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Abstract

:

The difference between the functioning of the human non-visual and photopic systems has elicited the need for complex in situ measurements or time-consuming multi-spectral simulations to accurately predict the non-visual luminous content of the indoor environment. As such methodologies are time-consuming, the aim of the present study was to determine whether such complex methodologies are needed. The issue was studied through simulations of four cardinally oriented identical offices located in Ljubljana, Slovenia. Each was studied using orange, grey and blue walls. Diurnal luminous conditions were studied under clear, hazy and overcast skies on December, March and June 21st. The non-visual content was evaluated using novel metrics, the Autonomy of Circadian Potential and Circadian Autonomy, which assess temporal circadian luminous content. Diurnal results were used to construct climate-based spectral months to evaluate the monthly non-visual potential of the studied offices. Furthermore, simulations addressed the question of whether the requirements of the non-visual system might contradict the visual comfort of indoor environments. The results show that compliance with non-visual requirements for indoor spaces with spectrally neutral surfaces or those in shades of blue could be assessed using photopic methodologies. However, this is not true for spaces characterised by orange and red materials.
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1. Introduction


A better understanding of the light-induced mechanisms that control the human circadian clock has increased the importance of light, especially daylight, in built environments. Several studies have shown that people in contemporary industrialised societies spend a considerable portion of a typical day indoors [1,2,3]. Therefore, they primarily depend on the quantity and quality of light as influenced by the properties of the building envelope, which is the primary regulator for indoor comfort [4]. Such living or working environments are usually evaluated and designed considering photopic/visual requirements [5,6], targeting optimal visual comfort and allowing sufficiently luminous environments to perform specific tasks. However, it is now known that the mechanisms of the non-visual system are primarily regulated by the signal from the melanopsin-containing intrinsically photosensitive Retinal Ganglion Cells (ipRGC) [7,8]. The signal is then sent to the Suprachiasmatic Nucleus (SCN), where human bodily rhythms are regulated. Due to the spectral sensitivity of the photopigment melanopsin, the non-visual pathway responds most to light richer in the blue part of the visible spectrum (~490 nm) [9,10]. In addition, the response of the non-visual system is strongly time-dependent, as it is entrained to the Earth’s natural cycle. In practice, high light exposure is required in the morning and midday to heighten alertness and regularly synchronise the daily human cycle, which averages 24.2 h [11]. The human cycle is longer than the Earth’s 24 h astronomical cycle, which means that regular synchronisation with the Earth’s clock is necessary. Consequentially, exposure to high light intensity in the morning [12] promotes the circadian clock. On the other hand, exposure in the evening delays the circadian clock and is to be avoided [13]. Furthermore, the effect of light on the circadian system is also strongly dependent on the duration of exposure and history of prior light dosage [14]. In prolonged desynchronisation with the astronomical day/night cycle, one is exposed to various psychological (e.g., delayed sleep phase disorder, depression, etc.) [15] and physiological risks (e.g., various types of cancer) [15,16]. Such extremes of physiological states can be found in shift workers. Therefore, shift work was stated as potentially carcinogenic by the International Agency for Research on Cancer (IARC) [17]. On the other hand, SADs—Seasonal Affective Disorders [18,19,20]—are a common psychological consequence of the scarcity of luminous environmental cues in winter.



1.1. Quantifying the Non-Visual Aspects of Light in the Built Environment


The specific functioning of the non-visual pathway and its discrepancy with the visual system requires a principle for quantifying the light from a non-visual standpoint. Many methods have been presented in the literature [21,22,23,24]. However, Equivalent Melanopic Irradiance or Illuminance and Circadian Stimuli or Circadian Light are the most used in the literature. The first was introduced by Lucas et al. [23] and it was later also adopted in the standard CIE S 026 [21]. Equivalent Melanopic Illuminance [23] and Irradiance evaluate the signal of each photoreceptor individually. On the other hand, the Circadian Light (CLA) and Circadian Stimulus (CS) methodologies proposed by Rea et al. [25,26] express the common signal of all photoreceptors involved in circadian cognition. Additionally, a large body of research has identified that the threshold of 0.3 CS or 275 CLA is beneficial for the non-visual or circadian system [27,28,29]. However, a metric which would involve the duration of effective circadian exposure, or perhaps even more critically the exact dosage (i.e., the time needed) for adequate circadian exposure, has yet to be precisely determined [30].



As described above, the complexity of the non-visual response requires a plethora of input data to properly evaluate circadian-weighted units. Thus, in the studied literature, a large body of research focusing on the effects of artificial lighting can be found [30,31,32,33,34]. This is inherently easier to evaluate than daylight, which is dynamic and constantly changing. In this respect, the study by Diakite-Kortlever and Knoop [35] pointed out that using standard illuminants, such as D65, is not universally appropriate to forecast daylight spectral properties. The issue is exacerbated particularly under clear sky conditions, which can be underestimated by almost 3500 K, as the highest CCT in the northern sky can reach up to 10,000 K. Therefore, more complex methods are required to perform studies for circadian daylighting design. Early attempts by Andersen et al. [36] and Mardaljevic et al. [13] to use generalised sky spectral properties for the simulations of circadian luminous evaluations date back to 2013. They implemented DAYSIM [37] for non-spectral circadian simulations. Such simulation attempts utilised only spectrally neutral surfaces (i.e., no colours). At the same time, the illumination source was calculated as the total radiation received, and then the standard CIE sky illuminants were applied over the entire simulated hemisphere. A similar approach was adopted by Acosta et al. [27] and Konis [38]. The first software capable of multi-spectral simulations was Lark, developed by Inanici et al. [39]. Lark uses parallel three-channel Radiance [40] simulations to calculate a nine-channel spectrum analysis of the received daylight. Later, in 2019, ALFA [41] simulation software was released, capable of performing 81-channel simulations and accurately reproducing spectral sky conditions using the libRadTran library of radiative transfer [42]. ALFA and Lark have proven accurate enough to be used in research for artificial lighting [43] and daylight conditions [44]. While Lark has been more accurate under overcast sky conditions [44], ALFA has been more applicable in clear sky conditions [45]. However, a recent study conducted by Inanici et al. [46] evaluated spectral sky models available in lighting simulation software (i.e., Lark, Radiance-implemented Coloured-Perez sky and ALFA) versus natural skies recorded using high dynamic range photography. The results demonstrated high variability between different sky models and between modelled and measured results. The authors conclude that the differences between studied sky models originate from different sky spectrum characterisation methods. In the end, they emphasised that we need to move towards a consensus regarding appropriate methodologies for spectral sky variability, as such models are becoming increasingly more important in lighting simulations.




