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Abstract 
Exposure to a mild cold environment has been found to exert positive effects on human health, 

performance and alertness. However, lower ambient temperatures also induce feelings of thermal 

discomfort, and are therefore not generally applied in office environments. Earlier studies found that 

light can induce effects on thermophysiology and thermal perception. Therefore, the current study was 

designed to investigate whether light could alleviate the thermal discomfort caused by lower ambient 

temperatures. More specifically, the current study investigated the effects of light intensity and CCT on 

thermophysiology and thermal perception in mild cold conditions. The study employed a within-subject 

design (N = 23) in which four different 45 minute light treatments were given, varying in light intensity 

(100 lux vs 1000 lux) and CCT (2700 K vs 5800 K). Results revealed a significant time-dependent effect of 

CCT on average skin temperature, i.e. mean skin temperature decreased significantly more under warm 

light exposure compared to cool light exposure, but only after 30 minutes. Regarding thermal perception, 

the thermal environment was evaluated as “acceptable” more often during cool light exposure compared 

to warm light exposure. Furthermore, the thermal environment was evaluated as more comfortable and 

participants reported less self-assessed shivering during cool light exposure compared to warm light 

exposure, if visual comfort was included in the model. Additional models investigated if the effects of CCT 

on thermal perceptions were influenced by the effect of CCT on mean skin temperature; mixed results 

were found. In addition, a positive correlation was found between visual comfort and thermal comfort, 

and visual comfort and self-assessed shivering. No significant effects of Light Intensity, or any Light 

Intensity * CCT interactions effects were found on any of the dependent variables. Overall, these findings 

imply that the light-induced effects on thermal perception are expected to be a result of the conscious 

experience of the visual environment, suggesting an image-forming effect of light on thermal perception. 

Based on the current study, it can be concluded that thermal discomfort can be (partially) alleviated by 

light, but only if the light enhances visual comfort.  
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1 Introduction 
Many different environmental factors play a role in the maintenance of a healthy and comfortable 

office environment. Satisfaction rates of the occupants mainly depend on the ambient temperature, 

humidity, air quality, light conditions and acoustics (ASHRAE, 2010). The two main topics that will be 

discussed in this paper are the light conditions and the ambient temperature.  

Artificial light allows us to perceive our surroundings and to perform cognitive tasks when there is 

not enough natural light available. The spectral composition and the light intensity of artificial light affect 

our light appraisals, visual performance and atmosphere perception. In addition, with the right spectral 

composition and light intensity, light can affect subjective alertness, cognitive performance and exert an 

effect on the sleep-wake cycle due to melatonin suppression (Boyce, 2014). On the contrary, if there is 

too much light, too little light, glare, veiling reflection, shadow or flicker, the lighting can lead to the 

experience of visual discomfort (Boyce, 2014). Visual discomfort complicates the extraction of 

information from the visual environment, and is therefore likely to affect work performance negatively. 

In addition, visual discomfort is associated with nausea, dizziness, aches, headaches and even epileptic 

seizures (Wilkins, 1995). Overall, lighting for offices should be chosen great care. While visual discomfort 

should be avoided at any time, it is also important to pay attention to the spectral distribution and the 

light intensity of a light source, as these parameters can affect the alertness and performance of the 

occupants in the office.  

The same holds for the thermal environment. Thermal comfort and thermal sensation are two closely 

related concepts. With thermal comfort the thermal environment can be described in terms of 

satisfaction, where thermal sensation is the subjective evaluation of a conscious feeling such as being 

warm or cold (ASHRAE, 2010). Both concepts are known to be vulnerable to inter-individual differences, 

i.e. what suits one group or type of occupants may be unacceptable for others (Wang et al., 2018). In 

general, the variables that affect thermal comfort and thermal sensation can be grouped into personal 

and environmental factors (Auliciems & Szokolay, 1997). The most important personal factors are the 

amount of clothing and the metabolic rate, the latter being influenced by the intake of food and drinks. 

The most important environmental factor is the ambient temperature. Feeling too hot or too cold causes 

thermal discomfort, this can affect work performance negatively (Lan, Wargocki, & Lian, 2011). Studies 

have shown that, on average, an ambient temperature in the 20 – 23  °C range is experienced as most 

comfortable (Lan, Wargocki, & Lian, 2012; Wang et al., 2018). Therefore most office buildings use an 

ambient temperature in this so-called thermoneutral zone: the range of ambient temperatures without 

regulatory changes in metabolic heat production or evaporative heat loss (Kingma, Frijns, & van Marken 

Lichtenbelt, 2012). Although an ambient temperature in the thermoneutral zone does satisfy most 

occupants, it may not be the most healthy setting. Studies have suggested that the constant exposure to 
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thermoneutral environments may contribute to the high prevalence and further increasing numbers of 

obesity and metabolic diseases in developed countries (Johnson, Mavrogianni, Ucci, Vidal-Puig, & Wardle, 

2011; Pallubinsky, 2018).  

According to a recent study, exposure to a mild cold environment can have various beneficial effects 

on human health by increasing resting metabolism (van Marken Lichtenbelt, Hanssen, Pallubinsky, 

Kingma, & Schellen, 2017). This is because exposure to mild cold leads to non-shivering thermogenesis 

(NST), which is the process of heat production due to the activation of brown adipose tissue (BAT; van 

Ooijen et al., 2004). Under optimal conditions, studies have demonstrated that NST can account for up to 

30-40% of resting metabolism of healthy young adults. (van Ooijen et al., 2004; Vosselman, Vijgen, 

Kingma, Brans, & van Marken Lichtenbelt, 2014). A generalized schematic representation of the thermal 

range responsible for NST is given in the so-called Scholander model, which is shown in Figure 1 (van 

Marken Lichtenbelt et al., 2017).  

 

Figure 1 Schematic representation of the physiological thermoneutral zone, shivering zone, and non-
shivering zone for an average nude person. Source: van Marken Lichtenbelt et al. (2017). 

 

 Other benefits of maintaining an ambient temperature below the thermoneutral zone are increased 

alertness and improved task performance, as several studies found that participants reported higher 

levels of subjective alertness and performed better at executive tasks in mild cold conditions compared 

to neutral or mild hot conditions (te Kulve, Schlangen, Schellen, Frijns, & van Marken Lichtenbelt, 2017; 

Lan, Wargocki, & Lian, 2011; Tham, 2004; Tham & Willem, 2010). Additionally, lowering indoor 

temperature enhances the potential for energy savings during cold months. Currently, heating, 

ventilation and air-condition systems consume about 50% of the energy use in buildings (Pérez-Lombard, 

Ortiz, & Pout, 2008). Especially in large office buildings, a small daily deviation from the regular 

temperature regime could result in significant savings on the long term.  
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In conclusion, there are several mental, physical and financial benefits regarding (temporarily) 

exposure to mild cold environments. Nevertheless, studies have found that it leads to a significant 

decrease in thermal comfort and thermal sensation (Kakitsuba & White, 2014; Lan, Wargocki, & Lian, 

2011; te Kulve, Schlangen, & van Marken Lichtenbelt, 2018; Tham & Willem, 2010). Participants in these 

experiments perceived the environment as cooler and experienced more thermal discomfort compared 

to a room with a neutral ambient temperature.  

Until recently, the influences of light and thermal environment on human behavior and perception 

have largely been treated as two separate research domains. However, recent studies regarding the 

effects of light on the experience of the thermal environment suggested that light exposure can affect 

thermoregulation and thermal perception (te Kulve et al., 2017; te Kulve, Schlangen, Schellen, Souman, & 

van Marken Lichtenbelt, 2018). Researchers found that light can influence thermal processes like the 

regulation of core body temperature (CBT), skin temperature and our distal-proximal gradient (DPG) (te 

Kulve et al., 2017; te Kulve et al., 2018). Additionally, studies have shown that light can affect thermal 

perception in several ways. One of the most famous theories regarding the effect of light on thermal 

perception is probably the “hue-heat hypothesis”, which states that an environment that is lit by a light 

spectrum that is rich in wavelengths in the red end of the visible spectrum is thermally perceived as 

warmer as compared to light that is rich in wavelengths on the blue end of the visible spectrum (Bennett 

& Rey, 1972). Several studies found results in line with this hypothesis, suggesting that light can affect 

thermal sensations (Winzen, Albers, & Marggraf-Micheel, 2014; Albers et al., 2014, Fanger et al., 1977). 

Additionally, another study found that light could affect our thermal perception as exposure to cool light 

induced more self-assessed shivering compared to warm light (te Kulve et al., 2018). These findings imply 

that light can exert an effect on the experience on a thermal environment, in terms of both 

thermophysiology and thermal perception. Therefore, the application of light could be a solution for the 

experience of thermal discomfort as a result of exposure to a mild cold environment.   

In the current study, the influence of light intensity and that of correlated color temperature (CCT) on 

thermal responses will be investigated while controlling for room temperature. Kompier and colleagues 

(in preparation) performed a similar experiment in thermoneutral conditions. In contrast, the ambient 

temperature in the current study will be below the thermoneutral zone, in the non-shivering 

temperature range (Figure 1). This study is part of a multidisciplinary project named DYNKA, which is a 

Dutch acronym for dynamic lighting and indoor climate in offices. The overall aim of the DYNKA project is 

the realization of an optimal indoor climate in offices through a combination of dynamic lighting and 

dynamic indoor temperature throughout the day that ensures a healthy and productive office 

environment and also realizes energy savings. The aim of the current study is to explore the effect of light 

intensity and CCT on thermophysiology and thermal perception in a mild cold environment. More 

specifically, we will investigate whether exposure to different light settings varying in CCT and light 
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intensity can compensate the lack of thermal comfort, caused by the lower ambient temperature. These 

findings provide insights for the development of dynamic light and dynamic temperature scenarios for 

office environments. Additionally, the effect of CCT and light intensity on alertness, performance and 

physiology under mild cold temperature conditions will be investigated, but these analysis will not be 

discussed in this report. 

In the following section, a theoretical background will be presented regarding the neurological 

pathways of light, and the neurological pathways involved in the processes of thermoregulation and 

thermal perception. This section will be followed by a literature overview regarding the effects of 

ambient temperature and light on thermophysiology and thermal perception. The introduction will be 

concluded with the research question and the hypotheses.   
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1.1 Theoretical background 

1.1.1 Neurological pathways of light 
The process of vision starts with the human eye, which is sensitive to light rays with a wavelength 

between 380 and 780 nanometers. Visual photoreceptors absorb energy in this wavelength range and 

thereby initiate the process of seeing. There are currently three known types of photoreceptors: rods, 

cones and intrinsically photoreceptive retinal ganglion cells (ipRGCs). Cones can be separated in three 

different types, distinguishable by their response rate to different wavelengths of light (S for short, M for 

medium, and L for long wavelengths). Light rays entering the eye reach the retina, this is where the rods 

and cones are located. Once rods and cones are stimulated by the incoming light rays, signals are 

transmitted from the retina to the visual cortex. This trajectory is called the image forming (IF) pathway. 

The visual cortex is the brain area that allows us to extract visual information from the environment, 

which in turn influences visual performance, visual comfort and the visual experience of an environment 

(as visible in Figure 2). 

IpRGCs can be stimulated directly by light absorption, or via intraretinal synaptic input from rod/cone 

driven circuits (Graham & Wong, 1995). The photopigment in the ipRGCs is melanopsin, which has a 

spectral sensitivity with a maximum absorption at a wavelength of 480nm. This makes ipRGCs most 

sensitive to blueish light that is rich in short wavelengths (Berson, 2007). Once the ipRGCs are stimulated, 

melanopsin will be extracted and signals will be transmitted to different parts in the brain, including the 

suprachiasmatic nucleus (SCN; Moore & Eichler, 1972). The SCN is known as the master clock in humans, 

and is responsible for synchronizing the timing of many different physiological events in the body 

including DNA repair and hormone production (Boyce, 2014). From the SCN, signals are transmitted to 

other brain areas (Boyce, 2014; Lubkin, Beizai, & Sadun, 2002). This route is called the non-image forming 

(NIF) route as signals do not reach the visual cortex and do not contribute to our visual experience (de 

Kort & Veitch, 2014). The IF and NIF pathway should not be considered as two separated systems, as 

complex interactions exist between the ipRGCs and the visual photoreceptors (de Kort & Veitch, 2014). A 

simplified schematic representation of these pathways is presented in the lower part of Figure 3 (black 

tract). Via the NIF pathway, light induces circadian and acute effects on human functioning. One of the 

most investigated circadian effects of light is its entrainment on the sleep/wake cycle, that is affected via 

the secretion of the hormone melatonin (Lewy, Wehr, Goodwin, Newsome, & Markey, 1980). Many 

studies regarding the acute effects of light involve the effects on alertness, performance and physiology.  
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Figure 2 Schematic overview of the IF and NIF effects of light. Retrieved from de Kort & Veitch (2014) 
 

 

Figure 3 Neural pathways for temperature information via the cold-sensitive neurones ‘C’ and the warm-
sensitive neurones ‘W’ and the neural pathways of light ‘L’. The possible relation between visual 
information and thermoregulatory responses, thermal sensation is indicated with a dashed line. 
Retrieved from: Te Kulve et al. (2016) 
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1.1.2 Neural pathways involved in thermal perception and 
thermoregulation 

Under normal circumstances, the human body remains a constant core body temperature (CBT) 

around 37 °C. The process of maintaining the body to this core internal temperature is called 

thermoregulation (Romanovsky, 2007). When in a cold environment, this skin temperature serves as 

feedback for the thermoregulatory system to produce heat, in order to maintain a constant CBT 

(Romanovsky, 2007). The difference between the skin temperature at distal parts of the body and the 

skin temperature at proximal parts of the body is called the distal to proximal skin temperature gradient 

(DPG).  

The process of thermal perception starts at the skin. Our skin contains warmth receptors with a 

temperature dependent fire rate. Projections of these sensors reach to the dorsal horn, from where 

signals are redirected via the spinal cord and transmitted to, amongst others, the thalamus and the 

medial preoptic area (MPO; Morrison & Nakamura, 2011; te Kulve, Schellen, Schlangen, & van Marken 

Lichtenbelt, 2016). A schematic representation of these pathways is shown in the upper part of Figure 3 

(blue and red tract). The thalamus transmits signals to the insular cortex, which is involved in the thermal 

perception and temperature sensing at high spatial resolution (Morrison & Nakamura, 2011; 

Romanovsky, 2007). This is the brain area involved in the perception of thermal comfort and thermal 

sensation. The MPO is involved in the automatic thermoregulatory processes such as the coordination of 

the autonomic nervous system (Felten et al., 2016). The two trajectories described above both started at 

the warmth receptors in the skin. Additionally, the SCN also has projections to brain areas involved in the 

process of thermoregulation, as well as the control of the circadian rhythm of CBT and the distal-to-

proximal skin temperature gradient (DPG; Cagnacci, Kräuchi, Wirz-Justice, & Volpe, 1997).  

