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ABSTRACT 
Light influences human physiology and psychology through visual and beyond-visual effects, collectively termed 
‘integrative lighting.’ Human responses depend on luminous (quantity, spectrum, directionality) and temporal (timing, 
duration, history) factors, yet no studies examined their combined influence on integrative lighting. Therefore, this 
study evaluates representative metrics integration by designing, implementing, and testing a comprehensive lighting 
simulation framework incorporating luminous and temporal factors to address integrative lighting needs while 
assessing energy consumption. A quantitative approach was employed, integrating multiple criteria through 
computational simulations using Rhinoceros/Grasshopper, Lark, ClimateStudio, and Ladybug/Honeybee. 
Simulations are performed in a single office with nine control points, four vertical viewing directions, and one 
horizontal, each testing eight window sizes and different electric lighting combinations of ceiling panels and wall-
washers with varying melanopic-content across four seasonal days. Including beyond-visual effects in multi-criteria 
optimisation introduces complexity due to the interplay between luminous and temporal aspects. Results show that 
beyond-visual effects depend on light quantity, spectral composition, and spatial distribution. Increasing window-to-
wall ratio or melanopic-content lighting alone does not ensure uniform beyond-visual performance. Instead, directing 
wall washers at opaque surfaces enhances background luminance, reduces glare, and improves retinal exposure. 
Beyond-vision criteria are challenging due to temporal dependencies, often requiring window size and lighting energy 
use trade-offs. These findings highlight the need for lighting designs that optimise light levels, spectrum, and 
directionality at the right time. Future approaches should use multi-objective optimisation to balance visual and non-
visual outcomes, automate adjustments, and enhance well-being while maintaining energy efficiency. 
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1. INTRODUCTION 
Since humans in the Western world spend most of their time 
indoors [1], they experience thermal, visual, acoustic, and air 
quality conditions that, in most cases, are artificially supplied by 
building services. Additionally, these indoor environmental 
quality (IEQ) conditions are governed by the building envelope, 
which increases the chance of creating unnatural indoor conditions 
that may impact human health, well-being, and overall 

sustainability. Living in urban environments is associated with 
decreased exposure to daylight and increased electric light levels, 
affecting visual and beyond-visual responses to light [2-7]. 
Although the beyond-visual effects of light are primarily mediated 
by intrinsically photosensitive retinal ganglion cells (ipRGCs) [8], 
all five types of photoreceptors in the retina—rods, three types of 
cones, and the ipRGCs—contribute to visual and beyond-visual 
responses to light. These five types of photoreceptors are 
collectively referred to as the α-opic photoreceptors [9-11]. 
Therefore, it is important to satisfy the requirements regarding all 
five photoreceptors for the visual or beyond visual light responses, 
combinedly called integrative lighting [12]. 
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According to many researchers, e.g. [13,14], beyond-vision 
effects of light include psychophysical and physiological 
responses, which incorporate acute responses that happen 
immediately after the light exposure, e.g., alertness [15-17] or 
melatonin suppression [15,18,19]; circadian responses that happen 
with a frequency of nearly 24 hours, e.g., mood [17,20,21] or 
circadian phase shift [22-27]; and long-term responses that happen 
due to (circadian) disturbances for a prolonged period, e.g., 
depression [28-30] or seasonal affective disorder (SAD) [31,32]. 
The visual effects of light include slow and fast eye-brain 
responses that enable sight, contributing to visual performance, 
visual experience, and visual comfort (or discomfort, as with 
glare) [13]. 

Human responses to light are influenced by luminous and 
temporal factors [13,33] e.g., luminous factors include the quantity 
of light, which refers to the light level in radiometric or 
photometric units [18,21] and light spectrum, which refers to the 
spectral power distribution (SPD) that governs colour qualities 
[17,34,35]. The spatial factors include directionality, which refers 
to the direction of light hitting the retina or gaze-direction and 
distribution of light in the three-dimensional space [36-38]. The 
temporal factors relate to the timing and duration of exposure to a 
light stimulus [20,39], including  light history, which refers to the 
cumulative exposure to light over time [33,40,41]. 

Luminous and temporal light factors in the built environment 
could positively and negatively affect visual and beyond-vision 
effects. For example, an acute response to increased light levels 
can be used to advance visual performance or to improve alertness 
and prevent sleepiness, especially during night-shift work or any 
situation where safety is important [7,15,42-44]. Concerning 
timing, early evening and nighttime light exposure has been found 
to result in delaying the circadian clock, i.e. in extending the 
human biological day, while early to mid-morning light may 
advance the clock [9,25,45-47]. Poor visual performance or 
discomfort can cause increased mistakes, while disrupted 
circadian rhythms can lead to health problems like sleep and 
metabolic disorders. Consequently, the lit environment can affect 
mood, cognition, or alertness, impacting productivity, learning, 
and safety [5,13,15,48]. Chronic exposure to inappropriate 
lighting conditions, such as insufficient natural light during the 
day [20,49,50], excessive artificial light at night, or reduced 
seasonal variation [40,41,51,52], has been associated with an 
increased risk for non-seasonal depression or seasonal affective 
disorder (SAD) [31,32,41,51,53]. 