1.2. Study Motivation


Even though the existing simulation tools have proven to be accurate, in reality they are capable only of point-in-time simulations, which means that we are still not able to perform annual evaluations efficiently. This issue was also stressed by Bellia and Fragliasso [30] in their thorough literature review on the role of architecture in determining the non-visual effects of light. They highlighted the problem of spectral-data-based simulation tools that require a lot of computational effort to evaluate non-visual content. Consequentially, there is a lack of methods to compute non-visual content in built environments, which would benefit researchers and designers who want to incorporate such simulations into health-driven indoor design. Thus, attempts have been made to mitigate this issue through simplified approaches. For example, Maskarenj et al. [47] employed a method for predicting yearly based circadian data that uses weather files and considers only direct sky luminance as observed by a hypothetical observer, while neglecting inter-reflected rays due to material properties of the built environments. On the other hand, Truong et al. [48] proposed a simplified model intended for artificial lighting practitioners. Using an experimental setup, they devised a model for CS prediction using only the z chromaticity coordinate and the measured vertical illuminance (Ev). The devised approach was tested on LEDs and up to 10,000 lx of Ev. Later, the method was also proven to be applicable in real-life situations with a mix of artificial and natural light using an imaging photometer [49]. Another simplified model based on the colour rendering index (CRI), correlated colour temperature (CCT) and illuminance was successfully applied for the calculation of circadian content for white light sources by Truong et al. [50].



Findings of an experimental study conducted by Potočnik and Košir [51] suggest that the circadian luminous environment of a room with spectrally neutral- (e.g., grey) and blue-coloured walls combined with spectrally neutral glazing can be evaluated using the established photopic methodologies under midday clear sky conditions. If this is also true for prolonged periods of the day and different sky conditions, the approach will represent a substantial simplification for evaluating the indoor circadian environment sufficiency. Furthermore, the latest study by Potočnik and Košir [52], where Useful Daylight Illuminance (UDI) and CS requirements were paralleled to each other in a north-oriented office, suggests no significant trade-offs between circadian and photopic requirements. The only exceptions were the areas near windows, which implies that the relation between circadian and photopic requirements, or specifically the relation between Daylight Glare Probability and circadian effective environment, should be examined for other orientations, especially in situations where direct sunlight is present. High illuminance is beneficial for circadian content, but it may also increase the risk of increased glare. The mentioned problem was addressed by an experimental study of real-life south-oriented offices [53] conducted by Potočnik and Košir. Under clear sky conditions, circadian requirements were found to hinder the photopic luminous aspects (e.g., visual comfort) of the workplace in the aforementioned south-oriented office.




1.3. Study Objectives


Based on the above-presented literature survey and extending on the findings in our previous work [51,52,53], the present study aims to answer two fundamental scientific questions related to circadian and photopic daylit indoor environments:




	
Given the known effects of daylight spectral properties on humans, is it still necessary to evaluate the indoor built environment non-visual luminous content using complex multi-spectral methodologies or are the established photopic methods sufficient for an adequate evaluation?



	
Considering the inherent differences in the functioning of the photopic and circadian systems, to what extent are the circadian potential of light and the photopic requirements (visual comfort) of the indoor environment contradictive considering the window orientation?










2. Methodology


To answer the above questions, this study consists of two simulation-based approaches to investigate the unilaterally daylighted cellular office in Ljubljana, Slovenia (46°3′ N, 14°30′ E), for four cardinal directions. The first approach consists of diurnal point-in-time simulations and addresses the first question exposed in the Introduction. Specifically, point-in-time multi-spectral simulation studies were used to assess the diurnal non-visual luminous environment using the software ALFA [41]. The second approach relies on the Climate-Based Daylight Modelling (CBDM) method used to study daylight’s monthly photopic and non-visual aspects. Thus, it addresses the second question stated in the study objectives.



Firstly, the external daylight conditions for the non-visual and photopic simulations were defined. December, March and June 21st were selected as representative days for the diurnal non-visual assessment, presuming that the selected days represent the extreme daylight conditions during the year. A novel approach to developing climate-based spectral months was used to perform a climate-based non-visual assessment. On the other hand, a conventional approach using Climate Studio software [54] and hourly irradiance data from the EnergyPlus weather file was used for monthly climate-based photopic evaluation of Daylight Glare Probability (DGP). For the diurnal non-visual and monthly climate-based photopic assessments, space geometry and materials were defined for each model. In the final step, the diurnal non-visual results were evaluated from the temporal and spatial perspectives implementing the proposed Circadian Autonomy (CA) and Autonomy of Circadian Potential (ACP). The results of CA and ACP were used to answer the first research question, while climate-based results of the non-visual and visual aspects (i.e., glare) were studied to answer the second research question. The overall methodological outline of the conducted study is presented in Figure 1.



2.1. Environmental Conditions


The external environmental conditions for the non-visual and photopic simulations were defined for the location of Ljubljana, separately for spectrally discerning and spectrally nondiscerning simulations. The environmental conditions for the simulations are described in the following subsections.



2.1.1. Spectral Daylight Conditions for Point-in-Time Non-Visual Simulations


External daylight conditions for the multi-spectral simulations used for the non-visual evaluation were derived within the capabilities of the ALFA spectral sky algorithm, which is based on the radiative transfer library—libRadtran [42]. Multi-spectral simulations were conducted under three sky typologies available in ALFA: clear, hazy and overcast skies for December, March and June 21st. Point-in-time simulations were performed in hourly increments from sunrise to sunset. Sunrise was defined as the first non-zero outcome of the simulations, while sunset was defined as the first zero outcome in the second half of the analysed day. Data on the spectral power distribution (SPD) for externally positioned and unobstructed sensors facing north, east, south and west portions of the sky hemisphere were recorded for each simulation iteration. SPDs of the normalised skies at hourly increments for December, March and June 21st under ALFA clear, hazy and overcast sky conditions are given in Appendix A. The calculated CCT ranges of all the simulated skies are presented in Table 1.