 

1.2 Literature overview 

1.2.1 Effects of ambient temperature and light on thermophysiology 

1.2.1.1 Ambient temperature 
As explained in the introduction, exposure to mild cold ambient temperatures in the NST range has 

beneficial effects on human health. Multiple studies have been performed to investigate the optimal 

ambient temperature for maximal NST. Whereas some studies claim that temperatures around 14 – 16°C 

are typical values used for lightly clothed, lean adults (van Marken Lichtenbelt et al., 2017), others claim 

that temperatures around 18 – 19°C  are sufficiently and tolerably cold, and result in an increase in 

energy expenditure and significant body fay loss for lightly clothed, lean adults (Celi et al., 2010; 

Yoneshiro et al., 2011). 
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The effect of ambient temperature on thermophysiology was also investigated in two other studies 

(te Kulve et al., 2017; te Kulve, Schlangen, Schellen, et al., 2018). In these studies, participants (N = 19 & N 

= 16, resp.) were exposed to an either hot, thermoneutral or cold ambient temperature of 32 °C, 29 °C, 

26 °C (resp.) for 75 minutes per condition, while wearing underwear (clothing insulation value of 0.04 

Clo). Food intake, sleep duration and light exposure prior to the experiment were controlled. The 

researchers found in both studies that mean skin temperature and the DPG were the lowest in the cool 

condition and decreased over time. Additionally, CBT was higher in the cool condition compared to the 

other two conditions.  

1.2.1.2 Light 
Exposure to light with sufficient intensity and a spectral composition rich in wavelengths towards the 

blue end of the spectrum suppresses the production of melatonin (Lewy et al., 1980). The higher the light 

intensity, the longer the duration and the richer the spectrum in the area around 480 nm, the more 

efficient the melatonin suppression will be (Brainard et al., 2001; McIntyre, Norman, Burrows, & 

Armstrong, 1989; Thapan, Arendt, & Skene, 2001; Wood, Rea, Plitnick, & Figueiro, 2013). Melatonin 

secretion does not only regulate our circadian sleep-wake cycle, but also affects our circadian rhythm of 

the CBT and DPG (Cagnacci et al., 1997). Therefore, light can induce phase-shifting effects on the 

circadian rhythms of CBT and DPG, and affect thermoregulation.  

The effects of light on thermophysiology have been studied extensively. Especially studies that 

investigated the (circadian) effect of light on thermophysiology during times that melatonin levels are 

relatively high showed significant effects of bright light compared to dim light. For evening studies, it was 

found that the natural decline in CBT was smaller under bright light exposure compared to dim light 

(Badia, Myers, Boecker, Culpepper, & Harsh, 1991; Foret, Daurat, & Tirilly, 1998; Rüger, Gordijn, Beersma, 

de Vries, & Daan, 2006). Moreover, light that is rich is short wavelengths lead to a smaller decrease of 

CBT compared to light that is rich in long wavelengths (Cajochen et al., 2005; Morita & Tokura, 1996). 

Furthermore, monochromatic light in the lower wavelength range suppressed the decline of the DPG 

(Cajochen et al., 2005). However, as the current study will be employed during daytime, the outcomes of 

these studies are not representative for the current study.  

There are a few studies that investigated the effect of light intensity on thermophysiology during 

daytime. Several morning studies found that bright light exposure in the morning resulted in an earlier 

increase of CBT (Foret, Aguirre, Touitou, Clodoré, & Benoit, 1993; Park & Tokura, 1998), which suggests 

phase shifting effects of CBT. On the contrary, other studies found that CBT decreased in the morning 

after bright light compared to dim light exposure (Aizawa & Tokura, 1998; McEnany & Lee, 2005; te Kulve 

et al., 2017).  
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Most studies investigating the effects of light intensity on thermophysiology during the afternoon 

found that CBT decreased during or after bright light exposure (Aizawa & Tokura, 1997, 1998; Ishimoto, 

Kim, Rutkowska, Tanaka, & Tokura, 1998; Kim & Tokura, 1995, 2000). On the other hand, two other 

studies found no statistically significant effect of bright light exposure on CBT during the afternoon (Badia 

et al., 1991; Rüger et al., 2006). There is not a lot of research on the effects of light intensity on skin 

temperature or the DPG. Some studies investigating this relation failed to find a significant effect (Aizawa 

& Tokura, 1998; Kim & Tokura, 2000; Kim & Jeong, 2002). Others studies found lower skin temperatures 

after bright light exposure compared to dim light exposure (Ishimoto et al., 1998; Kim & Tokura, 1995). It 

is questionable, however, if the studies that found significant effects are representative for the current 

study, as there are some large differences in thermal conditions and experimental design. Some studies 

used quite extreme temperature transitions (30°C to 15°C; Kim & Tokura, 1995, 2000), another study let 

participants take a 38.5°C bath after bright light exposure (Ishimoto et al., 1998), some others used light 

exposure durations that are relatively long compared to the current study design (4.5 - 8.5 hours; Aizawa 

& Tokura, 1997, 1998) and in one other study the effect of light intensity on skin temperature was only 

significant for one specific body part (forehead difference only; Ishimoto et al., 1998).  

A study with more similarities in experimental design with current study, investigating the effect of 

light intensity on thermophysiology is the study by te Kulve et al. (2017). In addition to the effect of 

ambient temperature, these researchers also assessed the effects of light intensity on CBT, skin 

temperature and the DPG in three different thermal conditions: warm, neutral and cold (32 °C, 29 °C, 26 

°C, resp.). The effects of light intensity on the thermophysiological parameters were assessed in three 

blocks with a different ambient temperature (75 minutes exposure time per block). The researchers 

found that bright light (1200 lux) decreased the CBT and the DPG compared to dim light (5 lux), 

regardless of ambient temperature. No significant differences in mean skin temperature were reported 

between the light conditions.  

In addition to the studies regarding the effects of light intensity on thermophysiology, are studies 

that investigated the effect of CCT. Yasukouchi, Yasukouchi, & Ishibashi (2000) performed two 

experiments in one study to investigate the effects of CCT on skin temperature. In their first experiment, 

participants were exposed to either 3000 K, 5000 K or 7500 K (500 lux). Skin temperature was 

continuously measured, as ambient temperature was gradually decreased from 28°C to 18°C. They found 

a significantly greater reduction of mean skin temperature in the 3000 K condition compared to 5000 K or 

7500 K condition. In their second experiment, participants were again exposed to either 3000 K, 5000 K 

or 7500 K for 90 minutes, with a static ambient temperature of 15 °C. The researchers found again a 

significantly greater reduction in mean skin temperature in the 3000 K condition compared to the other 

two conditions. These findings are in line with findings from Sako et al. (1993), who found a significant 

decrease in mean skin temperature when participants were exposed to 3000 K light compared to 5000 K 
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and 7500 K. Remarkably, this difference was only found in an ambient temperature of 15 °C, but not in 25 

°C or 35 °C. These findings suggest temperature-dependent effects of CCT on mean skin temperature, i.e. 

suggest an effect of CCT on thermophysiology under mild cold conditions. 

These findings were also investigated in the study by te Kulve and colleagues (2018). These 

researchers assessed the effects of CCT on thermophysiology in three different ambient temperatures: 

warm, thermoneutral and cold (32 °C, 29 °C, 26 °C, resp.). The researchers found that a CCT of 6500 K 

compared to 2700 K revealed significantly higher CBT, irrespective of ambient temperature. However, no 

significant differences in skin temperature and DPG were found between the CCT conditions in any of the 

ambient temperatures.  

1.2.2 Effects of ambient temperature and light on thermal perception 

1.2.2.1 Ambient temperature 
In their literature review, Wang and colleagues (2018) reviewed studies that used regression 

techniques to estimate the preferred or neutral temperature for groups of subjects. Subjects were asked 

to rate thermal sensation, typically on a seven point scale. By regressing the subject’s votes against the 

room temperature, the neutral temperature was calculated. Taking only the reports into account that 

reported neutral temperatures based on office environments, the average neutral temperature is 20.7°C 

in winter and 25°C in the summer. Wang and colleagues (2018) also reported results of studies where 

experiments took place in a climate chamber. In these experiments, subjects were asked to adjust the 

ambient temperature of the climate chamber to a level that they experienced as comfortable. Clothing 

level was controlled in these experiments (clothing insulation value of 0.7 Clo). The average comfortable 

temperature of these experiments was set at 25.8 °C. Wang et al. suggested that ambient temperatures 

above or below these thermoneutral conditions would decrease thermal comfort.  

This hypothesis is supported by findings from te Kulve et al. (2018) and te Kulve et al.(2017). In these 

studies, participants were exposed to an either hot, thermoneutral or cold ambient temperature of 32 °C, 

29 °C, 26 °C (resp.) for 75 minutes per condition, while wearing underwear (clothing insulation value of 

0.04 clo). The researchers found that the thermal environment was evaluated as most comfortable in 

thermoneutral conditions. The other two conditions were evaluated as less comfortable compared to the 

thermoneutral condition. Regarding thermal sensation, the thermal environment was evaluated as 

warmer in the warm condition and cooler in the cool condition, obviously. 

1.2.2.2 Light 
Daytime studies regarding the effects of light intensity on thermal comfort and thermal sensation are 

rather scarce. Two daytime studies found an effect of light intensity on thermal sensation. In the studies 

by Kim & Tokura (1995, 2000) subjects were exposed to either a bright condition or a dim condition for 



11 
 

several hours. After exposure, ambient temperature was decreased from 30 °C to 15 °C over a period of 

two hours. Subjects were instructed to dress to remain comfortable when ambient temperature was 

decreasing. Participants in the dim condition dressed more quickly with thicker clothing and felt cooler 

during the last 30 minutes of the temperature fall compared to participants in the bright conditions. 

These findings indicate colder thermal sensations during dim light exposure compared to bright light 

exposure. However, no significant differences were reported in subjective thermal comfort between the 

two light conditions (Kim & Tokura, 1995). Another study that investigated the effect of light intensity on 

thermal sensation comes from Teramoto and colleagues (1996). Subjects were exposed to either bright 

(4000 lux) or dim light (200 lux) for 4 hours at a static ambient temperature of 28 °C. From 1.5 hour after 

exposure, ambient temperature decreased from 31 °C to an ambient temperature that subjects 

evaluated as intolerable. Additionally, subjects completed subjective questionnaires regarding thermal 

sensation every 20 minutes from the moment the temperature started to fall. Subjects felt cooler and 

evaluated the ambient temperature earlier as intolerable after dim light exposure compared to bright 

light exposure.  

Additionally, the study from te Kulve, Schlangen, & van Marken Lichtenbelt (2018) assessed the 

effects of light on thermal comfort, thermal sensation, preferred temperature and self-assessed shivering 

in three different thermal conditions: warm, neutral and cold (32 °C, 29 °C, 26 °C, resp.). For light 

intensity, the researchers found no significant difference between dim light exposure (5 lux) and bright 

light exposure (1200 lux) on thermal comfort, thermal sensation, preferred temperature or self-assessed 

shivering.  

As stated before, a famous effect of CCT on thermal perception is known as the “hue-heat 

hypothesis”, which states that an environment which has dominant light frequencies towards the red end 

of the spectrum feels more warm and one with dominant blue frequencies feels more cold (Bennett & 

Rey, 1972). The hue-heat hypothesis is supported in several studies. Fanger, Breum & Jerking (1977) 

asked their participants to set the ambient temperature at a level of preference every 10 minutes, while 

exposing them to warm (red) or cold light (blue) for 2.5 hours. They demonstrated that warm light 

exposure led to the preference of a lower ambient temperature, and cool light exposure led to the 

preference of a higher ambient temperature. A 0.4 °C difference in preferred temperature was reported 

between the two light conditions. In another study by Winzen et al. (2014) the influence of colored light 

in an aircraft cabin on passengers’ thermal comfort was assessed. It was found that ambient temperature 

was perceived different depending on the color of the light. Participants felt warmer under warm 

compared to cool light. Similar results were found in another experiment that took place in an aircraft 

cabin (Albers, Maier, & Marggraf-Micheel, 2015). Subjects in this study experienced warmer thermal 

sensations in yellow light and colder thermal sensations in blue light.   
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The study from te Kulve et al. (2018) also found an effect in the direction of the hue-heat hypothesis, 

namely that participants reported higher levels of self-assessed shivering during exposure to a light of 

5800 K compared to 2700 K exposure in the cool condition. No significant effect of CCT on self-assessed 

sweating was found in the hot condition. Additionally, no significant differences between CCT conditions 

(2700 K vs 5800 K) were found for thermal comfort, thermal sensation and preferred temperature, 

irrespective of ambient temperature.  

Several other studies from the past failed to find effects in the direction of the hue-heat hypothesis. 

Berry (1961) performed a within-design study where participants were exposed to five different hues of 

room lighting while engaging in an irrelevant task. Participants were instructed to indicate when they 

were “uncomfortably warm”, as room temperature was increased over the experiment. There were no 

significant differences between the average room temperature discomfort thresholds per hue. Bennett 

and Rey (1972) let subjects rate thermal comfort while they were wearing colored goggles, which was 

expected to have similar effects as changing the illumination. Meanwhile the wall temperatures were 

varied from 60°F to 100°F and back. They found no significant main, or interaction effect of color of the 

goggle on thermal comfort. Other researchers investigated the hue-heat hypothesis based on the 

judgement of thermal temperature and color of objects and materials. Contrarily, they found that blue 

objects or materials were perceived as warmer than red objects or materials (Ho, Doorn, Kawabe, 

Watanabe, & Spence, 2014; Ho, Iwai, Yoshikawa, Watanabe, & Nishida, 2015; Mogensen & English, 

1926). Ho et al. (2014) suggested a hypothesis in the opposite direction of the hue-heat hypothesis, 

namely that it might be that we expect blue objects to feel colder. If they are then of the same 

temperature as a red object, we assume that in fact, the blue object must be warmer (Huebner et al., 

2016).  