Near windows, daylight often delivers illuminance levels much 
higher than minimally required for visual tasks. This enables 
occupants in well-daylit areas to maintain stronger and more 
consistent 24-hour light-dark cycles, promoting better circadian 
entrainment [54] and to experience longer periods of daylight-
dominated conditions. Conversely, individuals situated away from 
windows typically experience lower illuminance at eye level, 
which can lead to weaker circadian entrainment [2]. Looking 
toward a bright window produces a more potent light (and glare) 
stimulus than looking toward a dimly lit interior wall [55,56]. 

Therefore, providing adequate daylighting is important to 
accomplish (beyond-) visual performance and comfort. [57].   

When evaluating the lighting in the built environment, it is 
crucial to consider visual and beyond-visual performance in 
compliance with other building performance aspects like energy 
efficiency. In Scandinavia, electric lighting accounts for 15-30% 
of total electricity consumption in office buildings [58]. Large 
windows can provide sufficient daylight to reduce the need for 
electric lighting [59], but this is not realistic year-round. In 
summer, excessive daylight can negatively impact the IEQ and 
thermal comfort due to increasing solar gains, leading to 
overheating and increased cooling energy consumption, as well as 
visual discomfort [60]. In winter, large daylight openings cause 
larger heat leaks. 

To address these complexities, researchers have increasingly 
applied simulation-based building performance and human well-
being evaluation [61-63]. For example, Yu et al. [59] reviewed the 
thermal-daylighting balance regarding human comfort and 
building energy with limitations on beyond-vision effects. Faraji 
et al. [64] included thermal, visual, and acoustic comfort and 
indoor air quality satisfaction in a multi-criteria decision-making 
approach, yet beyond-vision effects were not included. A study by 
Alkhatatbeh et al. [65] minimised energy use and maximised the 
horizontal (desk-plane) and vertical (corneal or eye-plane) 
daylighting levels for visual and beyond-visual performance. 
Additionally, Safranek et al. [66], Abboushi and Safranek [67], 
and Zeng et al. [68] investigated energy impact on beyond-vision 
effects optimisation, but factors like thermal comfort and cost 
were not considered. 

Recently, whole-building and coupled-computer simulation 
tools like ClimateStudio [69] have become accessible for 
simultaneously evaluating a building design's energy, thermal, and 
visual aspects. Still, lighting simulations for beyond-vision effects 
require specialised stand-alone software or plug-ins that can divide 
the visible spectrum into multiple channels. Spectral simulation 
tools like Lark v2.0 [70] and ALFA [71] are specialised in 
modelling effects beyond human vision. A recent review by 
Gkaintatzi-Masouti et al. [63] regarding spectral lighting 
simulation tools for beyond-vision effects of light found that 
nearly half of the reviewed studies focused solely on integrative 
visual and beyond-vision light effects. However, none of the 
studies investigated the combined influence of all luminous and 
temporal light factors on beyond-vision outcomes. 
Therefore, the study aims to evaluate representative metrics 
integration by designing, implementing, and testing a 
comprehensive lighting simulation framework incorporating 
luminous (quantity, spectrum, directionality) and temporal (timing, 
duration, history) factors to meet visual and beyond-visual human 
lighting demands. 

The study builds partially upon earlier work by Ochoa et al. [72], 
using computational modelling to examine a single occupancy 
office room with variable window sizes and electrical lighting 
combination and stressing how the solution space is affected by 
different evaluation criteria. Introducing beyond-vision effects 
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and their luminous and temporal factors to the model increases the 
complexity of evaluation. This study does not include factors like 
life cycle costs, thermal comfort, and energy demand for 
ventilation, heating, and cooling systems, as they require an even 
more comprehensive multi-objective optimisation approach. 
Future studies can expand the current study's findings with broader 
building performance criteria for a more comprehensive 
evaluation. 

 
2. METHOD 
This study employed a quantitative evaluation approach, using 
graphical representations to incorporate multiple criteria and 
design factors. Computational simulation tools, Rhinoceros/ 
Grasshopper, Lark v2.0, ClimateStudio, Ladybug, and Honeybee, 
were utilised to investigate the balance between daylight and 
electric lighting. The study carefully assessed the performance of 
different window sizes and electrical lighting combinations for an 
office environment, aiming to minimise electric lighting energy 
consumption while enhancing visual and beyond-vision 
performance and comfort across different seasons and viewing 
directions. 

2.1 Model settings and data collection  
2.1.1. Building 
An existing single-occupancy office room (2.9 x 3.5 x 3.3 m) on 
the first floor at Jönköping University, in southern Sweden 
(57°46′N 14°09′E), served as the model for this study. The single-
occupancy office was modelled using architectural drawings to 
determine space layout and geometries. The office room features 
a single external wall facing northeast (54° from North) and is 
largely surrounded by adjacent buildings (Fig. 1(a)-(c)).  Nine 
sensor points, P1 – P9, were evaluated within the room, each with 
four viewing directions: vertically facing the facade, left wall, rear, 
right wall, and placed 1.2 m above the floor at eye-sight level and 
one placed horizontally at 0.75 m. The external wall 
accommodated a single window opening placed at its centre to 
provide a view outside. Since this study focused on evaluation 
criteria, all window sizes had triple-glazing as the original without 
any shading device or inner frame. The tested openings had only 
a one-pane frame, and the WWRs varied from 30 % to 100 % in 
10% discrete steps (Fig. 2). Extending the window to floor level 
(below the measurement point) aligns with fully glazed office 
facades that enhance daylight penetration, visual comfort, and 

 
Fig. 1. (a) A map with true north showing (b) the single office room in the context of its surroundings at Jönköping University and (c) a close-up of the 
room showing the location of sensor points P1- P9 with respect to openings and placement of the electric light sources. 