2.1.2. Monthly Climate-Based Visual and Non-Visual Daylight Conditions


As mentioned above, the climate-based evaluation was performed for the photopic and non-visual aspects. The photopic evaluation was performed for the entire daylit parts of days for December, March and June, according to the established CBDM methodology. Climate Studio, a progressive raytracing software based on Radiance, was used to calculate monthly daylight conditions. Global horizontal, direct normal and diffuse horizontal illuminance and sky cover obtained from the weather file for Ljubljana are shown in Figure 2.



As the functionality of ALFA is inherently limited to point-in-time simulations and three sky typologies (i.e., clear, hazy and overcast), a modified approach to the monthly CBDM simulations was implemented in multi-spectral non-visual simulations. The selected representative days (December, March and June 21st) were evaluated on an hourly time step using ALFA for all three sky typologies. These were then used to construct a simplified climate-based spectral month. The structure of the month was determined according to representative sky cover for each day of the month. The sky classification methodology was adopted after Vaz and Inanici [55], where sky cover between 0–40% was classified as clear sky, 40–60% as hazy sky and 60–100% as overcast sky. As shown in Figure 2, a simplified climate-based month, for example March, consisted of 2 clear sky days, 5 hazy sky days and 24 overcast sky days.



The implemented approach to CBDM modelling of photopic and non-visual daylight inherently represents a limitation of the applied methodology. Because the methodologies of sky models for photopic and non-visual CBDM simulations are different, the obtained results cannot be directly compared. However, DGP results can still be used as a reliable proxy for the photopic requirements of the studied indoor environment, even though the calculation is not based on the values of the ALFA simulations.





2.2. Geometry and Optical Properties of the Cellular Office


Four identical cellular offices were used for the study. These are based on the geometric characteristics of the experimental research conducted by Potočnik and Košir in 2019 [51]. Thus, the dimensions of the offices are 4.0 × 3.0 × 2.6 m (length by width by height). The interior is unilaterally daylit through a symmetrically placed window of 1.4 × 0.9 m (width by height) with a sill height of 0.9 m, resulting in a Window-to-Wall Ratio (WWR) of 16%. The offices were designated according to the window orientation, i.e., ON—north-oriented office, OE—east-oriented office, OS—south-oriented office and OW—west-oriented office. An analysis grid of 8 by 6 sensor points, 0.25 m offset from the wall and 0.5 m distance between individual points, was set up for this study. The grid was located at 1.2 m (i.e., eye level of seated occupant) above the finished floor, where vertical SPDs were simulated for each cardinal view orientation for the non-visual and glare evaluation. The views were named according to the view azimuth angle (Az), with an Az = 0° always corresponding to a view oriented towards the window, followed by Azs = 90°, 180° and 270° in the clockwise direction, as shown in Figure 3.



For the non-visual evaluation, three versions of wall colours were evaluated in the three materiality simulation cycles (i.e., cold, neutral and warm cycles) (Figure 3). The opaque material properties were determined by SPD reflectance laboratory measurements of real-life samples [51]. These values were then used to determine the photopic reflectance (Rv) used for the non-spectral photopic simulations (evaluation of glare) and melanopic reflectance (Rm) values of materials. The wall colours were selected to have the same Rv value of 50.0% but very different Rm values, ranging from 29.4% for orange (OS) to 68.4% for blue (BS). Thus, the wall materials had a ratio of melanopically to photopically weighted reflectance (MRp or M/P) [56,57] of 0.58 for OS and 1.37 for BS colours. The grey (GS) colour had an MRp = 1 (Rv = Rm = 50.0%). In the instance of transparent materials (i.e., glazing), the spectral transmittance and photopic transmittance (Tv) of the material were determined using the Optics software [58] according to the glazing manufacturer’s specifications. Only the neutral cycle materials (Figure 3) were considered for the CBDM monthly photopic simulations, as all wall colours had equal Rv. All materials used in the photopic simulations were defined as Radiance materials based on the photopic reflectance values. For all simulations, the material properties of the floor (natural birch wood, Rv = 60.6%, Rm = 48.6%, MRp = 0.80), ceiling (white paint, Rv = Rm = 89.0%, MRp = 1) and window glazing (double pane thermally insulating glazing, Tv = 81.9%, Tm = 92.0%) were constant (Figure 3).




2.3. Evaluation of Simulation Results


2.3.1. Non-Visual Aspects


The output spectral data from the ALFA software were used to interpret non-visual aspects. The methodology of Circadian Light proposed by Rea et al. [24] and their respective recommendations of 275 CLA or 0.3 CS light dosage, consistent with 275 lx at 4000 K and resulting in favourable effects on acute alertness and consequentially circadian propagation, were used as the basis for our evaluation methodology. Non-visual aspects were assessed using three methods which incorporated spatial and temporal characteristics of circadian exposure and are presented in the following subsections.



Relative Circadian Efficacy


Analogous to our previous studies, where we used Relative Melanopic Efficacy, RME [54], we introduced Relative Circadian Efficacy—RCE. In contrast to RME, which addressed only the functioning of ipRGCs, RCE evaluates the non-visual luminous environment by incorporating the response of all photoreceptors involved in circadian functioning as evaluated by the CLA methodology.



The proposed RCE metric (Equation (1)) represents a coefficient between CLA and Ev. However, unlike the established photopic methodology V(λ) or α-opic lx, CLA considers the non-linear response of photoreceptors to light. The primary intention of RCE is to indicate whether the non-visual aspects can be evaluated purely by photopic measures. Specifically, RCE ≥ 1.00 indicates that CLA is equal to or higher than photopic illuminance. Therefore, visually based metrics can be used to evaluate whether the indoor non-visual luminous environment would reach a specific threshold (e.g., 0.3 CS or 275 CLA), as they are on the safe side.


  R C E =     C L   A       E   v      



(1)








Temporal Evaluation of the Non-Visual Luminous Environment


To evaluate non-visual luminous environment conditions for a given time interval, the Circadian Autonomy (CA) metric was introduced and is analogous to the Daylight Autonomy (DA) metric [59]. CA expresses the fraction of time in a given period that satisfies the criterion of circadian effective light of CS ≥ 0.3 [29]. Thus, the following equation calculates CA:


  C A =     t   C S     t   · 100  



(2)




where the components are as follows:



  C A  —Circadian Autonomy [%];



    t   C S    —duration of circadian effective conditions [h];



  t  —chosen time interval [h].