1.2.2.3 Proposed mechanisms for the interaction between light exposure and 
thermal perception 

Several researchers have suggested explanations for the effects of light on thermal perception. An 

explanation proposed by te Kulve et al. (2018) is that light induced changes in thermal perception could 

be a result of changes in visual perception. The researchers based their explanation on the finding that 

changes in thermal comfort and changes in visual comfort were positively correlated. However, this 

correlation was only significant during the cool and warm condition. Therefore, the researchers 

suggested that the interaction between visual and thermal comfort is only significant, when there is some 

degree of thermal discomfort. Additionally, the researchers implied that thermal discomfort could be 

alleviated by changes in light conditions that improve visual comfort. Or the other way around, that light 

conditions with a poor visual comfort could have a negative effect on thermal comfort. 

Another explanation for effects between light and thermal perception is that thermal sensation and 

thermal comfort are closely related to CBT and skin temperature (Kenshalo, 1970;  Wang, Arens, & 
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Huizenga, 2007; Zhang, 2003). Kenshalo (1970) showed for example that the changes in thermal 

sensation were closely related to changes in skin temperatures, that were observed initially. These 

findings are supported by a more recent study by Jacquot and colleagues (Jacquot, Schellen, Kingma, van 

Baak, & van Marken Lichtenbelt, 2014). Physiological responses and thermal sensation were measured 

during their experiment, where participants were exposed to dynamic temperatures. Based on this study, 

skin temperature on the wrist was a very accurate predictor of thermal sensation (R2 = 0.558, P < 0.001). 

These findings are in line with earlier findings (Wang et al., 2007), where the researchers found that 

thermal sensation is correlated to finger temperature and the gradient between the finger and the 

forearm. Therefore, it is suggested that changes in thermal perception are a result of physiological 

changes.  

Another possible explanation for effects of light on thermal perception involves the interaction 

between the neural tracts of light perception and thermal perception. A fMRI study from Vandewalle et 

al. (2006) found increased brain activity in the thalamus during bright light exposure compared to dim 

light exposure. This brain region is recognized to be important in the regulation of attention and 

alertness. However, as visible in Figure 3, the thalamus is also involved in the thermal pathway as a relay 

station between the spinal cord and the insular cortex, the latter being involved in the perception of 

thermal comfort and thermal sensation (Morrison & Nakamura, 2011; Romanovsky, 2007). Therefore, 

one could argue that thalamic activity due to light exposure can result in altered thermal perceptions. 

However, this mechanism is purely hypothetical and to the best of our knowledge not tested.  

1.3 Rationale 
As discussed in the beginning of the paper, lower ambient temperature below thermoneutral 

conditions benefits health, energy consumption and improves alertness and performance. The downside 

of exposure to mild cold temperatures is that occupants might experience thermal discomfort and 

evaluate the thermal environment as colder. 

 

A possible solution for this problem might involve the application of a specific light setting. A recent 

study has discovered light-induced moderations in thermophysiology (te Kulve, Schlangen, Schellen, 

Frijns, & van Marken Lichtenbelt, 2017). However, results were not consistent. Where some studies 

found that light can influence thermal processes like the regulation of the CBT, skin temperature and the 

DPG (te Kulve et al., 2017; te Kulve, Schlangen, Schellen, Souman, & van Marken Lichtenbelt, 2018), other 

studies failed to find light-induced effects (Aizawa & Tokura, 1998; Kim & Tokura, 2000; Kim & Jeong, 

2002). The same holds for thermal perception. Although various studies have reported evidence for light 

induced effects on thermal perception (Kim & Tokura, 1995, 2000; Fanger et al., 1970; Albers et al., 2015; 

Winzen et al., 2014), many others failed to find significant effects (Bennett & Rey, 1972; Berry, 1961; te 

Kulve et al. 2018). This inconsistency can partially be explained by the large variations in experimental 
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designs that were used in earlier studies. Many studies used relatively long exposure times and measured 

light effects hours after the actual exposure. Therefore, these findings do not reflect the acute effects of 

light on thermal experiences. In addition, many earlier studies focused on the either the effect of light 

intensity or the effect of CCT, while there could be interactions effects between the two.  

 

In conclusion, more research on the effects of light on thermal experience is needed. The current 

study aims to find insights in how light could be applied to compensate thermal discomfort due to 

exposure to mild cold temperatures. Therefore, we will investigated how CCT and light intensity affect 

thermophysiology and thermal perception in a controlled lab environment with an mild cold ambient 

temperature. Insights can be used for the development of dynamic light and dynamic temperature 

scenarios for office environments.  

 

In order to achieve this, the current study employed a factorial design to manipulate light intensity 

(1000 lux vs 100 lux at the eye) and CCT (5800 K or 2700 K). To explore the effects of light on 

thermophysiology, skin temperature was measured continuously throughout the experiment. To explore 

the effects of light on thermal perception, thermal acceptance, thermal sensation, thermal comfort and 

self-assessed shivering were measured subjectively four times during the experiment. The whole 

experiment was conducted under a static mild cold temperature of 18 °C. This leads to the following main 

research question of this study: 

 

RQ: How do correlated color temperature and light intensity influence thermophysiology and thermal 

comfort in a mild cold environment? 

 

Studies investigating the effect of light intensity on thermophysiology during daytime found 

inconsistent effects on skin temperature or the DPG. A study with a lot of overlap in experimental design 

the study from te Kulve et al. (2017). Therefore, based on the study from te Kulve et al. (2017) it is 

expected that: 

 

H1: The DPG will be lower during bright light exposure compared to dim light exposure. 

 

Studies investigating the effect of CCT on thermophysiology found a positive effect of CCT on skin 

temperature (Sako et al., 1993; Yasukouchi et al., 2000). In both studies, the effects were consistent in 

ambient temperatures of 15 °C. As the current study will be conducted under mild cold temperatures as 

well, similar results are expected:  

 

H2: Mean skin temperature will be lower during warm light exposure compared to cool light exposure.  
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Moreover, we aim to investigate whether thermal discomfort can be minimalized with the 

implementation of a certain light scenario. Kim & Tokura (1995, 2000) and Teramoto et al. (1996) 

investigated the effects of light intensity on thermal perception and found that participants felt cooler 

after dim light exposure compared to bright light exposure. On the other hand, in the study from Te Kulve 

et al. (2018), no significant effects of light intensity on thermal perception were found. Since the studies 

from Kim & Tokura (1995, 2000) and Teramoto et al. (1996) measured thermal perception several hours 

after light exposure, and te Kulve et al. (2017) measured thermal perception during the light exposure, 

our hypothesis is based on the latter study. Therefore, it is expected that:   

 

H3: There will be no significant effect of light intensity on thermal perception. 

 

Regarding the effect of CCT, multiple studies have found results consistent with the hue-heat 

hypothesis (Albers et al., 2014; Fanger et al., 1977; Winzen et al., 2014). Therefore, it is expected that: 

 

H4: Exposure to warm light results in a warmer thermal sensation compared to cool light exposure 

 

 Te Kulve et al. (2018) found a significant difference in self-assessed shivering between a group 

exposed to 2700 K light and a group exposed to 5800 K in mild cold conditions. When ambient 

temperature was set a neutral or warm conditions, no such effect was found (self-assessed sweating for 

warm condition). As the current study also uses an ambient temperature below thermoneutral 

conditions, similar findings are expected.  

 

H5: Exposure to cool light results in higher self-assessed shivering compared to warm light exposure.  

 

Finally, the interaction effect of CCT and light intensity will be explored in all analyses using Linear 

Mixed Models.  
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2 Method 

2.1 Design 
In order to test the hypotheses, this study followed a randomized crossover 2 (intensity: 1000 lux vs 

100 lux) x 2 (CCT: 2700 K vs 5800 K) design and took place in a lab environment with a constant mild cold 

temperature of 18 °C. The study employed a within-subject design with four separate sessions of 90 

minutes. Sessions took place at least one day apart, but all at the same time of day (08:45, 10:45, 13:30, 

or 15:30). During every session the light was set to one of the four conditions (WarmDim, WD; 

WarmBright, WB; CoolDim, CD; CoolBright, CB), after a 45-minute baseline in WD light. A schematic 

overview of this design is presented in Figure 4. The same experimental procedure has been used during 

each session and the order of the experimental condition has been counterbalanced across participants.  

 Warm Dim (WD) 

100 lux, 2700K 

 

Warm Dim 

100 lux, 2700K 

Baseline Measurement 

 Warm Bright (WB) 

1000 lux, 2700K 

Cool Dim (CD) 

100 lux, 5800K 

Cool Bright (CB) 

1000 lux, 5800K 

 

Figure 4 Schematic overview of experimental design. After a 30 minute start-up and a 15 minute baseline 
in WD setting (Left), the light changed to one of the four experimental conditions (Right) 
 

2.2 Participants 
Prior to the experiment, potential participants completed an online questionnaire regarding the 

inclusion and exclusion criteria. Participants were allowed to participate in this study if they were 

between 18 and 30 years old with a BMI between 18 and 25. Additional inclusion criteria were being 

generally healthy (based on the 5 general health items of the SF-36 Health Survey; van der Zee & 

Sanderman, 1993) and using no other medication than the contraceptive pill. Potential participants were 

excluded if they had hearing or vision problems, were colorblind, were an extreme chronotype (based on 

MCTQ; Roenneberg, Wirz-Justice, & Merrow, 2003), were pregnant, or suffered from hypertension or 

cardiovascular diseases. Finally, people who had travelled intercontinental in the past 3 months, or had 

participated in an experiment called MicroClimate1 (an experiment with large overlap in design and 

approximately similar research goals) were also excluded. 
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From the 51 potential participants who completed the eligibility questionnaire, 13 participants were 

preliminary excluded due to the inclusion and exclusion criteria. Of the 38 invited participants 24 

subscribed for the experiment. One participant cancelled for all sessions during the final week. Therefore 

in total 23 participants (10 male; average age = 22.5; SD = 2.5) completed all four sessions. Participants 

had an average BMI of 20.6 (SD = 2.5) and were generally healthy in accordance with the General Health 

Questionnaire (van der Zee & Sanderman, 1993; M = 74.78; SD = 14.18). 78% of the participants studied 

at the TU/e.  

2.3 Setting  
All the sessions of the study have been conducted in the Climate Room in the Vertigo Building at the 

Eindhoven University of Technology Campus. This laboratory allows strict control of the indoor climate in 

terms of thermal environment and light settings. The dimensions of the room are 3.6 x 5.4 x 2.7 m 

(WxLxH). In the room, two office desks have been created and separated by a portable wall, a schematic 

overview is presented in Figure 5. During the experiment, a constant climate with an operative 

temperature of 18°C, relative humidity of 67% and air speed of 0.02 m/s has been reached. As this is a 

windowless laboratory there is no daylight accessible in this room. Therefore, all the light comes from 

ceiling mounted luminaires (PowerBalance Tunable Whites; RC464B LED80S/TWH PSD W60L60) of which 

a set of four was installed above both desk areas. An overview of the specifications of the light in the 

experimental conditions is presented in Table 1 and Figure 6. Since there are two desks in the room with 

adjustable light settings, two participants can operate during this experiment simultaneously, irrespective 

of experimental condition. A representation of an experimental session with one participant in the 

WarmBright condition and one participant in the CoolBright condition is presented in Figure 7. The 

seating location was counterbalanced over the experimental sessions per participant. The desks are 

equipped with a laptop and a mouse. Headphones were provided by the experiment leader.  

Table 1 
Photopic illuminance and the corresponding human retinal photoreceptor weighted “alpha-opic” 
illuminances for each light condition. Based on calculations of Lucas et al., (2014)  
Light condition WarmDim WarmBright CoolDim CoolBright 
Light Intensity (lux) 98  1000  100 1011  
S-cone (lux) 27.4 268 90 889 
M-cone  (lux) 76.1 777 98 974 
L-cone (lux) 99.2 1020 100 1000 
Rhodopic (lux) 47.4 478 89 887 
Melanopic (lux) 38.6 386 85 852 
CCT (K) 2722  2676  5890  5880 
Note. Values are measured vertically at eye level    
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Figure 5 Schematic top view of the Klimaatkamer 
 

 

Figure 6 Spectral power distribution measured vertically at eye level 
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Figure 7 Picture from inside the light lab, taken from behind the two desks. Light condition of left seating 
location is WarmBright, condition from right seating location is CoolBright in this picture. 

  

2.4 Measurements 
All measures that were recorded are reported in sections 2.4.1 - 2.4.4. However, as the current study 

focusses on the effect of light on thermophysiology and thermal perception, the effects of light on 

subjective alertness, affective states, the PVT, the BDST, HR, HRV and the GSR have not been analyzed.  

2.4.1 (Thermo)Physiological measures 
Skin Temperatures. Skin temperatures were measured with a sample rate of 300s using iButtons 

(DS1925) dataloggers. Prior to the first experimental block, the sensors were attached by the participants 

themselves to 16 body sites using adhesive tape. An overview of the 16 body sites is presented in Figure 

8. From the gathered data, mean skin temperature, proximal skin temperature, distal skin temperature 

and the DPG (distal skin temperature – proximal skin temperature) were calculated. Mean skin 

temperature was calculated as an average of 14 ISO-defined body sites. The scapula, paravertebral, upper 

chest, and abdomen skin temperature are averaged as proximal skin temperature. Distal skin 

temperature was calculated using an average of the finger tip, instep, hand, and forehead skin 

temperature. Fingertip and hand temperatures were averaged before. Extra buttons were placed at 

the under arm and the middle finger to assess skin temperature gradients. Mean skin temperature 

and the DPG were used as physiological measurements.  
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Heart rate (HR) and heart rate variability (HRV). HR and HRV were measured continuously using TMSi 

software. Both were measured with three Kendall H124SG ECG electrodes. These electrodes were 

applied using the lead-II placement: one electrode on top of the collar bone near de left shoulder, one 

electrode just below the right collar bone on the soft part of the skin, and the last electrode underneath 

the ribs on the left side of the body at the height of the belly button. Using  Matlab R2019a, average HR 

and HRV were calculated.   

Galvanic Skin Response (GSR). A secondary measure of physiological arousal is the GSR. This was 

measured using the same TSMi software and two sensors applied to the middle and ring finger of 

the non-dominant hand. The two sensors measure electrical conductance of the moisture level of 

the skin. Using Matlab R2019a, average GSR values in μSiemens were calculated. 