 

 
Fig. 2. The eight tested window-to-wall ratios (WWR) and their placement with a horizontal line at eye-sight level (1.2 m) with an outer frame only. 
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aesthetics. It also improves light distribution, reduces energy use, 
supports circadian stimulation, and provides more open, 
connected views to the outside [73-76]. 
 
2.1.2. Weather and sky 
Simulations were run for the spring equinox (March 21), summer 
solstice (June 21), autumn equinox (September 21), and winter 
solstice (December 21) and utilised Jönköping's EnergyPlus 
Weather (EPW) file for a Dfb climate. The sky type for the four 
seasonal days - overcast, intermediate, and clear sky - was 
determined using the ‘Sky Diffuse Model’ developed by Perez et 
al. [77]. This model provides sky clearness bins as values ranging 
from 1 (totally overcast sky) to 8 (clear sky). To incorporate 
spectral power distribution (SPD) into the sky, a correlated colour 
temperature (CCT) was selected for each sky type (overcast 6500 
K and clear sky 25000 K, Fig. 3) to define the colour information 
as suggested by Inanici et al. [78]. Daylight spectral data were 
generated from CCT measurements using the Excel Daylight 
Series Calculator [79], assuming the sun's colour to be neutral 
white (Appendix A). The resulting sky types were clear sky in 
summer and overcast in autumn, winter and spring. An 
intermediate sky type was not applied. 
 

2.1.3. Material 
The photopic reflectance (Rvis) of opaque surfaces in the room 
was measured from 23 sampling points with a 
luminance/illuminance photometer (Hagner, universal photometer 
model S3) under electric lighting conditions. The device provides 
luminance and illuminance measurements with an accuracy better 
than ± 3% for common light sources and daylight and was last 
calibrated in February 2022. Surface colours were estimated using 
the natural colour system (NCS) colour palette and converted to 
red-green-blue (RGB) colour space under daylight conditions to 
reflect a full-colour spectrum. Spectral reflectance distribution 
(SRD), material roughness, and specularity were obtained using 
the surface colour information and reflectance in a spectral 
materials database by matching to the closest material [80]. 
Appendix B shows in detail how the material properties were 
measured, calculated and matched to the spectral material 
database. 

Due to its age, data from the window system could not be 
obtained via the manufacturer; hence, the glazing’s photopic 
transmittance (Tvis) and spectral transmittance distribution (STD) 
were estimated by measuring the SPD using a spectrometer 
(UPRtek MK350S_Premium) in a black box. The spectral 
measurements have a wavelength precision of ± 1 nm and a 

 
Fig. 3. Sky spectral power distribution for overcast (CCT 6500K) in summer and clear sky (CCT 25000K) in spring, autumn, and winter. 

 
Table 1. Opaque material properties. 

Surface Reflectance (Rvis) 
[%] 

RGB reflectance 

[-] 
Roughness 
[-] 

Specularity 
[-] 

Interior wall 86 0.88, 0.86, 0.80 0.2 0.0028 
Exterior wall, surrounding 30 0.37, 0.29, 0.18 0.3 0.0013 
Floor 30 0.30, 0.29, 0.26 0.2 0.0096 
Exterior ground 10 0.11, 0.10, 0.09 0.3 0.0000 
Ceiling  93 0.92, 0.92, 0.89 0.2 0.0125 
Door 45 0.43, 0.43, 0.42 0.2 0.0193 
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bandwidth resolution of approximately 9 nm, and the device was 
last calibrated in March 2023. First, the SPD was measured from 
a light source without the window, and then the window was 
placed in between the light source and the spectrometer. Another 
measurement was done to calculate how much light is transmitted 
through the glazing at each wavelength by dividing the first SPD 
measurement by the second. See Table 1 for opaque material 
properties, Table 2 for glazing, and Fig. 4 for SRD and STD. 
 
2.1.4. Luminaire  
The electric lighting was provided via two 32 W ceiling-mounted 
tuneable LED panels (Fagerhult type Multilume Flat Delta, mDER 
0.45, 3000 K, 4394 lm) for the four seasonal days simulation. The 
total energy consumption for both light sources is 576 Wh/m2 

when turned 100% on during the occupancy time (nine hours/day). 
The initial lighting parameters like the luminaire’s spectral power 
distribution curve (Fig. 5), the luminous intensity distribution 
diagrams (Fig. 6) and the IES files were obtained via the 
manufacturer. The electric light level was increased from 0% to 
100% in 10% discrete steps by multiplying the IES file luminance 
values by the dimming factor (0.0 - 1.0). The results are then added 
for each point and viewing direction to the daylight results based 
on how much electric light is needed to achieve the evaluation 
criteria. Different light sources were used for further optimisation 
of the underperforming season, as shown in Table 3. The tested 
light sources have low and high mDER values (‘blue’ peak) and 
relatively similar lumen output to enhance the beyond-visual light 
outcomes.  