Similar to CA, we also defined a measure for quantifying the non-visual potential using the Autonomy of Circadian Potential (ACP). ACP expresses the fraction of time in the selected time interval when RCE ≥ 1.00. In other words, the fraction of time in the time interval chosen for the evaluation of the circadian luminous environment based on the photopic illuminances of Ev would be adequate for the non-visual evaluation. The Autonomy of Circadian Potential is calculated according to the following equation:


  A C P =     t   R C E     t   · 100  



(3)




where the components are as follows:



  A C P  —Autonomy of Circadian Potential [%];



    t   R C E    —time, when RCE ≥ 1.0 [h];



  t  —chosen time interval [h].





2.3.2. Visual Aspects—Daylight Glare Assessment


In parallel to the non-visual evaluation of the considered offices, a climate-based photopic assessment was performed for the investigated spaces by calculating the Daylight Glare Probability (DGP). The evaluation of DGP was chosen because the requirement of high vertical illuminances of the non-visual response likely contradicts the visual comfort requirements expressed as DGP. To study this relation, monthly DGP was calculated for each of the selected months based on the weather file data. The used DGP calculation is based on the method defined in EN 17037 [60]. The monthly glare occurrence was evaluated according to the medium-level requirement of DGPe<5%, representing a DGP value exceeding no more than 5% of the occupied time. The glare value of 0.4 DGP was taken as a threshold for the evaluation. The fraction of time with conditions above 0.4 DGP (fDGP) was evaluated using the following equation, Equation (4), as proposed in EN 17037 [5]:


    f   D G P   =     t   g l a r e       t   r e f     · 100  



(4)




where the components are as follows:



    t   g l a r e    —time when DGP ≥ 0.4 [h];



    t   r e f    —chosen time interval [h].






3. Results


The results are presented in two sections. Section 3.1 shows the ACP results of the diurnal point-in-time non-visual simulations for four identical offices with different orientations under three sky typologies and on three critical days. The ACPs of the same offices are evaluated in Section 3.2 according to the constructed climate-based spectral months for the non-visual CBDM evaluation and paralleled with the monthly DGP results of the photopic evaluation to indicate potential contradiction between photopic and non-visual aspects. For the results of the CA calculations of the diurnal point-in-time and the climate-based monthly simulations, see Appendix C.



3.1. Diurnal Point-in-Time Non-Visual Evaluation


3.1.1. Clear Sky Conditions


The average ACP and CA results for the entire sensor point grid, four office orientations and neutral, warm and cold cycles under clear sky conditions are presented in Figure 4. The results show that RCEs of the OS office under a neutral cycle (i.e., spectrally neutral walls) are above 1.0 for all daylit hours (ACP = 100%) and all view orientations on June and March 21st. Under such conditions, the photopic methodology can evaluate compliance with circadian requirements. On the other hand, the OS office has the overall lowest ACP during December 21st, with the absolute lowest average of 54.6% (tRCE = 4.64 h) at an Az = 180° (i.e., view facing away from the window) among all cases of the neutral cycle (Figure 4). The ON office contrasts these results with an average ACP of 100% for all view orientations during December and March 21st and the lowest ACP during June 21st. In the latter case, the lowest average ACP of 88.8% (tRCE = 13.3 h) is achieved at an Az = 180° (Figure 4). As for the east (OE)- and west (OW)-oriented offices, the results of the neutral cycle lie between those of the OS and ON cases.



Turning our attention to the results of the warm cycle (i.e., OS-coloured walls), a significant reduction in average ACP can be seen for all office and view orientations (Figure 4). The most significant impact of changing the wall colour to OS can be observed at an Az = 180° for all dates and office orientations, while the most negligible impact is in the case of the window-facing view (Az = 0°). The most significant change compared to the neutral cycle can be observed for the OS office, with an Az =180° on December 21st, where the average ACP was reduced by 53 percentage points (pp). Therefore, in the above case, there is an insignificant average ACP of only 1.8% (tRCE = 0.13 h, i.e., 8 min) when the non-visual environment could be assessed based on photopic illuminances. On the other hand, comparing the cold and neutral cycles results shows that the average ACPs of all offices and view orientations are significantly higher when BS colour is used on the walls. Specifically, all achieved ACPs were higher than 93.5% (tRCE = 13.95 h), which was the lowest value of the cold cycle simulations achieved for the ON office at an AZ = 180° on June 21st (Figure 4). Thus, the compliance with the non-visual requirements of the cold cycle could be estimated during all days and for all offices and view orientations by applying the photopic illuminances alone, except for a small portion of the day (i.e., <1.0 h) when ACPs do not reach 100%.




3.1.2. Hazy Sky Conditions


Figure 5 presents average ACP simulation results under hazy sky conditions. Comparing these results to clear sky conditions (Section 3.1.1), it becomes evident that a change in the sky typology inherently reduces the ACP values. However, similar to the clear sky simulations, the highest average ACP of 100% for the neutral cycle is reached during December and March 21st for the ON office and June 21st for the OS office (Figure 5). Furthermore, the same trend holds for the lowest average ACPs (ranging from 23.6%, tRCE = 1.88 h at an Az = 180° to 50.0%, tRCE = 4.0 h at an Az = 0°) in the case of the OS office on December 21st and vice versa for the ON office. Further examination of the neutral cycle results shows that the compliance to the non-visual requirements can be evaluated using photopic illuminance for a minimum tRCE = 12.3 h (ACP = 82.0%) on June 21st and tRCE = 8.7 h (ACP = 79.9%) on March 21st (OE office, Az = 180°). However, on December 21st photopic illuminance can be used to check the non-visual compliance for at least 1.8 h (ACP = 22.5%), as is the case of the OS office at an Az = 180°.



Overall, the average ACP increases or decreases when the wall colours are changed from spectrally neutral to either BS (cold cycle) or OS (warm cycle). The effect is similar to that seen in clear sky simulations, with less pronounced differences in view directions (Az) and minor variability in the average ACP among different office orientations. The most significant negative change concerning neutral cycle simulations in average ACP was 66.9 pp calculated for the ON office and an Az = 180° in the case of the warm cycle on December 21st. On the other hand, the most significant positive change in average ACP was 76.4 pp for the OS office and an Az = 180° on December 21st when the colours of walls were switched from GR to BS.