All physiological variables were  measured continuously throughout the whole experimental session. 

However, only measurements during the PVT were extracted and used for analysis.  

 

Figure 8 Locations of the iButtons 
 

2.4.2 Subjective questionnaires 
Thermal perception. Participants evaluated their thermal perceptions on four different measures: 

Three items were retrieved from ASHRAE standard 55 (ASHRAE, 2004) and one item was retrieved from 

the study of te Kulve et al. (2018). The three from the ASHRAE standard are “Thermal Acceptance”, 
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“Thermal Sensation” and “Thermal Comfort”. The item from te Kulve and colleagues is “Self-assessed 

shivering” (SAS). Thermal Acceptance was assessed on a binary scale “acceptable/not acceptable”, 

Thermal Sensation was assessed on a 7-point scale ranging from Cold (0) to Hot (6) and Thermal Comfort 

was assessed using two 3-point scales, one ranging from “very uncomfortable” (-2) to “just 

uncomfortable” (0) and one ranging from “just comfortable” (1) to “very comfortable” (3). In the analysis 

the two thermal comfort scales were combined to one scale ranging from “very uncomfortable” (-2) to 

“very comfortable” (3). Finally, Self-Assessed Shivering was evaluated on a 10-point scale ranging from 1 

“Not at all” to 10 “Yes, I shiver”. 

Visual perception. Visual comfort was assessed using the same but adapted items from the ASHRAE 

standard 55 (ASHREA, 2004). The three items were “Visual Acceptance”, “Visual Sensation” and “Visual 

Comfort”. Visual acceptance was assessed on a binary scale “acceptable/not acceptable”. Visual 

Sensation and Visual Comfort were assessed twice, once regarding the light intensity and once regarding 

the color of the light. Visual sensation was assessed on a visual scale ranging from “very low light 

intensity” / “very cool light color” (-3) to “very high light intensity” / “very warm light color” (3). Visual 

comfort was assessed  using two 3-point scales, one ranging from “very uncomfortable” (-2) to “just 

uncomfortable” (0) and one ranging from “just comfortable” (1) to “very comfortable” (3). In the analysis 

the two thermal comfort scales were combined to one scale ranging from “very uncomfortable” (-2) to 

“very comfortable” (3). In addition, the two items “visual color comfort” and “visual intensity comfort” 

were averaged to a new variable “Visual Comfort” that was used in some of the models (as explained in 

section 3.1). 

Subjective alertness/sleepiness. The Karolinska Sleepiness Scale (KSS; Åkerstedt & Gillberg, 1990) was 

used to subjectively measure the sleepiness/alertness of the participants. The KSS consists of a 9-point 

scale with responses varying from “extremely alert” (1) to “extremely sleepy” (9).  

Affective states. Participants evaluated their momentary state on eight items using 5-point scales 

ranging from “definitely not” (1) to “definitely” (5). The eight items that were used are “tense”, “calm”, 

“sad”, “happy”, “lively”, “drowsy”, “sleepy” and “awake”. 

2.4.3 Measures of performance 
Psychomotor vigilance task (PVT). The current study used a 5-minute auditory PVT (Dinges & Powell, 

1985). Participants were instructed to respond as fast as possible to a short auditory stimulus of 400 

Hz by pressing the space bar of the keyboard. The inter-stimulus interval at each trial was randomly 

drawn from a uniform distribution between 6 and 25 seconds. The average reaction was 

transformed to average reaction speed (s−1; 1000/reaction time in milliseconds) to improve the 

readability of the data.  
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Backward-digit span task (BDST). In the current study, participants were presented an English auditory 

digit span with increasing difficulty, ranging from four to eight digits. After exposure to each digit span, 

participants were asked to recall the sequence in reverse order. During every trial, participants were 

given two seconds and an additional 2.3 seconds per digit to recall and insert the sequence. Two trials 

were asked for every difficulty level, so these are ten trials per block. The total number of correct trials 

was used as a measure of performance. 

2.4.4 Measures prior to the experiment 
Light exposure. Prior to the actual experiment participants received a wearable device measuring light 

exposure: The LightLog. At every experimental day participants were instructed to wear the LightLog 

device from the moment they woke up. Data from the LightLog was used to control light exposure prior 

to the experiment, as this might affect the dependent variables. The LightLog device was designed and 

built by Gary Martin, and is based on the TAOS TCS34725 color 12 sensor chip (Martin, 2015). The 

average light intensity 60 minutes prior to the start of the experiment was calculated in MatLab R2019a 

and included as a potential confounding variable. 

Sleep diary. Although participants were instructed to adhere to a regular sleeping pattern on the 

nights before an experimental session, the real situation was still assessed using a sleep diary. 

Participants were given a sleep diary in the shape of a piece of paper with 9 questions regarding the 

timing, length and quality of participants sleep the night before an experimental session. Participants 

were instructed to fill in the sleep diary immediately after they woke up, so the information would be as 

accurate as possible. The sleep diary is presented in appendix I. From the responses on the sleep diary, 

sleep quality, sleep duration and mid-point of sleep were calculated and included as potential 

confounding variables. 

Potential confounding variables. Prior to each experimental sessions, participants completed a short 

questionnaire regarding potential confounding variables. Participants were asked how much they ate 

before an experiment and how many cups of soda, coffee, tea or any other caffeine holding drinks they 

drank before the session. Additionally, participants were asked by which mode of transportation they had 

come to the lab, how much time they had spent travelling and how much time they had spent outside. 

Additionally, the outside temperature and weather conditions (sunny, partially cloudy or cloudy) were 

noted by the experiment leader and also included as potential confounding variables. During the 

experiment, participants evaluated the effort it took for them to complete the PVT, the BDST and the 

reading in between blocks. These variables were assessed as potential confounders as well.   
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2.5 Procedure 
During the registration for the current study, participants completed a questionnaire regarding the 

exclusion criteria specified in the participants section. After approval, participants registered for four 

sessions at the same time of day, at least one day apart. Prior to the first session, an appointment was 

made where participants picked up the LightLog and the sleep diary and where the informed consent 

form was signed (copy of informed consent is included in Appendix II). At every day of an experimental 

session, participants were instructed to note their sleeping times in the sleep diary and to wear the 

LightLog device from the moment they woke up. Additionally, they were instructed to wear a cotton 

long-sleeved shirt, long jogging trousers, underwear, socks and sport shoes (estimated Clo value = 0.6). 

 The procedure of the four sessions was exactly similar. Participants entered the climate room and 

were directed to their seatEvery session started with a short baseline questionnaire measuring potential 

confounding variables. After this questionnaire, participants were instructed how to apply the 

physiological sensors of the Mobi device and how to apply the iButtons (participants were given privacy 

when applying the sensors). Then the PVT and BDST were explained and shortly practiced. After the 

practice trials the experiment leader asked the participants if there were any remaining questions and 

then instructed them to read their book until the first measurement block started, after 30 minutes in the 

Climate chamber (baseline measurements; block 1). Sequentially, three more measurement blocks were 

completed. Each measurement block started with a subjective evaluation regarding the effort of reading, 

followed by a short subjective questionnaire (± 2 minutes) regarding light appraisals and atmosphere 

perception. After this participants completed a 5-minute PVT and a four-minute BDST. Blocks lasted 15 

minutes, so participants were left with a few minutes at the end of every block to relax and read a book, 

presented by the experiment leader or brought by themselves. After block 1, participants were exposed 

to a light setting dependent on their experimental condition. The same procedure was repeated in 

session two, three and four under a different experimental condition. After the fourth session 

participants were thanked, debriefed and received their compensation of €60,-. An overview of the full 

experimental procedure is presented in Figure 9. 
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Figure 9 Overview full experimental procedure 

2.6 Analysis 

2.6.1 Preprocessing 
Prior to the actual analysis to assess the hypotheses, several data preparations were performed. 

Primary, baseline values for each of the dependent variables were extracted and saved as separate 

variables. To account for baseline differences between experimental conditions, baseline values of each 

dependent variables were included as a covariate in the corresponding models. Second, objective 

dependent variables and their baseline values were checked for outliers and a normal distribution. 

Observations that deviated more than 3 SD from the variables mean were treated as missing values in the 

further analysis. Skewness and Kurtosis were checked for each objective variable as well. Third, the 

equivalence of potential confounding variables across sessions was checked. Linear Mixed Models (LMM) 

with the potential confounder as dependent variable, Participant as random intercept and Condition as 

only included factor were used to assess differences between experimental conditions for all potential 

confounders at the session level. Fourth, the correlations between potential confounding variables and 

the six dependent variables were investigated using the Pearson’ correlation test in order to decide if 

potential confounders should be included or excluded from further analyses. To be included in the 

models, a significant correlation coefficient of at least 0.3 was required. If multiple potential confounders 

had significant correlation (r > 0.3) with one dependent variable, inter-correlations between the 
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confounders were checked. An exception on the > 0.3 rule was made for potential confounders with 

differences per experimental condition.    

Some observations were excluded from the analysis. One of the sessions was aborted after block 2 

due to a fire alarm. Data from block 3 and block 4 were replaced with missings. Some participants 

temporarily lost or forgot the LightLog device, or wore the LightLog device with the wrong side up. This 

data regarding light exposure were reported as missings.   

The temperature in the climate chamber was set at 18°C and sustained at this temperature for every 

session. However, as the entrance door to the climate chamber was closer to the right seating location 

compared to the left seating location, location dependent differences in air temperature were likely to be 

found. To examine the effect of seating location on air temperature, the difference in air temperature 

between left and right seating location were compared using an independent sample t-test. 

A study by te Kulve et al. (2018) reported a correlation between visual comfort and thermal comfort. 

Therefore, a separate LMM was assessed for every dependent variable regarding thermal perception, 

with Visual Comfort as only covariate and Participant and Session as random intercepts. If visual comfort 

had a significant effect on the dependent variable and explained variance at some of the levels, visual 

comfort was kept as covariate. If no significant effect was found or no variance was explained, visual 

comfort was excluded from the model again. 

2.6.2 Hypothesis testing 
Paired t-tests were used to investigate the effects of Light Intensity and CCT on thermal acceptance. 

For all the other analyses LMM analyses were used. The hierarchical model consisted of the levels 

“Participant”, “Session”, and “Block”. Therefore, Participant and Session were included as random 

intercept in all the models. Light intensity, CCT, Block and Baseline Values were included as fixed factors 

in every model, together with potential confounding variables and the interactions CCT * Light Intensity, 

CCT * Block and Light Intensity * Block. The latter two were added to investigate the effect of the lighting 

conditions on the dependent variables in the different measurement blocks. Post-hoc test with 

Bonferroni correction were used to investigate the direction of effects and to calculate the Estimated 

Marginal Means (EMM).  

Before the actual analyses, a null model was run for every dependent variable to get an impression of 

how the variance was divided over the different levels in the hierarchical model. In this LMM the 

dependent variable was added with Participant and Session as random intercepts, but without any fixed 

factors or covariates.   
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3 Results  

3.1 Preparatory analysis 

3.1.1 Assumptions  
The two objective dependent variables are mean skin temperature and DPG. When plotting the 

frequency histogram of average skin temperature, the majority of observation can be found in the 28 – 

33 °C range (Figure 10A). Contrarily, some observations were found in very low ranges (17 – 18  °C and 20 

– 24 °C), while no observations were found between 24 °C and 28 °C. As mean skin temperatures around 

17 – 18 °C and the observations around 20 – 24 °C are highly unlikely and coincide respectively with the 

air temperatures inside the lab (18 °C) and the air temperature next to the lab (approximately 20 – 23 °C), 

it is assumed that the iButtons did not measure properly for these observations. Therefore we coded 

these observations for mean skin temperature (30 obs.) as missings. After exclusion, there are no more 

outliers based on the 3-SD criterion and the frequency histogram follows a normal curve (Figure 10C). 

Based on the Skewness and the Shapiro Wilk test, mean skin temperature is not significantly normally 

distributed (Table 2). However, due to the large amount of observations (N = 244) this should not be 

problematic (Ghasemi & Zahediasl, 2012). 

As the DPG is based on skin temperature, the same observations that were reported as missing for 

mean skin temperature were also reported as missing for DPG. After exclusion, especially the frequency 

range between -1 and 0 decreased, improving the DPG’s normality (Figure 10B and 10D). According to 

the Kurtosis and the Shapiro Wilk test, DPG is not significantly normally distributed. But again, due to the 

large amount of observations (N = 244) this should not be problematic (Ghasemi & Zahediasl, 2012). 

Table 2  
Normality tests of mean skin temperature and the DPG 

Dep. variable Obs. Skewness Pr 
(Skewness) 

Kurtosis Pr 
(Kurtosis) 

Wilk Pr>Z 

Taverage 244 -0.37 0.018 -0.12 0.086 0.981 0.002 
DPG 244 2.54 0.42 2.20 <0.001 0.985 0.011 
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Figure 10 Frequency histograms of mean skin temperature and DPG before (A & B) and after (C & D) 
outlier removal. 
 

 

3.1.2 Indoor environmental conditions 
A significant difference in air temperature between the left and right seating location was found (t(73) 

= 9.81, p < 0.001). Air Temperature was significantly warmer for the left seating location compared to the 

right seating location (Table 3). Even though seating location has been counterbalanced within 

participants over their sessions, air temperature has been included as potential confounding variable and 

will be checked for equivalence over experimental conditions later. 

Table 3 
Overview of average room temperature over seating location 
 Left Right Statistics 

obs Mean Std. dev obs Mean Std. dev p 
Mean ambient temperature 37 18.11 0.091 38 17.90 0.091 < .001 
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3.1.3 Potential confounding variables on session level 
A LMM was used to assess differences in potential confounding variables between experimental 

conditions. For every potential confounder a new model was run with the potential confounder as 

dependent variable, Participant as random intercept and Condition as the only included fixed factor. The 

analysis revealed no significant effects (all p > 0.05), except for Air Temperature, as visible in Table 4. 

Mean air temperature inside the lab was significantly higher (EMMwarmbright = 18.07; SE = 0.029) in the 

WarmBright condition compared to the other three conditions (EMMwarmdim = 17.97; SE = 0.029; 

EMMcooldim = 17.99; SE = 0.034; EMMcoolbright = 17.98; SE = 0.03).  