Table 2. Glazing material properties. 
 Transmittance (Tvis) [%] U-value  

[W/m2K] 
Solar heat gain coefficient (SHGC) 
 [-] 

Glazing 71 1.05 0.605 

 

 
Fig. 4. The opaque materials' spectral reflectance distribution and the glazing material's spectral transmittance distribution. 
 

 
Fig. 5. The spectral power distribution of the electric light sources, continuous line for the LED panels and dashed line for the wall washers. 
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2.2. Calibration and validation  
The office room and the surrounding building were initially 
modelled in Autodesk Revit 2022 and then exported to Rhinoceros 
7 (McNeel LLC) as a DWG file. Since Revit is a standard CAD 
tool for architects and engineers, leveraging an existing model is 
more practical than rebuilding it in Rhino. However, for 
simulations, the model often needs to be transferred and refined in 
Rhino to meet specific requirements, such as layering different 
building components. While direct modelling in Rhino allows 
precise geometry control, using a Revit model ensures consistency 
with the original design and streamlines the workflow [63]. 
Grasshopper plug-in Lark v2.0 [70] was used for all spectrum-
based lighting simulations. The simulation model was calibrated 
and validated by placing illuminance data loggers at two control 
points in four viewing directions in the vertical plane and one 
horizontally and collecting daylight levels for three days (March 
1-3, 2024) at one-minute intervals (Appendix C). An additional 
logger on the rooftop collected sky illuminance and was converted 
to global horizontal irradiance (GHI).  

The model was simulated with initial measured and calculated 
inputs (Table 4 in Appendix B) for surface material before 
calibration), followed by adjustments to increase accuracy, as 
described by He et al. [81]. Surface reflectance, transmittance, and 
Radiance simulation parameters were adjusted until the simulation 
data strongly correlated with real-world measurements. The model 
calibration produced new surface material properties (Table 1, 
same as Table C1 in Appendix C), as the previously measured 
properties were approximate. Regression analysis was performed 
with R² values, mean biased error (MBE), and root mean squared 

error (RMSE) to characterise the data similarities and differences. 
The average MBE (-10.5) and RMSE (29.8) for both points show 
that the error is relatively acceptable compared to other studies' 
ranges [82,83] (Appendix C).  
 
2.3. Evaluation criteria 
Beyond-visual and visual effects evaluations were made using 
multiple criteria presented in Table 4 according to Houser and 
Esposito [13] schematic subdivision of the visual and beyond-
vision effects (Fig. 7). In theory, buildings should provide comfort 
and respond to user needs 100% of occupancy time. Nevertheless, 
it is common engineering practice to accept that this option will 
not be possible or feasible to choose. Thus, a simplified approach 
is taken here. Due to its low sophistication, two satisfaction rates 
were assumed for visual and beyond-visual performance, 50% and 
75% of the occupancy time, as a stricter requirement (Table 4). 
This assumption is supported by several standards like WELL v2 
[84], LEED v4.1 [85] and SS-EN 17037:2018+A1:2021 [86], 
which provide baseline requirements for daylight provision and 
visual comfort by achieving appropriate lighting levels over at 
least 50% of the occupied area for 50% of the occupancy hours. 
Extending this principle for beyond-vision effects ensures 
consistency with established daylight provision methodologies. 
The 50% and 75% satisfaction thresholds balance practicality and 
the ambition to address occupant comfort, recognising that 
achieving 100% satisfaction is often unfeasible in real-world 
conditions. 
 
 

Table 3. Electric light types used in further optimisation with different light directionality and spectrum. 
Type Manufacturer  Name  Luminous flux  

[lm] 
mDER 
[-] 

CCT 
[K] 

Wh  

LED panels 
 

Fagerhult Multilume Flat Delta 4394 0.45 3000K 32 
4532 0.68 4000K 37 
4739 1.18 6500K 44 

Wall washer Fagerhult Pleiad G4 2065 0.46 3000K 22 
2106 0.66 4000K 24 

 

 
Fig. 6. Luminous intensity distribution diagrams for (a) all ceiling LED panels and (b) all wall washers. 
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2.3.1. Beyond-Vision effects 
Recently, recommendations were made by the CIE, proposing ‘α-
opic Equivalent Daylight Illuminance values’ (in lux) as metrics 
to specify the impact of lighting on either of the five α-opic human 
photoreceptors [8]. Metrics like ‘melanopic equivalent daylight 
illuminance’ (mEDI) are based on the spectral sensitivity of the 
ipRGCs [8,9]. mEDI is a measure that quantifies the effectiveness 
of a light source in stimulating melanopsin relative to a standard 
daylight illuminant (D65). mEDI is calculated as the product of 
photopic illuminance (Ev) and the Melanopic Daylight Efficacy 
Ratio (mDER). The mDER is a unitless ratio that compares the 
melanopic efficacy of the test source to that of D65 daylight [13]. 
Therefore, mEDI was chosen to evaluate the performance 
regarding beyond-vision effects [9] as well as the non-visual 
direct-response (nvRD) model by Ámundadóttir et al. [87]. It is a 
model that takes a time series of eye-level light stimuli as input to 
predict the accumulative human alerting response over time [87] 
responding to the previous light history. 
 