3.1.3. Overcast Sky Conditions


The simulation results under overcast sky conditions are presented in Figure 6. The results of the neutral cycle simulations confirm that regardless of the office orientation, view direction and date, under overcast sky conditions the average ACP will always be 100% (Figure 6). An analogous conclusion could already be drawn based on the RCEs of the external conditions for the overcast sky presented in Appendix A. Therefore, compliance with non-visual requirements in spaces under overcast conditions can be evaluated solely by photopic illuminances regardless of orientation, view direction and time of year. The same conclusions apply to the cold cycle simulations. However, this does not hold for the warm cycle results (Figure 6), as the average ACP substantially decreases compared to the neutral and cold cycles. The most significant difference between the neutral and the warm cycles in average ACP results is 62.5 pp for the OW office at an Az = 90° on December 21st. However, there are minimal differences in attained ACPs among other office orientations resulting from numerical errors. Therefore, for a warm cycle and overcast sky, the non-visual requirements in the office cannot be predicted only by photopic illuminances. The data presented in Figure 6 indicate that office orientation does not impact ACP, which is a direct consequence of the overcast sky type characterised by azimuthal uniformity.





3.2. Evaluation of Monthly Climate-Based ACP and Correlation with DGP


For the sake of brevity, this section presents the climate-based spatial distribution of monthly ACP (spectral non-visual evaluation) and monthly DGP (visual evaluation) for the OS (Figure 7), OW (Figure 8) and ON (Figure 9) offices in the case of neutral and warm cycle walls. The OE office and cold cycle results are presented in Appendix B. The omission of the mentioned cases is based on the fact that non-visual results of the cold cycle are consistently higher (i.e., better) than those of the neutral cycle. Furthermore, the OE results can be considered symmetrical to the OW results (see Appendix B and results presented in Section 3.1). In addition, in the case of the cold cycle, the ACP results reveal that the compliance of the analysed spaces with the non-visual requirements can be verified using photopic methodologies throughout the daylit time of the analysed months (i.e., average ACP > 99%). As mentioned in Section 2.1.2, the fDGP presented in the following sections indicates a high probability of discomfort glare calculated by established photopic methodologies. However, the DGP values are not directly comparable to the ACP results due to inherent differences in calculation methodologies.



The ACP monthly climate-based results for the OS office are presented in Figure 7. The results for the neutral cycle case and the months of March and June indicate a high monthly ACP, with values above 90% of the daylit time for all views across the sensor grid. Predictably, the neutral cycle results for December show 14.4 pp and 12.4 pp lower average ACP values than those for March and June. The spatial distribution of ACP values during December concerning the position and view directionality shows a predominant ACP between 80 and 90% (80.2% of views) and a concentration of views with such an ACP deeper in the space (second half). On the other hand, a significant majority of views with the ACP over 90% are concentrated closer to the window and have an Az of 0°, 90°or 270° (Figure 7). Changing the wall colours from GR to OS (warm cycle) substantially influences the monthly climate-based ACP, as average values for all three months drop considerably. In particular, the average ACP decreases by 41.8, 40.4 and 39.2 pp for December, March and June, respectively, compared to neutral cycle results. The effect of wall colour change is particularly pronounced in the second half of the office and near the walls, where the ACP for views with Az values of 90°, 180° or 270° is often equal to 0% (Figure 7). Specifically, this means that the RCE is below 1.0 throughout the observed daylit time in a month.



The simulated ACP values of the OW office and neutral cycle are comparable with the south-oriented case results. They yield ACP values over 90% across the entire space and for all view directions during the three months (Figure 8). These values are comparable to the OS office and are even higher in the instance of the December simulations. Changing wall colours from GR (neutral cycle) to OS (warm cycle) significantly changes the ACP calculation results. Most views fall under 50% of ACP, which is most pronounced deeper in the room (second half) and when facing the walls (Figure 8). In such instances, the resulting ACP during December and March is usually 0%, with values below 50% during June. Compared to the neutral cycle, the average monthly ACP of the warm cycle is lower by 51.8 pp for December, 53.4 pp for March and 37.7 pp for June. Almost identical results apply to the OE office—see Appendix B.



In line with previous results, ACPs for the ON office (Figure 9) with neutral cycle walls are consistently over 90% and are the highest average results of all window orientations. As with other orientations, a significant drop in ACP values due to the change in wall colours to OS (warm cycle) can also be seen in the case of the ON office. Again, the most pronounced impact is in the second half of the room and for views facing the walls, where ACP can regularly drop to 0% (Figure 9). As for the average monthly ACP values, the difference between neutral and warm cycles is 50.5, 54.9 and 40.1 pp for December, March and June, respectively.



Results of the monthly DGP evaluation, presented through fDGP ≥ 5% (see Section 2.3.2), are independent of the wall colours, as photopic reflectances of the wall surfaces are the same (Rv = 50%). As a result, the probability of daylight glare does not change among the cold, neutral and warm cycle simulations. However, view, position in the office, month and window orientation play substantial roles, which results in vast differences in the DGP for the OS, OW and ON offices (Figure 7, Figure 8 and Figure 9). The DGP results of the OW and OS offices (for OE, see Appendix B) during the studied months show a considerable frequency of glare occurrence (fDGP > 5%) near the window as well as deeper in the office when the view is directed towards the window. More specifically, the highest glare occurrence in the OS office is during March, with 35.9% of views exceeding the DGP threshold, followed by December (23.9%) and June (16.1%). On the other hand, the number of views affected by glare exceeding fDGP ≥ 5% for the OW office is the highest during June (25.0%), followed by March (18.7%) and December (5.7%). Based on the results for the OS and OW offices (Figure 7 and Figure 8), it can also be concluded that the frequency of the DGP occurrence, when exceeded deeper (second half) in the space, occurs only at window-facing views (Az = 0°). On the other hand, glare occurrence is relatively low in the ON office, where it is only present during June with 6.8% and March with 2.0% of views exceeding fDGP ≥ 5%. Nevertheless, the glare occurrence frequency is exceeded only near the window and not beyond the second row of sensor points (Figure 9). The described results were expected, as east, south and west orientations are much more susceptible to daylight glare due to their higher exposure to direct sunlight than is the case for the north-oriented window.



Paralleling the fDGP and ACP analyses of the warm cycle simulations, a clear correlation between higher ACP and daylight glare occurrence can be observed. Closer inspection reveals that the frequency of the DGP occurrence is consistent with an ACP > 50% in at least 72.2% (i.e., 26 views out of 36 in the instance of the OW office, March) of views with an fDGP ≥ 5%. More so, an ACP > 90% corresponds with an fDGP ≥ 5% in at least 46.0% of cases, as is the case for the OS office during March, but is typically above 60.0% for other window orientations. The described trend indicates a negative correlation between the potential for evaluating the non-visual luminous aspects by photopic methodologies and the daylight glare occurrence.