LMM’s were used to investigate whether Air Temperature should be included in any of the models 

regarding thermal perception. A separate LMM was assessed for every dependent variable with Air 

Temperature as only covariate and Participant and Session as random intercepts. The models revealed 

that Air Temperature had a non-significant trend on thermal sensation (X2 (1, N = 223) = 3.04, p = 0.08). 

No significant effects on mean skin temperature (p = 0.67), the DPG (p = 0.40), thermal comfort (p = 0.74) 

or self-assessed shivering (p = 0.48) were found. Therefore, Air Temperature was included in the model of 

thermal sensation. 

Table 4  
The results from the LMM with every confounder as dependent variable, Condition as fixed factor an participant as 
random intercept 
Potential confounder X2 dF N p 
KSS-Start 3.94 3 92 0.27 
Travel time 2.65 3 92 0.45 
Time outdoors 5.51 3 92 0.14 
Caffeine consumption 2.57 3 92 0.46 
Food intake 0.74 3 92 0.86 
Weather 1.55 3 92 0.67 
Outside temperature 3.14 3 92 0.37 
Sleep duration 2.28 3 92 0.52 
Sleep quality 6.85 3 92 0.77 
Midpoint of sleep 2.58 3 92 0.46 
Light exposure 0.96 3 85 0.81 
Air temperature 7.56 3 75 0.05 

Note. Significant results are indicated in Bold. 

The correlation between potential confounding variables and the six dependent variables was  

investigated in an explorative analysis using the Pearson’ correlation test. This test was used as a first 

exploration, to investigate which potential confounders should be included in a further analyses. Results 

are shown in Table 5. Only the correlation between food intake prior to the experiment and DPG met the 

r > 0.3 criterion. Therefore Food Intake will be included in the analysis of DPG.  
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Table 5 
Correlation matrix between dependent variables and potential confounders  
Potential confounding 
variable 

Mean Skin 
temperature 

DPG Thermal 
sensation 

Thermal 
comfort 

SAS 

KSS-Start Ns ns 0.20** ns ns 
Travel time Ns ns 0.21** ns ns 
Transport type 0.23** ns 0.13* ns ns 
Time outdoors 0.16* ns -0.13* ns ns 
Caffeine consumption 0.14* -0.26** ns -0.15* ns 
Food intake 0.17* -0.37** 0.13* ns ns 
Weather ns ns 0.16** ns ns 
Outside temperature ns 0.22** ns 0.19** -0.22** 

Sleep duration ns ns -0.18** ns ns 
Sleep quality -0.17** -0.15* ns 0.18** ns 
Midpoint of sleep ns ns ns ns -0.25** 

Light exposure 0.22** ns ns 0.12* -0.14* 
Evaluate reading 0.18** ns ns -0.29** ns 
Evaluate PVT 0.16** ns 0.13* -0.18** ns 
Evaluate BDST 0.21** ns ns ns ns 
Note. * indicates p < 0.05; ** indicates p < 0.01; ns indicates non-significant; Correlation highlighted in Bold indicate 
that the potential confounding variable is included in the corresponding model.  

 

3.1.4 Potential confounding variables on block level 
The study by te Kulve et al. (2018) found a significant correlation between Visual Comfort and Thermal 

Comfort. LMM’s were performed to assess light evaluations over the different conditions. The models 

consisted of Visual Color Sensation, Visual Intensity Sensation or Visual Comfort (the combined variable) 

as dependent variable, Light Intensity and CCT as fixed factors and Participant and Session as random 

intercepts. The baseline blocks were not included in these analysis. The models showed that the light was 

experienced as warmer in the 2700 K (EMM = 0.3; SE = 0.13) conditions compared to the 5800 K 

condition (EMM = -1.25; SE = 0.13; X2 (1, N = 274) = 91.26, p < 0.001). In addition, the intensity of the light 

was experienced higher in the 1000 lux condition (EMM =  1.37; SE = 0.13) compared to the 100 lux 

condition (EMM = -0.28; SE = 0.13; X2 (1, N = 274) = 138.5, p < 0.001). The intensity of the light was also 

experienced higher in the 5800 K condition (EMM = 0.70; SE = 0.13) compared to the 2700 K conditions 

(EMM = 0.38; SE = 0.13; X2 (1, N = 274) = 5.27, p = 0.022). Furthermore, the light was evaluated as more 

comfortable in the 2700 K condition (EMM = 1.32; SE = 0.13) compared to the 5800 K condition (EMM = 

0.94, SE = 0.13; X2 (1, N = 274) = 8.26, p = 0.004). 

LMM’s were used to investigate whether visual comfort should be included in any of the models 

regarding thermal perception. The models revealed that Visual Comfort had a significant effect on 

Thermal Comfort (X2 (1, N = 274) = 22.73, p < 0.001) and Self-Assessed Shivering (X2 (1, N = 274) = 5.51, p 
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= 0.019). No significant effect on Thermal Sensation (p = 0.23) was found. Therefore, Visual Comfort was 

included in the models of Thermal Comfort and Self-Assessed Shivering. A full overview of which factors 

and covariates were included in the final models is presented in Table 6. 

Table 6 
Overview of all dependent variables with the fixed factors and covariates that were included in the 
model 
Dependent variable Fixed factors and covariates 
Mean Skin Temperature Light intensity, CCT, Block, Baseline level, CCT * Light intensity, CCT * 

Block, Light intensity * Block 
DPG Light intensity, CCT, Block, Baseline level, CCT * Light intensity, CCT * 

Block, Light intensity * Block, Food intake 
Thermal Sensation Light intensity, CCT, Block, Baseline level, CCT * Light intensity, CCT * 

Block, Light intensity * Block, Air temperature   
Thermal Comfort Light intensity, CCT, Block, Baseline level, CCT * Light intensity, CCT * 

Block, Light intensity * Block, Visual Comfort 
Self-Assessed Shivering Light intensity, CCT, Block, Baseline level, CCT * Light intensity, CCT * 

Block, Light intensity * Block, Visual Comfort 
 

  



31 
 

3.2 Hypothesis testing 

3.2.1 Main effect of light on thermophysiology 

3.2.1.1 Mean Skin Temperature 
A LMM was used to investigate the effects of CCT and light intensity on mean Skin Temperature. In 

addition to the fixed factors and the baseline values of skin temperature, no more covariates were added 

to the model. Prior to the analysis with all factors and covariates included, a null model was run to assess 

how much variance can be explained on different levels of the model. In a model with Participant and 

Session as random intercepts, the results showed that the largest amount of variance can be explained at 

the Session level (56.6%).  18.8% of the variance can be explained on the Participant level and 24.4%  of 

the variance can be explained on the Block level. After including all factors and covariates as presented in 

Table 7, the estimates of variance have become smaller compared to the null model, indicating that the 

fixed factors and covariates explained a portion of the variance.  

Table 7 
Variance to be explained at different levels for the null model and the full model 
Level Null model Full model 

% variance Estimate of 
variance 

SE % variance Estimate of 
variance 

SE 

Participant  18.8 0.12 0.070 3.6 0.003 0.006 
Session 56.6 0.35 0.073 49.2 0.040 0.010 
Block 24.4 0.15 0.017 47.2 0.038 0.004 
Note. SE stands for standard error 

 

The LMM analysis investigating the effect of light on mean Skin Temperature revealed a non-

significant trend of CCT (X2 (1, N = 244) = 3.32, p = 0.068). Post-hoc tests with Bonferroni correction 

investigating the effects of CCT in each level of Block revealed a significant mean Skin Temperature 

difference between 5800 K exposure and 2700 K exposure in Block 4 (Figure 11A; EMM5800 = 30.63; SE = 

0.047; EMM2700 = 30.47; SE = 0.43; p = 0.03). These findings indicate a lower mean Skin Temperature 

when participants were exposed to 2700 K compared to 5800 K exposure in the final block of the 

experiment. It was expected that mean Skin Temperature would be lower during warm light exposure 

compared to cool light exposure. Since the effect of CCT was time-dependent, it can be concluded that 

H2 is partially supported by the results. No significant effect of Light Intensity on mean Skin Temperature 

was found (p = 0.36). 

In addition, Bock had a significant main effect on mean Skin Temperature (X2 (2, N = 244) = 458, p < 

0.001; Figure 12). Post-hoc analyses with Bonferroni corrections revealed that mean Skin Temperature in 

Block 3 and 4 were significantly lower compared to their preceding blocks, with the largest difference 

between Block 3 and Block 4 (EMMBlock2 = 31.19; SE = 0.033; EMMBlock3 = 31.00; SE = 0.033; EMMBlock4 = 
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30.54; SE = 0.033; pBlock23 < 0.001; pBlock34 < 0.001). Furthermore, the model found no significant 

interaction effect for CCT * Light Intensity, Light intensity * Block. An overview of the results can be found 

in Table 8. 

Table 8 
Results of fixed factors and covariates from the LMM for mean skin temperature (N = 244) 

Fixed factors and covariates X2 dF p 
Light intensity 0.83 1 0.36 
CCT 3.32 1 0.069 
Block 458 2 < 0.001 
CCT * Light Intensity 0.02 1 0.88 
Light Intensity * Block 2.80 2 0.25 
CCT * Block 3.85 2 0.15 
Baseline mean skin temperature 658 1 < 0.001 
Note. Significant effects are highlighted in Bold    

 

 

Figure 11 The effect of CCT (A) and Light Intensity (B) over Block on mean Skin Temperature. Mean Skin 
Temperature is displayed as EMM's with 95% confidence intervals resulting from post-hoc analysis with 
Bonferroni correction. Note. * stands for p < 0.05. Significant differences between blocks are not shown. 
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Figure 12 The effect of Block on mean Skin Temperature. Mean Skin Temperature is displayed as EMM's 
with 95% confidence intervals resulting from post-hoc analysis with Bonferroni correction. The mean kin 
temperatures are averaged over light condition.  Note ** stands for p < 0.01. 

 

3.2.1.2 DPG 
Another LMM was used to analyze the effects of Light Intensity and CCT on the DPG. Food intake was 

added to the model, in addition to the fixed factors and the baseline values of DPG. A null model was run 

to get an impression of how the variance is divided over the different levels. Results are shown in Table 9. 

The analysis showed that 63.4 % of the variance can be explained on the Session level, 24 % on the 

Participant level and 12.6 % on the Block level. In order to investigate the relative contribution of food 

intake to the model, the full model was first run without food intake, and after with food intake. In the 

first model including all the fixed factors and covariates except Food Intake, the estimates of variance 

have become much smaller than the estimates of variance in the null model. This indicates that the fixed 

factors and covariates explained some part of the variation of the model. Especially the estimates at the 

Participant level and Session level are way smaller in the full model compared to the null model, 

indicating that the added variables explain a large amount of variance at these levels of the model. In the 

full model including Food Intake, the sum of the estimates of variances did not decrease. In addition, 

Food Intake had no significant effect on the DPG in the full model (X2 (1, N = 244) = 0.15, p = 0.70). 

Therefore it was decided to exclude Food Intake from the final model and run the model with just the 

fixed factors and the baseline values of DPG.  
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Table 9 
Variance to be explained at different levels for the null model, the model without food intake and the full 
model 
Level Null model Model without food 

intake 
Full model 

% 
variance 

Estimate 
of 
variance 

SE % 
variance 

Estimate 
of 
variance 

SE % 
variance 

Estimate 
of 
variance 

SE 

Participant  24.0 % 1.16 0.67 5.7% 0.05 0.07 6.0 % 0.06 0.07 
Session 63.4 % 3.07 0.71 49.5% 0.42 0.10 48.8 % 0.41 0.10 
Block 12.6 % 0.61 0.07 44.8% 0.38 0.04 45.2 % 0.38 0.04 
Note. SE stands for standard error 

 

The results of the LMM are shown in Table 10. The model revealed no significant main, nor an 

interaction effect of Light Intensity and CCT on the DPG, as visible in Figure 13. Neither was an interaction 

effect found for Light Intensity * Block or CCT * Block (all p > 0.10). Based on these results, it can be 

concluded that H1 is not supported. There was however, a significant main effect of Block found (X2 (3, N 

= 244) = 90.07, p < 0.001), as visible in Figure 14. Post-hoc tests with Bonferroni correction indicated that 

the mean DPG decreased significantly from Block 2 to Block 3, irrespective of light condition (EMMBlock2 = 

-4.18; SE = 0.11; EMMBlock3 = -4.97; SE = 0.11; p < 0.001). There was no significant difference in DPG 

between Block 3 and Block 4 (p > 0.05). 

Table 10 
Results of fixed factors and covariates from the LMM for DPG (N = 244) 

Fixed Factors and covariates X2 dF p 
Light intensity 0.08 1 0.77 
CCT 0.23 1 0.63 
Block 90.01 2 < 0.001 
CCT * Light Intensity 0.38 1 0.54 
Light Intensity * Block 1.43 2 0.49 
CCT * Block 4.23 2 0.12 
Baseline DPG 587 1 < 0.001 
Note. Significant effects are highlighted in Bold 
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Figure 13 The effect of CCT (A) and Light Intensity (B) over Block on DPG. DPG is displayed as EMM's with 
95% confidence intervals resulting from post-hoc analysis with Bonferroni correction. Note. Significant 
differences between Blocks are not shown. 
 

 

Figure 14 The effect of Block on DPG. DPG is displayed as EMM's with 95% confidence intervals resulting 
from post-hoc analysis with Bonferroni correction. The DPG values are averaged over light condition.  
Note. ** stands for p < 0.01. 
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3.2.2 Main effect of light on thermal perception 

3.2.2.1 Thermal Acceptance 
Paired t-tests were used to examine the effects of Light Intensity and CCT on thermal acceptance over 

Block. As visible in Table 11, a significant main effect of CCT was found (t(272) = -2.86, p = 0.004). The 

thermal environment was more often evaluated as acceptable in the 5800 K condition (M = 91.2% ; SE = 

2.4%) compared to the 2700 K condition (M = 79.0%; SE = 3.5%). Paired t-tests regarding the effect of CCT 

on thermal acceptance on different levels of Block exposed that differences were larger in the third Block 

(t(89) = -1.95, p = 0.05) compared to the second Block (t(90) = -1.03, p = 0.29). However, due to the 

relatively small sample sizes only a non-significant trend of CCT was observed in the Block 4 (t(-1.85) = -

1.85, p = 0.07).  