2.3.1.1. Circadian responses 
Regarding circadian responses, early to mid-morning light 
advances the clock (shortening our biological day). A phase-
response curve (PRC) describes the direction and magnitude of 
circadian phase resetting effects with respect to the time of light 
exposure [2,88]. Research has found that bright daytime light 
enhances circadian rhythm amplitude and robustness in mammals 
by strengthening suprachiasmatic nuclei (SCN) electrical activity 
patterns, making them less sensitive to evening light [45,46]. 
Increased access to natural daylight in the workplace improved 
sleep and cognitive performance in office workers [48]. Optimised 
office lighting can advance the melatonin phase and peripheral 
heat loss before bedtime, improving sleep efficiency [89]. More 
daytime light exposure is associated with earlier sleep timing, as 
confirmed by actigraphy and subjective measurements [47].  

It is essential to distinguish between morning light exposure and 
daily average light exposure when investigating circadian effects 
[90]. Offering light with relatively high melanopic EDI in the early 
morning has shown to advance and stabilise the circadian phase 
[2,91], reduce sleep latency [92], improve sleep quality [49,50]. 
An hour of bright white light in the early morning (08:30– 09:30) 
improves performance and advances sleep and circadian phase 
during the Antarctic winter [93]. Another study suggested two 
metrics with daylight levels and duration of exposure, (1) 400 
photopic lux for 5 hours in the daytime, Daylight for Health and 
Wellbeing (DHW (D, Daily)), and (2) 500 photopic lux for 1 hour 
in the early morning, 08:00– 09:00; Daylight for Health and 
Wellbeing (DHW (M, Morning)) [90]. 

Other studies have explored dynamic lighting schedules that 
adjust photopic illuminance levels and CCT throughout the day in 
office environments. Van Bommel [94,95] proposed a schedule 
starting with 800 lx (6000 K) at 08:00–09:00 to support circadian 
regulation in winter. Light levels then decrease to 500 lx (3000 K) 
by lunchtime for relaxation, followed by a boost around 14:00 to 

counter the post-lunch dip, before gradually returning to 500 lx 
(3000 K) by 18:00. Ru et al. [92] applied bright, cool white light 
(6500 K, 1000 lx at the eye; 1650 lx at the table) in the early 
morning (∼09:00–10:30) and early afternoon (∼14:00–15:30). 
Between these boosts, the light reverted to standard office settings 
(4000 K, 345 lx at the eye, 500 lx at the table) in the late morning 
and mid-afternoon. 

Although the exact boundaries of the timing of light exposure 
have not yet been defined, studies show overlapping timing, 
duration, and light levels [96], as seen above. A well-established 
study by Andersen et al. [2] identified three distinct timings for 
circadian entrainment, a classification that has been supported 
[16,24,88] and adopted by research [97-102]: early to mid-
morning (06:00–10:00), where sufficient daylight illuminance can 
serve to phase advance the clock in the majority of people; mid-
morning to early evening (10:00–18:00), where high levels of 
daylight illuminance may lead to increased levels of subjective 
alertness without exerting substantial phase-shifting effects on the 
clock, and the rest as notional night-time (18:00– 6:00), where 
daylight exposure that might trigger effects beyond vision is to be 
avoided so as not to disrupt the natural wake-sleep cycle [2].  

According to this division, recommendations made by Brown et 
al. [9] provided realistic targets that minimise inappropriate 
responses in the sleep environment (mEDI <1 lx) and reduce these 
so far as is practically possible pre-sleep (three hours before 
habitual sleep; mEDI <10 lx) while maximising relevant effects 
across the intervening daytime hours (mEDI >250 lx). According 
to WELL standard [84], electrical lighting is used in workstations 
during the day to achieve a mEDI of 250 lx for at least four hours 
(beginning by noon at the latest). Therefore, the mEDI 8-17 
between 8:00 and 17:00 had to be equal or exceed 250 lx for at 
least 50% and 75% of total occupancy hours. 

It is essential to establish criteria by distinguishing between 
morning light exposure and daily average light exposure when 
proposing new daylighting metrics [90]. A combination of these 
criteria proposes theoretically that a person should get a mEDI of 
250 lx for four hours during the daytime, out of which two hours 
from 08:00 to 10:00 to phase advance the circadian clock, which 
is relevant for the office room occupancy time. Hence, an 
additional metric was added to the evaluation criteria: ‘mEDI2h 8-
10’. The mEDI2h 8-10 had to be equal to or exceed 250lx for the 
two hours from 08:00 to 10:00 at least one hour, which means 50% 
of the time from 08:00 to 10:00. 
 
2.3.1.2. Acute responses 
An additional metric has been introduced to account for the acute 
(non-visual) responses to light. Acute light effects are particularly 
relevant in work environments as they can enhance alertness, 
improve cognitive performance, and prevent drowsiness 
[21,35,48]. These effects are especially beneficial during the 
afternoon, when persons may experience tiredness, fatigue or a 
drop in alertness after eating lunch as blood flow is directed to the 
digestive system, temporarily reducing brain circulation and 
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leading to drowsiness [103,104]. Light exposure can help to 
counteract the post-lunch dip and prepare individuals for safe 
commutes after work [7,17,34]. There are indications that a post-
lunch dip in alertness and performance is widely experienced 
during the early afternoon (14:00–16:00) in the workplace 
[103,104]. Several laboratory studies demonstrated that exposure 
to a high melanopic EDI in the early afternoon has the potential to 
counteract the post-lunch dip [105-108]. Yet, it is notable that 
sustained exposure to high melanopic EDI would not always result 
in beneficial effects during daytime working hours and is 
sometimes experienced as less pleasant [109-111].  