4. Discussion


4.1. Can We Assess Non-Visual Content by Photopic Methodologies?


No would be a short and generally valid answer to the above-mentioned question. However, the presented results (see results in Section 3 and Appendix A and Appendix B) demonstrate that the indoor surface spectral characteristics and sky type connected with window orientation substantially impact the relationship between the non-visual and photopic evaluation. Therefore, it can be stated that when the Relative Circadian Efficacy (RCE) in a given analysed point in space ≥ 1, the compliance with a specific non-visual threshold (e.g., 275 CLA) can be evaluated using photopic illuminance, as in such cases it will always be the same or lower. In terms of specific spectral properties of materials, this means that such conditions will be met for spectrally neutral-coloured (i.e., grey) and so-called cold (e.g., blue, purple and aquamarine)-coloured materials [51,56,57]. For such materials, the ratio between melanopically and photopically weighted reflectance (i.e., MRp or M/P ratio) is equal to or higher than 1.



Nevertheless, the external spectral conditions (i.e., sky type) can play an important role, as was shown by the point-in-time diurnal simulations with an hourly time step (see Section 3.1). Specifically, it was demonstrated that under overcast sky type, the condition of RCE ≥ 1 was met for 100% of daylit hours during all three critical days when the internal walls were either grey- or blue-coloured. On the other hand, the situation for clear and hazy sky types was not as straightforward. Nevertheless, even for these two sky types, high ACP values were calculated for blue and grey walls, indicating that luminous indoor conditions are predominantly characterised by an RCE ≥ 1 during most of the day. The latter is pronounced for the blue-coloured walls on all investigated days and for March and June 21st for the grey walls. These conclusions are further confirmed by the monthly climate-based evaluation of the non-visual luminous environment presented in Section 3.2. In the case of the spectrally neutral grey walls and blue walls, for all orientations, view directions and all three months evaluated, the ACPs were above 90% of the daylit time of the month. The only exception is the results for the south-oriented office during December in the case of grey walls. In this instance, an ACP > 90% was reached only in the first half of the office. These facts point to the conclusion, already implicitly suggested by Potočnik and Košir [52], that as long as the space is characterised by materials with an MRp ≥ 1, there is no need for distinct non-visual evaluations of the luminous environment, as the calculation of vertical illuminance can provide sufficient information about the compliance with specific non-visual criteria. The presented simulations demonstrated that this is true even under the warmer nature of the direct sunlight of the clear and hazy sky types for most of the day.



Nevertheless, the above does not apply to the warm cycle simulations where the wall colours had an MRp below 1. These results demonstrate that it is impossible to simplify the non-visual evaluation for calculating or measuring the vertical photopic illuminances in such cases. Both point-in-time diurnal results and climate-based monthly ACP calculations show that the photopic methodologies are not applicable for evaluating the non-visual aspects under such indoor surface spectral conditions.




4.2. Is There a Contradiction between Visual Comfort and Non-Visual Aspects?


Regarding the above question, the answer is yes, as there is a substantial correlation between daylight-induced glare expressed as DGP and the potential for evaluating the non-visual luminous aspects by photopic methodologies. The correlation is evident, as high DGP values correspond to higher ACPs but not vice versa, which means that higher ACP values can also be the result of other factors, such as material spectral properties, and are not necessarily related to high vertical illuminance, which plays a prominent role in the occurrence of DGP (see Section 2.3.2). The analysis of the monthly climate-based warm cycle results supports the stated interpretation. In this instance, there was a clear and substantial overlap between the views with high DGP (i.e., high vertical illuminance) and those with high ACP values. Hence, exposure to high photopic illuminance will also result in a high potential for evaluating the non-visual aspects using the photopic methodology.



In practice, shading would be applied when DGP is high, modifying multiple aspects (e.g., illuminance, view out, CCT, etc.) of the indoor luminous environment [61]. However, the effect of shading on the non-visual aspects of the space considerably depends on the type and spectral characteristics of the shading device. For instance, using textile screens as an example, Villalba et al. [62] demonstrated that the selection of the shade of the textile influences the CCT of the transmitted daylight, with darker screens resulting in higher CCTs. On the other hand, Potočnik and Košir [53] investigated the correlation between DGP, horizontal task illuminance and melanopic illuminance through in situ experiments in an office equipped with a spectrally neutral (white) opaque roller blind. When the roller blind was used to control the horizontal illuminance, the impact on the melanopic corneal illuminance was substantial. However, because the roller blind was spectrally neutral, the influence of the device on the ratio between photopic and melanopic illuminances was negligible. Therefore, it could be speculated that shading used to control the DGP is more problematic from the perspective of the non-visual environment when the material properties of the surrounding surfaces and/or shading device are characterised by MRp < 1, as already indicated by Parsaee et al. [63], where red-coloured shading louvers decreased the measured melanopic illuminance.




4.3. What Are the Limitations of the Study?


Firstly, the present study is limited by the decision to select just one location (i.e., Ljubljana). The latter is significant for the construction of climate-based spectral months, as different weather patterns would result in substantially different ratios between the used sky types in a specific month. This would affect the results of the climate-based non-visual evaluation and the ACP and CA values. In the case of Ljubljana, the overcast sky type was dominant; the results of the climate-based analysis for a location with a different climate could be substantially different. This is particularly important because an overcast sky was the best suited for evaluating non-visual content using photopic methodologies.



Secondly, the study did not consider the influence of exterior surroundings (e.g., architectural and landscape features) on the results. The omission of the surrounding obstructions was intentional, as this would substantially increase the complexity of the simulations and the interpretation of the results. However, as Sadeghi and Mistrick [64] have shown, the urban landscape and architectural elements considerably affect indoor luminous conditions, particularly deeper in the rooms and under clear sky conditions. Furthermore, the correlation between urban density and morphology and the resulting indoor luminous conditions is relevant to both photopic [65] and non-visual [66] aspects of daylight. At the same time, the reflectance of the opposing façades is decisive for indoor daylighting in high-density urban environments, as demonstrated by Iversen et al. [67]. Extending on the above-referenced studies and the results of our research, it could be concluded that the spectral material properties and geometrical characteristics of the surrounding obstructions will inevitably affect the resulting non-visual daylighting in a space. However, to what extent and when the inclusion of surrounding obstructions is vital for the non-visual evaluation of indoor luminous conditions should be investigated in a separate study.