 Additionally, paired sample t-tests were also used to examine the effect of Light Intensity on Thermal 

Acceptance. Results show that there are no significant differences between Light Intensity conditions 

(t(272) = -0.79, p = 0.43). In addition, no significant differences between Light Intensity conditions were 

observed on the Block level (all p > 0.4). 

Table 11 
Overview of means and SE for thermal acceptance per CCT condition. Including t-test results of the thermal 
acceptance differences between CCT conditions for the main effect, and for every Block individually. 
 2700 K  5800 K Statistics 

Mean SE Mean SE t Df p 
Main effect 79.0% 3.5% 91.2% 2.4% -2.86 272 0.004 
Block 2 87.0% 5.0% 93.5% 3.6% -1.03 90 0.29 
Block 3 74.0% 6.3% 91.1% 4.2% -1.95  89 0.05 
Block 4 72.9% 6.5% 88.9% 4.8% -1.85 89 0.07 

 

3.2.2.2 Thermal Sensation 
In order to investigate the effect of light intensity and CCT on Thermal Sensation a LMM was 

used. Air temperature in the lab was added to the model, in addition to the fixed factors and the baseline 

values of Thermal Sensation. A null model was run to analyze how the variance was divided over the 

different levels. As visible in Table 12, the most variance of thermal sensation occurred at the Block level 

(47.6%), followed by the Session level (38.4%) and the Participant level (14%). After adding all fixed 

factors and covariates except visual sensation, the estimates of variance are smaller compared to the null 

model, indicating that some variance is explained by the added variables.  
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Table 12 
Variance to be explained at different levels for the null model and the full model 
Level  Null model Full model 

% Variance Estimate of 
variance 

SE % Variance Estimate of 
variance 

SE 

Participant  14% 0.12 0.074 4.3% 0.03 0.049 
Session 38.4% 0.33 0.084 42.7% 0.25 0.074 
Block 47.6% 0.41 0.043 53% 0.31 0.037 
Note. SE stands for standard error 

 

As visible in Table 13, the LMM revealed no significant main and no significant interaction effect of 

light intensity and CCT on Thermal Sensation (all p > 0.05; Figure 15). Neither was there a significant 

interaction effect between CCT * Block or light intensity * Block. These findings are against the 

expectations as stated in H4, as it was expected that exposure to warm light would resulted in a warmer 

thermal sensation compared to cool light exposure, in line with the hue-heat hypothesis. In contrast, a 

significant main effect of Block was found (X2 (2, N = 223) = 11.07, p = 0.004). Post-Hoc tests revealed that 

participants felt colder in Block 3 (EMM = 1.97; SE = 0.094) compared to Block 2 (EMM = 2.22; SE = 

0.094), irrespective of light condition (See Figure 16). No significant differences regarding thermal 

sensation were found  between Block 3 and Block 4 (p = 1). Another model was run to assess a the effect 

of mean skin temperature, since differences in mean skin temperature were observed between CCT 

conditions. However, no significant effect of mean skin temperature on thermal sensation was observed 

(p = 0.40). 

Table 13 
Results of fixed factors and covariates from the LMM for thermal sensation (N = 223)  
Fixed factors and covariates X2 dF p 
Light intensity 0.16 1 0.69 
CCT 0.91 1 0.34 
Block 11.07 2 0.004 
CCT * Light Intensity 0.03 1 0.85 
Light Intensity * Block 1.52 2 0.47 
CCT * Block 1.24 2 0.54 
Baseline Thermal Sensation 28.95 1 < 0.001 
Air temperature 9.96 1 0.002 
Note. Significant effects are highlighted in Bold 
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Figure 15 The effect of CCT (A) and Light Intensity (B) over Block on Thermal Sensation. Thermal 
Sensation is displayed on a 0 (cold) to 6 (hot) scale. Values are shown as EMM's with 95% confidence 
intervals resulting from post-hoc analysis with Bonferroni correction. Note. Significant differences 
between Blocks are not shown.  
 

 

Figure 16 The effect of Block on Thermal Sensation. Thermal sensation is displayed on a 0 (cold) to 6 (hot) 
scale. Values are shown as EMM's with 95% confidence intervals resulting from post-hoc analysis with 
Bonferroni correction. Values are averaged over light condition. Note. ** stands for p < 0.01 
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3.2.2.3 Thermal comfort 
A LMM was used to investigate the effects of Light Intensity and CCT on Thermal Comfort. Visual 

Comfort was added to the model, in addition to the fixed factors and the baseline values of Thermal 

Comfort. The fixed factors and the baseline values of thermal comfort reduced some of the variance on 

all levels compared to the null model, although differences are relatively small. Adding Visual Comfort to 

the model decreased a larger portion of the variance, especially on the Participant level. An overview of 

these results is shown in Table 14.  

Table 14 
Variance to be explained at different levels for the null model, the model without visual comfort and the 
full model 
Level Null model Model without visual 

comfort 
Full model 

% 
variance 

Estimate 
of 
variance 

SE % 
variance 

Estimate 
of 
variance 

SE % 
variance 

Estimate 
of 
variance 

SE 

Participant  35% 0.35 0.13 33% 0.29 0.11 23.5% 0.16 0.07 
Session 25% 0.25 0.07 25% 0.22 0.06 25% 0.17 0.05 
Block 40% 0.40 0.04 42% 0.37 0.04 51.5% 0.35 0.037 
Note. SE stands for standard error 

 

The LMM excluding Visual Comfort revealed a non-significant trend of CCT (X2 (1, N = 274) = 3.04, p = 

0.08). The thermal environment was evaluated as more comfortable in the 5800 K condition (EMM = 

0.90; SE = 0.14) compared to the 2700 K condition (EMM = 0.69; SE = 0.14). However, this effect was not 

statistically significant. In addition, no significant effect of Light Intensity, nor an interaction effect 

between Light Intensity and CCT was found (both p > 0.05). A significant main effect of Block was found. 

(X2 (2, N = 274) = 9.70, p = 0.01). Post-hoc tests with Bonferroni correction revealed a significant 

difference between Block 2 (EMM = 0.95; SE = 0.14) and Block 3 (EMM = 0.71; SE = 0.14; p = 0.014). No 

significant difference in thermal comfort was found between Block 3 and Block 4 (p > 0.10). Furthermore, 

no CCT * Block or Light Intensity * Block interactions were found (both p > 0.10).   

The LMM including Visual Comfort investigating the effect of light on thermal comfort revealed a 

significant main effect of CCT (X2 (1, N = 274) = 10.94, p < 0.001). Post-hoc tests revealed that participants 

evaluated the thermal environment as more comfortable in the 5800 K condition (EMM = 0.98; SE = 0.11) 

compared to the 2700 K condition (EMM = 0.60; SE = 0.11) when controlling for visual comfort ratings, as 

visible in Figure 17A. Additionally, a non-significant trend was found for the effect of Light Intensity (X2 (1, 

N = 274) = 3.36, p = 0.067). A post-hoc test with Bonferroni correction revealed that in the 5800 K 

condition, the thermal environment is evaluated as more comfortable during 1000 lux exposure (EMM = 

1.17; SE = 0.14) compared to 100 lux exposure (EMM = 0.79; SE = 0.14; p = 0.04). 
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Furthermore, a significant main effect of Block was found (X2 (2, N = 274) = 14.90, p < 0.001; Figure 

18). A post-hoc test with Bonferroni correction revealed that participants evaluated the thermal 

environment as more comfortable in Block 2 (EMM = 0.98; SE = 0.11) compared to Block 3 (EMM = 0.71; 

SE = 0.11; p = 0.003), irrespective of light condition. No significant difference in Thermal Comfort was 

found between Block 3 and Block 4 (p > 0.10). No significant main effect of light intensity (Figure 17B), or 

an interaction effect light intensity * CCT or light intensity * Block were found. Visual comfort had a 

significant effect on thermal comfort (X2 (1, N = 274) = 40.1, p < 0.001). As Figure 19 reveals, thermal 

comfort increased with increasing visual comfort.   

Another model including mean skin temperature was run to assess potential effects of mean skin 

temperature, since differences in mean skin temperature were observed between CCT conditions. A non-

significant trend of mean skin temperature on thermal comfort was found (X2 (1, N = 244) = 3.51, p = 

0.061), indicating higher evaluations of thermal comfort with increasing mean skin temperature. There 

was no sign of mediation, since the inclusion of mean skin temperature did not (partially) remove the 

effect of CCT on thermal comfort (β = 0.33 including mean skin temperature, β = 0.28 excluding mean 

skin temperature). 

Table 15 
Results of fixed factors and covariates from the LMM for thermal comfort (N = 274) 
Fixed factors and covariates Model without visual comfort Full model 

X2 dF p X2 dF p 
Light intensity 2.41 1 0.12 3.36 1 0.067 
CCT 3.04 1 0.08 10.94 1 0.001 
Block 9.70 2 0.008 14.90 2 < 0.001 
CCT * Light Intensity 0.37 1 0.54 2.15 1 0.14 
Light Intensity * Block 2.15 2 0.34 1.50 2 0.47 
CCT * Block 0.56 2 0.76 0.56 2 0.76 
Baseline Thermal Comfort 6.32 1 0.012 9.65 1 0.002 
Visual Comfort - - - 40.1 1 <0.001 
Note. Significant effects are highlighted in Bold 
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Figure 17 The effect of CCT (A) and Light Intensity (B) over Block on Thermal Comfort in the model 
including Visual Comfort. Thermal Comfort is displayed on a -2 (very uncomfortable) to 3 (very 
comfortable) scale. Values are shown as EMM's with 95% confidence intervals resulting from post-hoc 
analysis with Bonferroni correction. Note. Please note that the significant effect in figure A involves a 
main effect, independent of Block. Significant differences between blocks are not shown. ** stands for p 
< 0.01 
 

 

Figure 18 The effect of Block on Thermal Comfort in the model including Visual Comfort. Thermal 
Comfort is displayed on a -2 (very uncomfortable) to 3 (very comfortable) scale. Values are shown as 
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EMM's with 95% confidence intervals resulting from post-hoc analysis with Bonferroni correction. Values 
are averaged over light condition. Note. ** stands for p < 0.01 
 

 

Figure 19 The effect of Visual Comfort on Thermal Comfort. Both visual and thermal comfort are 
displayed on a -2 (very uncomfortable) to 3 (very comfortable) scale. Values of A. are shown as EMM's 
with 95% confidence intervals resulting from post-hoc analysis with Bonferroni correction. Values are 
averaged over light condition and Block. Values of B. are plotted raw data.  
 

3.2.2.4 Self-Assessed Shivering 
A LMM was used to investigate the effects of Light Intensity and CCT on self-assessed shivering. Visual 

Comfort was added to the model in addition to the fixed factors and the baseline values of self-assessed 

shivering. An outlier analysis based on the residuals of the full model revealed that two observations did 

not adhere to the 3-SD rule. These observations were reported as missing. The total amount of 

observations for the model of SAS was therefore 272. The fixed factors and the baseline values of 

Thermal Comfort reduced some of the variance on all levels compared to the null model, indicating that 

the fixed factors and the baseline values accounted for some part of the variance at all the levels of the 

model (Table 16). Adding Visual Comfort to the model decreased a relatively larger portion of the 

variance on the Session level.    
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Table 16 
Variance to be explained at different levels for the null model, the model without visual comfort and the full 
model 
Level Null model Model without visual comfort Full model 

% 
variance 

Estimate 
of 
variance 

SE % 
variance 

Estimate 
of 
variance 

SE % 
variance 

Estimate 
of 
variance 

SE 

Participant  39% 1.35 0.52 39% 1.15 0.45 40% 1.07 0.41 
Session 35.8% 1.24 0.28 35.6% 1.05 0.24 31.8% 0.85 0.20 
Block 25.2% 0.87 0.088 25.4% 0.75 0.08 25.2% 0.75 0.08 
Note. SE stands for standard error 

 

The LMM without Visual Comfort revealed no significant main effect of Light Intensity and CCT, nor an 

interaction effect between the two (all p > 0.10). A significant main effect of Block was found (X2 (2, N = 

274) = 19.37, p < 0.001). Post-hoc tests with Bonferroni correction revealed a significant difference in self-

assessed shivering between Block 2 (EMM = 1.84; SE = 0.26) and Block 3 (EMM = 2.34; SE = 0.27; p < 

0.001), indicating that participants reported higher levels of self-assessed shivering in Block 3. No 

significant difference in self-assessed shivering was found between Block 3 and Block 4 (p = 0.76). 

Furthermore, no significant interaction effects Light Intensity * Block or CCT * Block were found (p > 

0.10). 

As visible in Table 17, the LMM including Visual Comfort investigating the effects of light on self-

assessed shivering revealed a significant main effect of CCT (X2 (1, N = 274) = 4.16. p < 0.041). Participants 

reported to shiver more when exposed to 2700 K (EMM = 2.5; SE = 0.27) compared to 5800 K (EMM = 

2.04; SE = 0.27; Figure 20A). These findings are against our expectations as stated in H5. There was no 

significant main effect of Light Intensity on SAS (Figure 20B), neither a significant interaction effects for 

CCT * Light Intensity, CCT * Block and Light Intensity * Block (all p’s > 0.10). This means that there was no 

effect of light intensity on any of the dependent variables regarding thermal perception. Therefore, H3 is 

supported.  

In addition, a significant main effect of Block was found (X2 (2, N = 274) = 23.94, p < 0.001). Post-hoc 

tests with Bonferroni correction revealed that participants reported to shiver more in Block 3 (EMM = 

2.40; SE = 0.26) compared to Block 2 (EMM = 1.88; SE = 0.26; p < 0.001). On the contrary, no significant 

difference was found between Block 4 (EMM = 2.58; SE = 0.26) and Block 3 (EMM = 2.40; SE = 0.26; p = 

0.47; Figure 21). In addition, visual comfort had a significant effect on thermal comfort (X2 (1, N = 272) = 

13.77, p < 0.001). As Figure 22 reveals, SAS decreased with increasing visual comfort. 
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Table 17 
Results of fixed factors and covariates from the LMM for self-assessed shivering (N = 272)  

Fixed factors and covariates Model without visual comfort Full model 
X2 dF p X2 dF P 

Light intensity 0.26 1 0.61 0.36 1 0.55 
CCT 1.55 1 0.26 4.11 1 0.043 
Block 29.40 2 < 0.001 34.92 2 < 0.001 
CCT * Light Intensity 0.31 1 0.58 0.05 1 0.81 
Light Intensity * Block 0.28 2 0.87 0.05 2 0.97 
CCT * Block 0.76 2 0.68 0.13 2 0.93 
Baseline self-assessed shivering 10.17 1 0.001 12.2 1 < 0.001 
Visual Comfort - - - 13.77 1 < 0.001 
Note. Significant effects are highlighted in Bold 

Another model was run to assess mediation of mean skin temperature, since differences in mean skin 

temperature were observed between CCT conditions. However, no significant effect of mean skin 

temperature on self-assessed shivering was observed (p = 0.92). 