Therefore, the recommendation by Brown et al. [9] and WELL 
standard [84] of 250 lx will be used as a minimum light level for 
the evaluation criteria mEDI2h 14-16. The proposed metric 
focuses on improving alertness during early afternoon hours, 
particularly in darker seasons when daylight is limited. This can 
be achieved by increasing indoor light levels. While the metric 
mEDI 8-17 partially addresses similar outcomes, its requirement 
of achieving 250 lx for 50% of the occupancy time between 8:00 
and 17:00 does not specifically guarantee sufficient light levels in 
the early afternoon. For instance, the required light exposure may 
occur only in the morning. 

The mEDI2h 14-16 had to be equal to or exceed 250 lx for at 
least one hour, which means 50% of the time from 14:00 to 16:00. 
While the full two-hour period is preferred to maximise alertness, 
cognitive performance, and well-being and counteract the post-
lunch dip, the one-hour minimum serves as a practical threshold 
to address constraints like energy consumption and limited 
daylight in darker seasons. Results are categorised into two scales: 
50%-75% (1-1.5 hours) and 75%-100% (1.5-2 hours) compliance. 
This allows for a nuanced evaluation of the metric's effectiveness 
under both minimal and ideal conditions. 
 
2.3.1.3. Long-Term responses 
A comparison was conducted at daily and seasonal levels across 
four representative seasonal days using the non-visual direct-
response (nvRD) model and the metric mEDI4sea to evaluate 
long-term responses to light. The mEDI4sea metric evaluates 
whether the lighting meets circadian response criteria. Specifically, 
mEDI 8-17 must equal or exceed 250 lx for all four seasonal days, 
and mEDI2h 8-10 must be fulfilled in the morning with the help 
of electrical lighting. 

Seasonal variations significantly influence long-term responses 
to light in day length and light levels [20]. Less daylight exposure 
in winter increases melatonin sensitivity to light suppression [52], 
while higher daylight doses in spring/summer reduce sensitivity 
[41]. Huiberts et al. [20] highlight that these seasonal 
light/response interactions are most prominent during morning 
sessions. Seasonal variations in melanopsin-driven responses to 
light may pose risks for non-seasonal depression and Seasonal 
Affective Disorder (SAD) [32]. Low winter light levels, combined 
with reduced retinal sensitivity [40,51], may result in insufficient 
circadian input to synchronise the biological clock with the solar 

day and to modulate mood and alertness [15,44]. Studies suggest 
that white- and blue-LED light sources can prevent SAD at lower 
light levels [31], with Glickman et al. [53] reporting significant 
antidepressant effects after 45 minutes of morning exposure to 
short-wavelength LED light for 3 weeks. 

The nvRD model adapts to the spectral sensitivity of ipRGCs 
(peak sensitivity at 490 nm) to calculate effective irradiance, 
which is used to determine relative non-visual responses through 
an intensity-response function based on the half-maximum 
response. The model outputs time-sampled relative non-visual and 
cumulative responses to evaluate light exposure effectiveness. 

A threshold derived from Phipps-Nelson et al. [112] is 
integrated into the model. This study demonstrated that five hours 
of 1000 lx (polychromatic light, equivalent to 2.7 W/m² effective 
irradiance) reduced sleepiness and improved performance in 
sleep-restricted individuals. Simulating this light profile produced 
a cumulative response (RD) of 4.2, a benchmark for evaluating 
potential health benefits. Achieving an RD of 4.2 within five hours 
ensures effective light exposure that supports performance 
improvements (e.g., faster reaction times in the Psychomotor 
Vigilance Task, PVT). It reduces subjective sleepiness (measured 
by KSS). A longer duration to meet the threshold indicates a less 
effective light source. 

In Lark 2, the nvRD model will simulate cumulative responses 
(RD) for each seasonal day to verify compliance with the RD 
threshold and mEDI4sea criteria. Both requirements are evaluated 
on a pass/fail basis, ensuring that the light design effectively 
supports the cumulative light history for each seasonal day and 
supports long-term circadian health and performance over varying 
seasonal conditions. 
 
2.3.2. Visual effects 
The visual effects of light include slow and fast eye-brain 
responses that influence sight and perception in different ways. 
The visual effects of light included different metrics for visual 
comfort, visual experience, and visual performance [13]. Visual 
performance refers to how well a person can see and complete 
tasks. Visual experience describes the subjective perception of the 
environment, shaped by brightness, colour, and contrast. Visual 
comfort relates to the absence of discomfort, ensuring lighting 
conditions prevent glare, excessive brightness contrasts, or flicker 
that may cause strain and fatigue [13]. 
 