Thirdly, as stressed by Gkaintatzi-Masouti et al. [68] and Inanici et al. [46], a limiting factor of the present study is also the limitations of the sky model implemented in the ALFA tool. The results presented by Inanici et al. demonstrated that ALFA’s atmospheric sky model underestimates the CCT variability of the sky when compared to high dynamic range photography of the real sky. Therefore, the CCT ranges of sky models used in simulations (see Table 1) could be considered conservative. Much higher values can be reached, particularly during mornings and evenings. Therefore, underestimating the CCT of the sky leads to a conservative estimate of the ACP, which means that under more realistic conditions (i.e., with higher CCT variability), the ACP of the studied environment would be even higher.



Lastly, the selection of the ACP metric as the primary indicator of the non-visual potential evaluation has to be addressed. In itself, this is not a limitation of the study. However, it must be emphasised that judging the non-visual content (i.e., circadian stimulative environment) based on the ACP is impossible, as the former only shows whether it is possible to evaluate the non-visual content by photopic methodologies. Therefore, a calculation of CA needs to be conducted, as it indicates the share of time during a defined period when the selected circadian threshold is reached or exceeded. For these results, see Appendix C.





5. Conclusions


Concerning the first question posed in the study objectives, the conclusion based on the study results would be that (unfortunately) non-visual luminous aspects in buildings need to be evaluated by multi-spectral simulations. Only these methods can provide reliable and accurate results, as there are too many differences in the design of indoor environments and material selection. Nevertheless, it was also demonstrated that compliance with non-visual requirements for indoor spaces characterised by spectrally neutral reflective surfaces or those in shades of blue and purple could be performed using photopic methodologies. The latter is particularly useful as a reference and guide for architects and engineers who can make design decisions based on surface material properties (i.e., colour and/or ratio between melanopic and visual reflectance/transmittance) and photopic illuminance calculations. Such a “rule of thumb” approach is convenient for the early stages of building design, where complex multi-spectral simulations are not a realistic option.



A monthly climate-based analysis of non-visual and visual aspects was conducted to answer the second question posed in the study objectives, particularly the correlation between the Autonomy of Circadian Potential (ACP) and the Daylight Glare Probability (DGP). The results indicate a strong negative correlation between a high ACP (and CA—Circadian Autonomy) and the occurrence of DGP at south, east and west orientations. This relationship was evident in the orange wall office simulations, where high ACPs were reached almost exclusively at views affected by glare, linking both parameters to high vertical illuminances. Because shading would be used in real-life situations to control glare, this could be an issue in environments characterised by materials that do not promote circadian entrainment (i.e., orange- and red-coloured materials). In such configurations, shading could further reduce the non-visual potential of such rooms. All in all, this points to the fact that the type and spectral characteristics of shading devices must be considered in the design of non-visually stimulating environments.
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Appendix A. External Conditions: Spectral Hourly Data and RCE According to Sky Type
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Figure A1. Normalised diurnal spectral distributions of the north, east, south and west skies for June 21st under clear, hazy and overcast conditions. 
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Figure A2. Normalised diurnal spectral distributions of the north, east, south and west skies for March 21st under clear, hazy and overcast conditions. 
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Figure A3. Normalised diurnal spectral distributions of the north, east, south and west skies for December 21st under clear, hazy and overcast conditions. 
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Figure A4. Relative circadian efficacy—RCE—of external daylight conditions for all the simulated cases. 
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Appendix B. DGP and ACP for Monthly Climate-Based Simulations
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Figure A5. Monthly climate-based evaluation of ACP (non-visual aspects) and DGP (visual aspects) for December, March and June, west office orientation (Ow) under neutral (top) and warm cycles (bottom). 
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Figure A6. Monthly climate-based evaluation of ACP of all investigated rooms for December, March and June for cold cycle (blue-coloured walls). 
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Appendix C. CA for Diurnal Point-in-Time and Climate-Based Monthly Simulations


The average CA analysis presented in Figure A7 predictably shows that the highest CA values are achieved by views directed towards the window (Az = 0°) and the lowest CA values by views directed away from it (Az = 180°). Furthermore, the results indicate a clear increasing trend in CA from December 21st to June 21st (Figure A7), in proportion to the seasonal change in the Sun’s incident angles and the consequent higher external illuminances. If we first inspect the result of the neutral cycle simulations, the highest average CA of 95.4% (tCS = 14.3 h) was calculated for an Az = 0° in the OS office on June 21st, while the lowest average CA of 18.3% (tCS = 1.5 h) was recorded for the ON office, Az of 180° view on December 21st (Figure A7). Comparing these results to either warm or cold cycle results demonstrates that changing the wall colours has a marginal effect on the average CA for an Az = 0°. Nevertheless, it can substantially impact the average CA values in other view directions. In particular, for an Az = 180° and the ON office, changing the wall colour to OS (warm cycle) reduced the average CA by 39.5 pp (∆tCS = 1.86 h) on June 21st. Similarly, the average CA is increased by 12.4 pp (∆tCS = 1.86 h) when the wall colour changes from neutral BS (Figure A7).
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Figure A7. Average CA (Circadian Autonomy) and tCA of the offices according to different view orientations (Az) and studied dates concerning warm, neutral and cold cycles under clear sky conditions. 






Figure A7. Average CA (Circadian Autonomy) and tCA of the offices according to different view orientations (Az) and studied dates concerning warm, neutral and cold cycles under clear sky conditions.
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Simulations under the hazy sky type express markedly lower CA values than under clear sky conditions, which results from lower external and internal illuminances (Figure A8). On December 21st, for the neutral cycle, the average CA equals to 0.0% for all office orientations except the south (OS) at a view direction Az = 180°. This means that for ON, OE and OW, for the view facing away from the window the criterion of circadian effective light CS ≥ 0.3 is never reached on December 21st (Figure A8). The situation is almost identical for the warm cycle and just slightly better in the case of the cold cycle (Figure A8). When the average CA of the warm and neutral cycles are compared, the largest negative difference in CA is 27.8 pp (June 21st, ON, Az = 180°). Compared to the results of the clear sky simulations, it becomes evident that the OS wall colour (warm cycle) has a smaller influence on the reached CA than under clear sky conditions. The same applies to the influence of blue walls, where the highest positive difference in CA is 43.5 pp (December 21st, ON, Az = 180°). More minor differences between neutral and warm and cold cycles under intermediate sky conditions than in the case of clear sky can be directly attributed to lower reached illuminances.
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Figure A8. Average CA (Circadian Autonomy) and tCA of the offices according to different view orientations (Az) and studied dates concerning warm, neutral and cold cycles under hazy sky conditions. 