 

Figure 20 The effect of CCT (A) and Light Intensity (B) over block on self-assessed shivering. Self-assessed 
shivering is displayed on a 1 (Not shivering at all) to 10 (Yes, I shiver) scale. Values are shown as EMM's 
with 95% confidence intervals resulting from post-hoc analysis with Bonferroni correction. Note. Please 
note that the significant effect in figure A involves a main effect, independent of block. Significant 
differences between blocks are not shown. * stands for p <  0.05. 
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Figure 21 The effect of block on self-assessed shivering. Self-assessed shivering is displayed on a 1 (Not 
shivering at all) to 10 (Yes, I shiver) scale. Values are shown as EMM's with 95% confidence intervals 
resulting from post-hoc analysis with Bonferroni correction. Values are averaged over light condition. 
Note. ** stands for p < 0.01 
 

 

Figure 22 The effect of visual comfort on self-assessed shivering. Visual comfort is displayed on a -2 (very 
uncomfortable) to 3 (very comfortable) scale, and self-assessed shivering on a 1 (Not shivering at all) to 
10 (Yes, I shiver) scale. Values of A. are shown as EMM's with 95% confidence intervals resulting from 
post-hoc analysis with Bonferroni correction. Values are averaged over light condition and block. Values 
of B. are plotted raw data. 



46 
 

4 Discussion 
Exposure to mild cold temperatures has several mental and physical benefits on humans. Earlier 

studies showed that mild cold exposure increased resting metabolism and alertness, and improved 

performance (Lan et al., 2011; te Kulve et al., 2017; Tham, 2004; van Marken Lichtenbelt et al., 2017). 

However, the ambient temperature in office environments is most commonly set at thermoneutral 

conditions, as this satisfies most occupants in terms of thermal comfort. Ambient temperatures below 

the thermoneutral zone can result in thermal discomfort, which has negative consequences on human 

performance and alertness (Lan et al., 2011). Thermal discomfort could be (partially) alleviated by the 

application of the light, as earlier studies have provided indications that light can affect thermophysiology 

and thermal perception (Kim & Tokura, 1995, 2000; te Kulve et al., 2017). The current study aims to find 

insights in how light could be applied to compensate thermal discomfort due to exposure to mild cold 

temperatures. Therefore, it was investigated how CCT and light intensity affect thermophysiology and 

thermal perception in a controlled lab environment with an mild cold ambient temperature. Insights from 

the current study could be used for the development of dynamic light and dynamic temperature 

scenarios for office environments. 

Contrary to our expectations, no significant effect of light intensity on the DPG was found. Our 

expectations were based on the findings from the study from te Kulve and colleagues (2017). These 

researchers found that bright light exposure decreased the DPG compared to dim light. There are, 

however, some differences between the two studies that could have affected the outcomes. To start, the 

current study included the DPG baseline values in the model, to account for differences in DPG between 

experimental conditions in the baseline phase. In the study from te Kulve and colleagues, the researchers 

controlled for inter-personal differences by lettings participants adhere to the same protocol the night 

before the experiment. The purpose of this procedure was probably to control potential confounding 

variables, and minimalize the chances of baseline differences between conditions. Nevertheless, baseline 

differences could still have occurred. Additionally, the exposure time between the two studies was 

different (75 minutes vs 45 minutes). Furthermore, differences in light intensity between the 

experimental conditions in the study from te Kulve and colleagues was greater (5 lux vs 1200 lux) 

compared to the current study (100 lux vs 1000 lux). If the light induced effects on thermophysiology are 

a result of melatonin suppression, then the intensity of the light and the length of exposure determine 

the efficiency of the suppression (Brainard et al., 2001; McIntyre et al., 1989; Thapan et al., 2001; Wood 

et al., 2013). This makes the study from te Kulve and colleagues more sensitive to NIF of light dependent 

on melatonin suppression. Furthermore, this experiment only involved measures during the morning, 

when light induced effects on melatonin secretion could affect the circadian rhythm of the DPG. 

Contrary, the models of the current study were run on all observations, including afternoon sessions. So 
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in conclusion, there are some substantial differences that make it difficult to directly compare the 

outcomes between the current study and the study from te Kulve et al. (2017).  

Only few other studies have investigated the effect of light intensity on skin temperature or the DPG 

during daytime. One of the studies that found no effect of light intensity on skin temperature is the study 

from Kim & Jeong (2002). Two experiments varying in ambient temperature (26 °C and 20 °C) were 

conducted. For both ambient temperatures, no significant differences in skin temperature were observed 

between the sample exposed to bright light and the sample exposed to dim light. Kim & Tokura (1995, 

2000) found inconsistent effects. In one of their studies (2000), they found no significant difference in 

mean skin temperature between samples exposed to bright compared to dim light. In their other study 

(1995), contrarily, they did find that skin temperatures at distal body parts (arm and leg) were higher in 

the bright compared to the dim condition. However, several differences in experimental design make it 

difficult to compare the current study with theirs. In one of their studies (1995), the differences in distal 

skin temperatures were observed during the night after the exposure, while the current study measured 

skin temperature during daytime. Additionally, participants were exposed for five or six hours to either 

bright or dim light in Kim & Tokura’s studies, measurements started after this period. In the current study 

design, participants were exposed to a light condition 45 minutes while skin temperature was being 

recorded continuously. Since measures taken hours after exposure do not provide information on the 

acute effects of light on thermophysiology, comparing the outcomes of their study with the current is 

difficult. 

The analyses regarding the effects of CCT on thermophysiology revealed that after 30 minutes of 

exposure, mean skin temperature was higher when exposed to cool light compared to warm light 

exposure. No significant effects of Light Intensity, nor a CCT * Light Intensity interaction effect was found. 

These findings imply a time-dependent effect of CCT on skin temperature. Similar results were found in 

an earlier study by Yasukouci et al. (2000) who conducted two experiments in different ambient 

conditions. They found that for both ambient conditions (declining 28 – 15°C and static 15°C), mean skin 

temperature decreased more when subjects were exposed to warm light compared to cool light (3000 K 

vs 5000 K and 3000 K vs 7500 K). In their studies the largest effect occurred at the end of the exposure 

time (after 40 minutes), just like the current study. Similarly, Sako et al. (1993) also found significant 

lower mean skin temperatures when participants were exposed to warm light compared to cool light. 

These researchers found this effect only under mild cold ambient temperatures, and not under 

thermoneutral or warm conditions. These findings, together with the findings of the current study, imply 

an effect of CCT on skin temperature that could be dependent on ambient temperature and exposure 

time.  

On the contrary are the findings from te Kulve et al. (2018), who found no significant main effect of 

CCT on mean skin temperature, even in a mild cold condition. However, te Kulve and colleagues did find 
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that proximal skin temperatures were higher for cool light exposure compared (2700 K) to warm light 

exposure (6500 K). Just like the other studies, this effect was only significant in the cool condition, and 

not in the thermoneutral or warm condition. No time-dependent effects were reported in this study.  

As explained in the introduction, light can affect human functioning via two mechanisms, each with a 

different neurological pathway. The IF pathways exerts effects on human functioning related to vision. 

This process is initiated by the rod and cone photoreceptors. On the other hand are NIF effects of light, 

initiated by the ipRGC’s. As visible in Table 1, photopic illuminance on the ipRGC’s is much higher in the 

bright conditions (386 lux and 852 lux) compared to the dim condition (38.6 lux and 85 lux). In addition, 

the photopic illuminance on the ipRGC’s is much higher in the CoolBright condition (852 lux) compared to 

the WarmDim condition (38.6 lux). Since there was no significant effect of light intensity, and no 

interaction effect of light intensity * CCT on both the thermophysiological variables, it is assumed that 

there are no NIF effects of light on thermophysiology observed in the current study. Therefore, it is 

expected that the effect of CCT on mean skin temperature is an IF effect of light, caused by the 

perception of the visual environment.  

Still, it seems contradictory that exposure to an environment lit by warm light decreases mean skin 

temperature faster compared to environments lit by cool light. Especially since the hue-heat hypothesis 

suggests that reddish environment are perceived as warmer compared to blueish environments. 

However, there are studies from the past that also found effects in the opposite direction of to the hue-

heat hypothesis. Although these studies investigated the effects of light on thermal perception rather 

than thermophysiology, the underlying mechanisms might be similar. Several researchers found that 

objects with cool colors were perceived as warmer compared to objects with warm colors (Ho, Doorn, 

Kawabe, Watanabe, & Spence, 2014; Ho, Iwai, Yoshikawa, Watanabe, & Nishida, 2015; Mogensen & 

English, 1926). Ho et al. (2014) suggested that this effect might have occurred because we expect cool 

colored objects to feel colder. If they are then of the same temperature as a warm colored object, we 

assume that in fact, the cool colored object must be warmer. The same thing could have happened in the 

current study. Participants might have expected the ambient temperature to be higher in the 2700 K 

condition, because the light was experienced as warmer in the 2700 K condition as well. When in fact the 

ambient temperature was equal in both conditions, skin temperature might have decreased faster in the 

2700 K conditions because our thermal expectations were higher. This would indicate that the change in 

mean skin temperature is a result of our thermal expectation based on the experience of the light, 

implying a psychological cause for the effect. Future studies that also assess the estimated ambient 

temperature, could provide answers to the question if the effect is caused by differences in expectations. 

If indeed the ambient temperature is estimated higher in a warm light condition compared to a cool light 

condition, this could be an indication that there is indeed a psychological cause for the effect of light on 

mean skin temperature. 
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The effect of light intensity on thermal perception was assessed on four different dependent 

variables. No significant differences between light intensities were found for thermal acceptance, thermal 

sensation, thermal comfort and self-assessed shivering. In addition, no significant interaction effects of 

light intensity and CCT were found on any of the dependent variables regarding thermal perception. 

These findings suggest that light intensity does not exert an effect on thermal perception within the 

boundaries of the current experimental design.  

The findings of the current study are consistent with the findings from te Kulve et al. (2018) who 

found no significant effect of light intensity on thermal comfort, thermal sensation and self-assessed 

shivering. In their study, measures regarding thermal perception were taken every 15 minutes during the 

light exposure. Therefore their findings reflect acute effects of light on thermal perception, just like the 

findings from the current study. A difference between the current study and the study from te Kulve and 

colleages (2018) is that in our experimental design, measurements started immediately after the baseline 

phase, at the moment the light was changed to the setting of an experimental condition. In the study 

from te Kulve et al.(2018) participants completed a 45 minute baseline with a light intensity of 250 lux 

and a CCT of 4000 K, followed by a 15 minute exposure to the light setting of the experimental condition 

(4000 K, 5 lux or 1200 lux). Measurements started after these 15 minutes and lasted for 225 minutes. This 

put the emphasis of the latter study more on the effect of the exposure to a specific light intensity on 

thermal perception, and the emphasis of the current study on the effects of a transition to a specific light 

intensity on thermal perception.  

On the other hand, these findings are not in line with the results of studies of Kim & Tokura (1995, 

2000) and the study from Teramoto et al. (1996). In their studies participants felt cooler after exposure to 

dim light compared to exposure to bright light. There are however, some large differences between the 

current study and the other three. An important difference between the studies is that the period of light 

exposure lasted 5 hours (Kim & Tokura, 1995), 6 hours (Kim & Tokura, 2000) or 3 hours (Teramoto et al., 

1996) and that no measures regarding thermal perception were taken during the light exposure. Thereby, 

these studies investigated the effect of light exposure in the past on thermal perception, while the 

current study focused more on the acute effects of light exposure on thermal perception. Another 

difference that makes it difficult to compare the outcomes between the studies is that the other three 

studies used declining ambient temperatures while the current study employed a static ambient 

temperature of 18°C. 

Contrary to our expectations, no significant differences in thermal sensation were found between 

warm and cool light exposure. In multiple studies support was found for the hue-heat hypothesis (Fanger, 

Breum & Jerking, 1977; Winzen et al., 2014; Albers et al., 2014). These researchers found that exposure 

to colored light affected thermal atmosphere perception. Subjects felt cooler and preferred lower 

ambient temperatures when exposed to warm light compared to cool light. However, a major difference 
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between the studies from Fanger et al. (1977), Winzen et al. (2014) and Albers et al.(2014) is that that the 

current study used polychromatic white light with a specific spectral composition, while these studies 

used highly saturated colored light of either a warm color (red, orange, yellow) or a cold color (blue, 

purple). This could indicate that light with a higher color saturation might be required in order to induce 

effects of CCT on thermal perception. However, it is questionable if these findings are relevant for the 

development of dynamic light scenarios for office environments, as applying high saturated colored light 

in offices might not be very practical. The findings of the current study are, however, in line with the 

study from te Kulve et al. (2018)., where no significant differences in thermal sensation were found 

between warm (2700 K) and cool (5800 K) light. The latter study employed a light intensity of 50 lux for 

both CCT conditions, which is relatively low. Therefore, it could that argued that different results would 

be expected when higher light intensities were used. However, the current study showed that an effect 

of CCT on thermal sensation is not dependent on light intensity, as no significant difference between CCT 

conditions were found in either high or low light intensity conditions. 

Several mechanisms were proposed in the introduction that (partially) explained why light could 

affect thermal perception. One of the mechanisms was that light-induced changes in thermal perception 

were a result of changes in visual perception. This mechanism was based on the finding from Te Kulve et 

al (2018), that thermal comfort and visual comfort were positively correlated. In the current study, a 

positive correlation between visual comfort and thermal comfort was found as well. Additionally, after 

including visual comfort in the models, participants evaluated the thermal environment as more 

comfortable and reported less self-assessed shivering during cool light exposure compared to warm light 

exposure. Contrarily, in the model without visual comfort, no significant effects of CCT on self-assessed 

shivering and a non-significant trend of CCT on thermal comfort were found. Significant differences in 

visual comfort between CCT conditions were revealed in preparatory analysis, and showed that warm 

light was experienced as more comfortable compared to cool light. In addition, visual comfort appeared 

to be correlated with thermal comfort and self-assessed shivering. Therefore, including visual comfort in 

the models of thermal comfort and self-assessed shivering resulted in a main effect of CCT.  