2.3.2.1. Visual comfort 
Visual comfort was evaluated by simulating the simplified 
Daylight Glare Probability (DGP) based on the vertical 
illuminance at the eye level [113]. DGP predicts the likelihood that 
an observer at a given view position and orientation will 
experience discomfort glare. It should be noted that controlling 
glare closer to the window is easier through adequate devices. Still, 
without careful design, these could hinder lighting levels from 
natural sources deeper in the room, requiring electric lighting to 
compensate (for example, when blinds are totally closed). The 
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time satisfaction of DGP is the percentage of occupancy hours 
across the regularly occupied floor area that experience 
imperceptible (DGP ≤ 0.35) or perceptible (0.35 < DGP ≤ 0.40) 
glare according to SS-EN 17037:2018+A1:2021 [86]. Daylight 
glare probability at all viewing directions had to be equal to or less 
than DGP 0.4 for a minimum of 95% total occupancy hours. 

Bright light sources can cause glare and impair the vision of 
objects. With added electric lighting, visual comfort is assessed 
using the Unified Glare Rating (UGR), an objective measure of 
glare that lighting designers use to help control the risk that 
occupants of a building will experience glare from the artificial 
lighting. According to SS-EN 12464-1:2022 [85], UGR shall not 
exceed 19 for office writing, typing, reading, and data processing 

tasks. UGR had to be equal to or less than 19 for electric light only, 
a pass or fail. 
 
2.3.2.2. Visual experience 
Regarding the measures for visual experience, uniformity U was 
calculated by dividing the minimum horizontal illuminance by the 
average horizontal illuminance. The SS-EN 12464-1:2021 [114] 
standard says uniformity shall be U ≥ 0.60 in offices in the 
immediate surrounding area. Illuminance uniformity (Emin/Eavg) 
had to be equal to or higher than 0.6 for a minimum of 50% and 
75% total occupancy hours. 
 
 

 
Fig. 7. An overview of the study evaluation showing the stimulus/response relationship between architecture design, light factors and human responses, 
with a schematic subdivision of the visual and beyond-vision effects and their metrics (inspired by Houser and Esposito [13],Khademagha et al. [33]). 
 
Table 4. A summary of evaluation criteria is included to provide boundaries to the solution space. 

Aspect type Element Criteria Unit Acceptance during dynamic evaluation Light factors 

Beyond-vision effects 

Circadian 
mEDI 8-17 ≥ 250 lx 50% and 75% total occupancy hours 1a 1b 1c, 2a 2b* 
mEDI2h 8-10 ≥ 
250 lx 50% and 75% of the time, 08:00 to 10:00 1a 1b 1c, 2a 2b* 

Acute mEDI2h 14-16 ≥ 
250 lx 50% and 75% of the time, 14:00 to 16:00 1a 1b 1c, 2a 2b* 

Long-term 
mEDI4sea ≥ 250 lx Pass circadian criteria for all four seasons 1a 1b 1c, 2a 2b 

2c* 

RD ≥ 4.2 - Pass RD ≥ 4.2 within 5 hours 1a 1b 1c, 2a 2b 
2c* 

Visual effects 
Comfort 

DGP ≤ 0.4 - 95% total occupancy hours for daylight only 1a 1c* 

UGR ≤ 19 - Pass UGR ≤19 for electric light only 1a 1c* 

Experience U ≥ 0.6 - 50% and 75% total occupancy hours 1a 1c* 

Performance Eh ≥ 500 lx 50% and 75% total occupancy hours 1a* 
Electric lighting energy 
consumption Performance ELECmin Wh/m² Minimise electric lighting energy consumption during 

occupancy hours 
 

*1 Luminous: a quantity, b spectrum, c directionality; 2 Temporal: a timing, b duration, c history 
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2.3.2.3. Visual performance 
Horizontal illuminance was chosen as an indicator of visual 
performance. Normal office tasks were assumed to be done with a 
horizontal illuminance target level of 500 lx, as stated in SS-EN 
12464-1:2022 and SS-EN 17037:2018+A1:2021 standards 
[86,114] and the Swedish Work Environment Agency 
(Arbetsmiljöverket). Horizontal illuminance was measured at a 
height of 0.75 m with hourly intervals. Illuminance had to equal 
or exceed 500 lx for a minimum of 50% and 75% total occupancy 
hours. 
 
2.3.2.3. Energy consumption 
Energy consumption evaluation benchmarks included only 
electric lighting. As the study scope did not include thermal 
evaluation, only electric lighting energy consumption (ELEC) was 
calculated for the occupancy hours. ELEC had to be minimised 
(ELECmin).  

An overview of all evaluation criteria used in the simulations is 
shown in Table 4 and visualised in Fig. 7. Accomplishing all 
evaluation criteria for all viewing directions with daylight and 
added electric lighting while minimising energy consumption was 
deemed sufficient to accept a WWR into the solution space.  
 
2.4. Simulation procedure 
The simulations were performed in three stages, as demonstrated 
in Fig. 8. 
 
2.4.1. Stage 1: lighting quantity  
First, for lighting quantity, simulations were run for the spring 
equinox (March 21), summer solstice (June 21), autumn equinox 
(September 21), and winter solstice (December 21). The assumed 
occupancy schedule for the room was from 08:00 to 17:00. All 
metrics were simulated or calculated for all WWRs (30-100%) and 
electric lighting levels (0-100%) using two ceiling-mounted LED 
panels with mDER (0.45). Daylight period-based simulations 
were run for all beyond-vision metrics at 6-minute intervals using 
Lark v2.0 [70]. ClimateStudio 1.9 [69] was employed for DGP and 
Eh at an hourly rate and uniformity was calculated by the minimum 
illuminance at the average (Emin/Eavg). For electric lighting point-
in-time grid-based simulations, Lark v2.0 was used to simulate all 
beyond-vision effects metrics and Eh. Image-based simulations 
were used for UGR analysis using Ladybug and Honeybee. 
Electric lighting was dimmed with 10% discrete steps by 
multiplying the IES file luminance values by the dimming factor 
(100% - 0%). The results are added for each point and viewing 
direction to the daylight results based on how much electric light 
is needed to achieve the evaluation criteria. All metrics presented 
in the section 2.3 were calculated as the percentage of total 
occupancy hours that fulfilled the evaluation criteria. This step has 
helped to identify the underperforming metrics, period and time of 
the day, and seasons. 
 