Figure A8. Average CA (Circadian Autonomy) and tCA of the offices according to different view orientations (Az) and studied dates concerning warm, neutral and cold cycles under hazy sky conditions.
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Data presented in Figure A9 indicate that office orientation does not impact the CA results under the overcast sky type, which is characterised by azimuthal uniformity. However, in contrast to the APC results (APC = 100% for neutral and cold cycles), the average CA results coincide with the trends evident in the case of the clear and hazy sky simulations (Figure A7 and Figure A8). This means that the average CA is diminishing from June 21st to December 21st due to decreasing external global illuminances. As observed in the ACP warm cycle results, there are minimal differences among office orientations that result from numerical errors in the software ALFA. The lowest CA values of the neutral cycle were calculated on December 21st for an Az = 180°, where the circadian effective light criteria (CS > 0.3) are never exceeded. Changing the colour of the walls from GS (neutral cycle) to OS (warm cycle) equally negatively affects the reached average CS off all offices, with the maximum CA reduction of 28.9 pp on March 21st with an Az = 180°. The reverse is valid for the cold cycle simulations, where the most significant increase of 31.2 pp in average CA was also on March 21st and with an Az = 180°.
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Figure A9. Average CA (Circadian Autonomy) and tCA of the offices according to different view orientations (Az) and studied dates concerning warm, neutral and cold cycles under overcast sky conditions. 






Figure A9. Average CA (Circadian Autonomy) and tCA of the offices according to different view orientations (Az) and studied dates concerning warm, neutral and cold cycles under overcast sky conditions.
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The present study also performed climate-based monthly CA calculations for December, March and June. The results of these calculations are presented in Figure A10 through average CA values concerning the months, office orientation, view direction and wall spectral properties. Investigating these results clearly points to the importance of the internal surface material properties, particularly in views directed away from the window (Az = 90°, 180° and 270°). Specifically, suppose the December results for the warm cycle simulations are compared with the neutral or cold cycle results. In that case, the average difference in CA for an Az = 0° is approximately 10 pp between each cycle, while for other view directions the results of the blue cycle stand out, as the CA in that case can be more than 30 pp higher (e.g., Az = 90°, OW office, blue to warm cycles). The results in Figure A10 also demonstrate that the differences between months, particularly between December and March or June, are substantial, predominantly in the instance of the warm cycle where the difference between the average CA in December and March is approximately 25 pp, while the difference between March and June is negligible (i.e., approx. 5 pp) for the window-oriented view and a little larger at other views (i.e., approx. 20 pp). These results indicate that exposure to the appropriate period of circadian effective daylight might be an issue during December and that indoor environments with an RCE < 1 should be avoided when occupants’ primary view direction is not facing the window.
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Figure A10. Average climate-based monthly CA for each office orientation by month and view (Az). 
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Figure 1. Methodological approaches of the study. Spectrally discerning methodology for non-visual assessment (left) and non-spectral methodology for the visual assessment of the study (right). 
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Figure 2. Sky cover, global horizontal, diffuse horizontal and direct normal illuminances for Ljubljana used in CBDM photopic simulations and simplified climate-based spectral months used in the non-visual CBDM simulations. 






Figure 2. Sky cover, global horizontal, diffuse horizontal and direct normal illuminances for Ljubljana used in CBDM photopic simulations and simplified climate-based spectral months used in the non-visual CBDM simulations.



[image: Buildings 13 01357 g002]







[image: Buildings 13 01357 g003 550] 





Figure 3. Simulation model setup of four identical offices. Materials used in the simulations (top) and combinations used in individual simulation cycles (bottom). The lines drawn in the material swatches represent the relative SPDs of material reflectance/transmittance for the range from 380 to 780 nm. 
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Figure 4. Average ACP and tRCE of the offices according to different view orientations (Az) and studied dates concerning the warm, neutral and cold cycles under clear sky conditions. 
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Figure 5. Average ACP and tRCE of the offices according to different view orientations (Az) and studied dates concerning the warm, neutral and cold cycles under hazy sky conditions. 
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Figure 6. Average ACP and tRCE of the offices according to different view orientations (Az) and studied dates concerning the warm, neutral and cold cycles under overcast sky conditions. 
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Figure 7. Monthly climate-based evaluation of ACP and DGP for December, March and June, south office orientation (OS) under neutral (top) and warm cycles (bottom). 
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Figure 8. Monthly climate-based evaluation of ACP and DGP for December, March and June, south office orientation (OW) under neutral (top) and warm cycles (bottom). 
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Figure 9. Monthly climate-based evaluation of ACP and DGP for December, March and June, south office orientation (ON) under neutral (top) and warm cycles (bottom). 
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Table 1. CCT ranges of all simulated skies.
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Sky Type

	

	
December

	
March

	
June






	
clear sky

	
North sky

	
7479–8366 K

	
6312–7237 K

	
3746–8147 K




	
East sky

	
4123–8617 K

	
3530–8373 K

	
5923–8118 K




	
South sky

	
4033–5855 K

	
3752–7754 K

	
4041–7164 K




	
West sky

	
4071–8370 K

	
4971–6951 K

	
3560–8271 K




	
hazy sky

	
North sky

	
6116–7898 K

	
5576–7167 K

	
4710–6115 K




	
East sky

	
4452–7452 K

	
4298–8051 K

	
4147–7828 K




	
South sky

	
4134–6320 K

	
4051–7851 K

	
4136–6485 K




	
West sky

	
4414–8034 K

	
4618–7144 K

	
5385–7599 K




	
overcast sky

	
North sky

	
5930–6793 K

	
5719–6207 K

	
5670–6720 K




	
East sky

	
5902–6790 K

	
5707–6242 K

	
5659–6804 K




	
South sky

	
5865–6696 K

	
5694–6145 K

	
5653–6799 K




	
West sky

	
5897–6793 K

	
5674–6183 K

	
5650–5877 K
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