Another proposed mechanism was that light induced changes in thermal perception were a result of 

thermophysiological changes. As stated before, mean skin temperature was found to be higher during 

cool light exposure compared to warm light exposure. This could be an explanation why the thermal 

environment is evaluated as more comfortable, why participants reported less self-assessed shivering 

and why the thermal environment was evaluated as acceptable more often under cool light exposure 

compared to warm light exposure. One would expect these effects to be in the opposite direction. When 

running a follow-up model on thermal comfort and self-assessed shivering with mean skin temperature 

included, the results revealed a non-significant trend of mean skin temperature on thermal comfort. 

Indicating that higher mean skin temperatures are associated with higher thermal comfort evaluations. 
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These findings indicate that the changes in thermal perception could be a result of changes in 

thermophysiology. However, this does not explain why changes in self-assessed shivering were not 

correlated with the changes in mean skin temperature. Based on earlier studies, it was expected that 

changes in skin temperature were more likely to affect thermal sensation, rather than thermal comfort 

(Kenshalo, 1970; Jacquot et al., 2014). However, adding mean skin temperature to the model of thermal 

sensation did not result in a significant effect. Future studies should investigate whether changes in 

thermophysiology affect (light-induced) thermal acceptance, as analysis of thermal acceptance revealed 

that the largest differences between CCT conditions occurred after a certain amount of time, just like the 

effect of CCT on mean skin temperature. Unfortunately, the current study was not able to run a LMM on 

thermal acceptance due to a technical issue, and could therefore not investigate the effect of mean skin 

temperature on thermal acceptance. In addition, more future studies are needed on the effects of skin 

temperature and the DPG on thermal perception, as there is not a lot of research available, and the 

current study found inconstant results.  

As explained earlier, effects of Light Intensity or interaction effects of CCT and Light Intensity on the 

dependent variables would have suggested that these effects would be caused by the NIF pathway. 

Nevertheless, no significant differences between Light Intensity conditions, and no CCT * Light intensity 

interaction effects were found on thermal perception. Consequently, it is assumed that there are no NIF 

effects of light on thermal perception observed in the current study. Therefore, it is expected that the 

effects of CCT on thermal comfort, thermal acceptance and self-assessed shivering are caused by the 

perception of the visual environment, and thus involves IF effects rather than NIF effects. For this reason, 

together with the fact that including visual comfort in the models of thermal comfort and self-assessed 

shivering lead to significant effects of CCT on the dependent variables, it is expected that light induced 

effects on thermal perception are a result of the experience of the visual environment (IF effects).  

Finally, for all dependent variables with LMM analyses, a significant effect of Block was found. For 

thermophysiological variables, the results indicated that even after the 45 minute set-up and baseline 

phase, mean skin temperature and the DPG were still decreasing. This could indicate in terms of physical 

measures, subjects did not adapt to the thermal environment during the whole experiment. For thermal 

perception, it was found that thermal comfort and thermal sensation decreased and self-assessed 

shivering increased during the first 15 minutes of measuring, but not for the period after this. This could 

indicate that in terms of perceptive measures, participants were adapted to the mild cold environment 

after a certain amount of time. 
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4.1 Limitations & Future research 
 Several factors in the experimental design of the current study make it difficult to generalize the 

results to real life settings. First, the current experiment took place in a windowless climate chamber. This 

has the benefit that effects of light can be observed with minimal influence of confounding factors. 

However, this setting is not representative to the regular office environment. Field studies should be 

performed to test whether the effects found in the current study are also present in the daily 

environment. Additionally, participants in the current sample were relatively young. When people get 

older, the amount of short-wavelength light reaching the retina decreases (Boyce, 2014). This could 

obviously influence the light effects found in the current study. Therefore, future studies including elderly 

are required to test if the findings of the current study are age dependent. Furthermore, the current 

study was employed during the summer period and therefore results can be season dependent. Future 

studies regarding the effects of light on thermophysiology and thermal perception including 

measurements in all four seasons are required to account for potential seasonal moderations. In 

addition, the experiment of the current study was conducted during both the morning and the afternoon, 

thereby overlooking a possible moderating effect for time of day.  

As discussed in the results, the current study found a significant difference in mean skin temperature 

between CCT conditions. Earlier studies have shown that skin temperature serves as feedback for the 

thermoregulatory system to produce heat and maintain a constant CBT (Romanovsky, 2007). In addition, 

several studies found that CBT could be affected by light exposure and it was found that CBT is correlated 

with the experience of thermal perception (te Kulve et al., 2018; te Kulve et al., 2017; Zhang, 2003). It 

would have been interesting to see how light affected the CBT, how CBT behaved to the changes in skin 

temperature and to explore the effects of CBT on thermal perception. However, due to practical 

limitations it was not possible to measure CBT in the current study.  

Another limitation of the current study is that the last measures regarding thermal perception were 

taken at the beginning of the final measurement block. Therefore, no conclusion regarding thermal 

perception can be drawn for the last 15 minutes of the sessions. If subjective evaluations regarding 

thermal and visual comfort were also assessed after the BDST of the final measurement block, the effects 

of the light condition on thermal perception during the final 15 minutes could have been investigated. 

Another possible limitation of the current study is the ambient temperature. As visible in the 

Scholander model in Figure 1, exposure to ambient temperatures below the thermoneutral zone can lead 

to NST. To investigate the effects of light on thermophysiology and thermal perception in the NST range, 

an ambient temperature below the thermoneutral zone was chosen. Earlier studies suggested that 

temperatures around 18 – 19 °C  would be sufficiently and tolerably cold to result in an increased energy 

expenditure and significant body fat loss (Celi et al., 2010; Yoneshiro et al., 2011). Therefore, the ambient 
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temperature was set at 18 °C. However, participant evaluated the thermal environment as acceptable in 

85% of the cases, irrespective of light condition or experimental block. This implies that the current 

ambient temperature might have been too high to induce strong light effects on thermal perception, 

since the current conditions were on average evaluated as “comfortable” and “acceptable”. Future 

studies should investigate the optimal ambient temperature for light induced changes in thermal 

perception or thermophysiology.   
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5 Conclusion 
The current study investigated the daytime effects of light intensity and CCT on thermophysiology and 

thermal perception in a mild cold environment. Regarding the effects on thermophysiology, results show 

a significantly higher mean skin temperature after 30 minutes of exposure to cool light compared to 

warm light. These findings imply that sudden changes of the CCT can affect mean skin temperature, 

although future studies are needed to explore the dependency of this effect on exposure time and 

ambient temperature. Regarding the effects of light on thermal perception, the current study showed 

that more participants evaluated the thermal environment as acceptable during cool light exposure 

compared to warm light exposure. In addition, a positive effect of CCT on thermal comfort and a negative 

effect of CCT on self-assessed shivering were found after including visual comfort in the models. The 

inclusion of visual comfort in these models also resulted in positive correlations between visual comfort 

and thermal comfort, and visual comfort and self-assessed shivering. Additionally, the two factors that 

could have implied NIF effects of light if significant effects were found, found no significant effect on any 

dependent variable (Light Intensity and CCT*Light Intensity).  

These findings imply that the significant effects of CCT on thermal perception are expected to be a 

result of the conscious experience of the visual environment, suggesting image-forming effects of light on 

thermal perception. Additionally, results showed indications that changes in mean skin temperature 

could affect the experience of thermal comfort, although no mediating effects on light were found. 

Altogether, it can be concluded that sudden changes of light could (partially) compensate thermal 

discomfort, but only if the chosen setting enhances visual comfort. 
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Appendix I – Sleep diary 
 

Today’s date Date session 1: 
 

Date session 2: Date session 3: Date session 4: 

1. What time did 
you get into bed 
last night? 

    

2. What time did 
you try to go to 
sleep? 

    

3. How long did it 
take you to fall 
asleep? 
 

    

4. How many 
times did you 
wake up, not 
counting your 
final awakening? 

    

5. In total, how 
long did these 
awakenings last? 

    

6. What time was 
your final 
awakening? 

    

7. What time did 
you get out of bed 
for the day? 

    

8. How would you 
rate the quality of 
your sleep? 

□ Very poor 
□ Poor 
□ fair 
□ Good 
□ Very good 

□ Very poor 
□ Poor 
□ fair 
□ Good 
□ Very good 

□ Very poor 
□ Poor 
□ fair 
□ Good 
□ Very good 

□ Very poor 
□ Poor 
□ fair 
□ Good 
□ Very good 

9. Additional 
comments 
(If applicable) 
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Appendix II – Informed consent form 
Information form for participants 

This document gives you information about the study MicroClimate 2. Before the study begins, it is 
important that you learn about the procedure followed in this study and that you give your informed 
consent for voluntary participation. Please read this document carefully.  
 
Aim and benefit of the study 

The aim of this study is to measure alertness, performance, physiology and personal preferences on the 
micro-climate of an individual. This information is used to contribute to the  realization of an optimal 
indoor climate in offices that ensures a healthy and productive office environment and also realizes 
energy savings. 
 
This study is performed by Kay Tuip, a HTI student under the supervision of Yvonne de Kort and Karin 
Smolders of the Human-Technology Interaction group. 
 
Procedure  

You will participate in four lighting sessions of 1.5 hours on four different days, with each session at least 
one day apart but all at the same time of day.  Prior to the experimental session, you will report your 
sleep times of the preceding night using a sleep diary. Additionally, you will wear a light measurement 
device from the moment you wake up until you arrive at the lab.  
 
During each session, you will be exposed to a mild cold environment and to different light conditions. To 
measure physiological responses, you will be instructed to connect sensors to several places to your 
body. You will be given privacy when connecting them. Additional measurements exists of questionnaires 
regarding subjective alertness, visual and thermal comfort, self-perceived shivering and two small 
executive tasks.  
 
At the start of each session, you will be welcomed, informed and presented a baseline questionnaire 
regarding the subjective measurements. Subsequently, the sensors measuring physiology will be applied. 
After this, you will perform the executive tasks and complete a questionnaire every 15 minutes. At the 
end of the fourth session, you will be thanked, debriefed and receive your compensation.  
 
Risks 

Participants might experience feelings of visual or thermal discomfort.  
 
Duration 

The study will last of 4 sessions of approximately 90 minutes, which leads to a total of 360 minutes.  
 
Participants 

You were selected because you were registered as participant in the participant database of the Human 
Technology Interaction group of the Eindhoven University of Technology.  
 
Voluntary 

Your participation is completely voluntary. You can refuse to participate without giving any reasons and 
you can stop your participation at any time during the study. You can also withdraw your permission to 
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use your data up to 24 hours after they were recorded. None of this will have any negative consequences 
for you whatsoever. 
 
Compensation 

You will be paid 60 euros (plus an additional €8.00 if you do not study or work at the TU/e or Fontys 
Eindhoven). In case you participate for course credits, you will receive course credit and €7,50 for the first 
session, and 3 x €15 = 45 euros for the other three sessions. 
 
Confidentiality and use, storage, and sharing of data.  

All research conducted at the Human-Technology Interaction Group adheres to the Code of Ethics of the 
NIP (Nederlands Instituut voor Psychologen – Dutch Institute for Psychologists), and this study has been 
approved by the Ethical Review Board of the department.  
 
In this study personal data (e.g. age, gender and participant database ID) and experimental data (e.g. 
responses to questionnaires, performance on executive tasks and physiological data) will be recorded, 
analyzed, and stored. The goal of collecting, analyzing, and storing this data is to answer the research 
question and publish the results in the scientific literature. To protect your privacy, all data that can be 
used to personally identify you will be stored on an encrypted server of the Human Technology 
Interaction group for at least 10 years that is only accessible by selected HTI staff members. No 
information that can be used to personally identify you will be shared with others. 
 
The data collected in this study might also be of relevance for future research projects within the Human 
Technology Interaction group as well as authorized researchers from other institutions (University of 
Maastricht), but not the general public, in an online data repository with restricted access. The coded 
data collected in this study that will be released to the public will (to the best of our knowledge and 
ability) not contain information that can identify you. It will include all answers you provide during the 
study, including demographic variables (e.g., age and gender) if you choose to provide these during the 
study.  
 
At the bottom of this consent form, you can indicate whether or not you agree with the use of your data 
for future research within the Human Technology Interaction group. We will not share personal 
information about you or your responses in this study with anyone outside of the research team. Only 
the researchers will know your identity and responses and we will store that information in an encrypted 
and password protected database. 
  
No video or audio recordings are made that could identify you.  
  
Further information 

If you want more information about this study, the study design, or the results, you can contact Kay Tuip 
(contact email: c.w.j.tuip@student.tue.nl).  
  
If you have any complaints about this study, please contact the supervisor, Yvonne de Kort 
(Y.A.W.d.Kort@tue.nl) or Karin Smolders (K.C.H.J.Smolders@tue.nl). You can report irregularities related 
to scientific integrity to confidential advisors of the TU/e. 
  

mailto:c.w.j.tuip@student.tue.nl
mailto:Y.A.W.d.Kort@tue.nl
mailto:K.C.H.J.Smolders@tue.nl
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Informed consent form 

 
MicroClimate 2 
 
- I have read and understood the information of the corresponding information form for participants.  

 
- I have been given the opportunity to ask questions. My questions are sufficiently answered, and I 

had sufficient time to decide whether I participate.  
 

- I know that my participation is completely voluntary. I know that I can refuse to participate and that I 
can stop my participation at any time during the study, without giving any reasons. I know that I can 
withdraw permission to use my data up to 24 hours after the data have been recorded. 
 

- I agree to voluntarily participate in this study carried out by the research group Human Technology 
Interaction of the Eindhoven University of Technology. 

 
- I know that no information that can be used to personally identify me or my responses in this study 

will be shared with anyone outside of the research team. 
 
 
- I   □ do 

□ do not  
give permission to make my anonymized recorded data available to others in an 
encrypted and password protected public online data repository, and allow other 
members of the research team to use this data for future research projects unrelated to 
this study. 
 

Certificate of consent 
 
I, (NAME) ……………………………………….…………………………………………………………………………  
want and provide consent to participate in this study. 
 
 
 
 
 
 
 

Participant’s Signature Date 
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