 300 lx. Even with the
vertical illuminance of 389 lx, a horizontal illuminance of 661 lx was
achieved, and the DIN EN 12464-1 standard was complied. In
summary, the illuminance positively correlates with the
preference such that a higher light level leads to a more preferred
lighting within the limits of the illuminance range considered in this
paper (Ev: 462 lx–490 lx). With regard to the findings of other
preference studies in lighting, (see, e.g., Boyce, 1970; Manav, 2007;
Khanh et al., 2019; Aryani et al., 2020), an evaluation of light levels of
up to 2,000 lx should be considered in future experiments.

The main aspect of this experiment was to find preferred office
light settings which are as sky-like as possible. In this study, we did
not find light settings that are perceived sky-like as indicated by the
subjects’ answers to Q2, evaluating the degree of similarity of the
perceived lighting situation to natural sky conditions. This yields the
conclusion that, despite the enhanced spectral and spatial tunability
of the lighting system used in this work, it still remains difficult to
create sky-like illumination environments with standard interior
light source form factors. Thus, the research question whether the
sky can be mimicked with pendant luminaires involving a blue-
enriched ceiling light in offices remains unanswered.

Mills et al. (2007) and Viola et al. (2008) showed that a high
color temperature of 17,000 K positively affects a wide range of
psychological measures; however, in their studies, they did not
include likeness to the sky. In the study of Keis et al. (2014), a
similar setup with 14,000 K indirect and 4,000 K direct CCTs was
used for school lighting. With this setting, they observed an
increased alertness and cognitive performance, but only half of
the students preferred the new lighting conditions. These study
results are consistent with those reported here: preference ratings
showed that 6,500 K, 7,500 K, and 9,000 K are preferred over higher
indirect CCTs. Nonetheless, the preferred range of CCTs for indirect
lighting found in the present study is still higher than the values
reported in the literature, see, e.g., Smolders et al. (2014). Moving to
higher CCTsmay be beneficial with regard to human physiology and
alertness-related outcome measures. Lasauskaite and Cajochen
(2018), for example, evaluated the subjective task demand and
mental effort during a 15-min exposure of 2,800 K, 4,000 K,
5,000 K, and 6,500 K after a 10-min adaptation phase at 2,800 K.

From their study, a decrease in mental effort can be reported for
higher CCTs even under short-time exposures.

Regarding the direct lighting component, subjective ratings for
pleasantness, satisfaction, and general appeal pointed out that a CCT
of 4,000 K is the most preferred condition amongst all light settings.
This complies with the findings of preferred and pleasant interior
lighting reported by others (see, e.g., Shamsul et al., 2013; Baniya
et al., 2015; Yang and Jeon, 2020).

For the overall resulting CCT at the work plane, the direct/
indirect ratio of the respective lighting components is a crucial
factor. With respect to the participants’ responses, D50/
U50 represents the most preferred setting. For 4,000 K in the
direct component and under the assumption of the preferred D50/
U50 ratio, this led to the following overall CCTs at the subjects’
vertical eye level (notation: indirect CCT—overall CCT at the
vertical eye level): 6,500 K–4,950 K; 7,500 K–5,220 K; and
9,000 K–5,610 K. These resulting CCTs representing the three
most preferred light settings of the current experiment are the
answers to the research question what difference in direct and
indirect color temperatures is preferred by the subjects. These
findings are likewise in accordance with the findings of Fotios
(2017) and Boyce and Cuttle (1990).In addition, the fact that the
combination of different CCTs in the direct and indirect
components leads to the most preferred overall light settings, as
observed in the present experiments, complies with the findings
reported in Hansen et al. (2022). From their preference rating
experiments, they concluded that in resembling a clear sky
condition, a higher indirect CCT (here: 5,800 K) paired with a
direct component of considerably lower CCT (here: 3,300 K)
provokes the highest subject ratings. This indicates that, in
general, different CCTs in the direct and indirect lighting
components are preferred by human observers, which can also
be confirmed by the current results of the present paper. These
findings may support a more (cost-)efficient human-oriented
lighting design, where only the indirect component needs to be
dynamically adjustable toward a more blue-enriched lighting of
higher CCT, allowing for a great number of optimization
possibilities while keeping the resulting CCT on the workplace
in a well-balanced range. Furthermore, with a dynamic changing
light during a day, adapting to sunlight can preserve the circadian
rhythm while satisfying and calming participants (Engwall et al.,
2015) as well as maintaining the sleep rhythm in windowless
rooms (Wang et al., 2022).

TABLE 5 Significance test for the main effects of illuminance Ev on each of the five questions (Q1–Q5) calculated with the linear mixed-effects ANOVAmodel for all
data and only for the groups D50/U50 and D30/U70. For the sky-like impression (Q2) and D30/U70, there is no significant influence. The illuminance has a
significant main effect on all other groups and questions.

Question/illuminance Ev All data D50/U50 D30/U70

Q1: brightness χ2(28) = 218.18, p< 0.0001 χ2(28) = 43.64, p< 0.0001 χ2(28) = 67.23, p< 0.0001

Q2: sky-likeness χ2(28) = 49.5, p = 0.0073 χ2(28) = 25.96, p = 0.0385 χ2(28) = 22.0, p = 0.0554

Q3: satisfaction χ2(28) = 153.76, p< 0.0001 χ2(28) = 26.12, p = 0.0368 χ2(28) = 82.95, p< 0.0001

Q4: pleasure χ2(28) = 137.69, p< 0.0001 χ2(28) = 34.81, p = 0.0026 χ2(28) = 71.14, p< 0.0001

Q5: general appeal χ2(28) = 163.08, p< 0.0001 χ2(28) = 36.82, p = 0.0013 χ2(28) = 76.41, p< 0.0001
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6 Conclusion

To explore the interior light preferences of humans with regard to
sky-like illumination scenarios, the presented subject study involved
32 different light settings. These light settings included two different
direct-to-indirect irradiance ratios (D30/U70 and D50/U50) with two
fixed direct CCTs of 4,000 K and 5,500 K and eight indirect CCTs in
the range of 6,500 K–30,000 K. The analysis of the questionnaire
completed during the experiments has revealed the following two
main aspects: i) individual adjustment of direct and indirect CCTs and
the direct/indirect irradiance ratio for pendant lights are insufficient to
simulate natural sky conditions in an office environment. ii)
Nonetheless, it can be concluded from the outcome of the present
study that the most preferred light settings are 4,000 K for the direct
light, combined with an irradiance ratio of 50%/50% direct/indirect
emitted light (D50/U50) and one of the three indirect CCTs: 6,500 K,
7,500 K, or 9,000 K. This states that light settings with different direct
to indirect emitted light components could be preferred as long as the
overall CCT at the work plane is in the general preferred range like in
this experiment between 4,940 K and 5,600 K.
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