 

2.4.2. Stage 2: lighting spectrum  
For further optimisation of the underperforming season and 
metrics in stage two, different lighting combinations of two LED 
panels with low mDER (0.45), medium mDER (0.68) and high 
mDER (1.18) plus five wall washers with low mDER (0.46) and 
high mDER (0.66) were used to test the effect of the lighting 
spectrum and directionality on the evaluation metrics. 
 
2.4.3. Stage 3: lighting directionality  
In the third stage, the Field-Of-View (FOV) filter by Khademagha 
[88] was applied to image-based simulations in Lark v2.0 for the 
same lighting combinations to understand better the directionality 
effect on beyond-vision effects and how much light the human eye 
receives. According to Khademagha [88] The weighting factors 
for different areas of the visual field were derived based on 
laboratory studies on melatonin suppression. First, data from 
Glickman et al. [36] showed that exposure to the inferior retina 
(upper visual field) suppressed melatonin ~6 times more than 
superior retinal exposure (lower visual field), leading to a 6:1 
sample weighting ratio between these regions. Next, Rüger et al. 
[37] demonstrated that nasal retinal exposure (outer visual field) 
resulted in twice the melatonin suppression compared to temporal 
retinal exposure (inner visual field), yielding a 2:1 sample 
weighting ratio for inner vs. outer visual fields. 

Since both eyes contribute to the visual field, there is an overlap 
between the inner and outer visual fields of each eye. The inner 
visual field of one eye partially overlaps with the outer visual field 
of the other eye, meaning both regions share some influence. To 
reflect this, the weighting factors for the inner and outer fields 
were adjusted proportionally, assigning higher weight to the inner 
fields (3) and lower weight to the outer fields (2). Finally, to 
determine the actual weighting factors, the 6:1 ratio (upper vs. 
lower visual fields) was multiplied by the 3:2 ratio (inner vs. outer 
visual fields), resulting in sample values of 12 (upper-outer), 18 
(upper-inner), 3 (lower-outer), and 2 (lower-inner). Each sample 
weighting (e.g., 12/35 for the upper-outer field) was then divided 
by its expected equal contribution of 1/4, since there are four 
visual field areas, ensuring that the final weighting factors were 
proportionally adjusted. This resulted in the final values: 2.06 
(upper-inner), 1.37 (upper-outer), 0.34 (lower-inner), and 0.23 
(lower-outer). 

These weighting factors are applied on HDR images for the 
upper-inner, upper-outer, lower-inner, and lower-outer masks, 
resulting in spatially weighted mEDI results presented as a 
timeline for the selected hours 8:00-10:00, 12:00 and 14:00-15:00 
at the central point five for façade- and rear-facing viewing 
directions. The RD metric was simulated for daylight + the same 
electric lighting combinations using period-based Lark v2.0 
analysis and presented in the timeline for non-spatially weighted 
results to show the effect of electric lighting on fulfilling the RD ≥ 
4.2 criterion within five hours of continuous light exposure. 
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Fig. 8. Workflow of simulation procedure for the three stages: lighting quantity, spectrum and directionality, demonstrating the investigated metrics, and 
simulation tools for each step. 
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2.5. Results visualisation 
For stages one and two in the simulation procedure, a simple 
graphical representation, a sombrero plot, illustrates the evaluation 
criteria for nine control points and viewing directions. Each layer 
represents a specific metric in the specified order, as shown in Fig. 
9, based on previous work by Ochoa et al. [72] and Andersen et al. 
[2]. The WWR and electric lighting energy consumption are 
displayed above each sombrero plot. The inner core of the 
sombrero plot represents beyond-vision light effects (1: mEDI2h 
8-10, 2: mEDI2h 14-16, 3: mEDI 8-17) with four viewing 
directions, while the outer layers represent visual light effects (4: 
DGP, 5: UGR (only for electric lighting), 6: U, 7: Eh) with four 
viewing directions for DGP and horizontal illuminance for U and 

Eh. For the simulation with added electric lighting, After the 
seasonal results presentation, (8) RD and (9) mEDI4sea are shown 
as a separate plot.  

A scale indicates the percentage of occupancy hours that meet 
the evaluation criteria, with light green and dark green 
representing passing results for 50% and 75% of occupancy hours, 
respectively. The objective is to achieve green plots throughout. 
The scale indicates only pass or fail for visual comfort criteria (4: 
DGP and 5: UGR) and long-term responses metrics (8: RD (with a 
time scale) and 9: mEDI4sea) as green and red. The results apply 
to a room with specified conditions and dimensions, featuring a 
single opening in the centre of the façade and adjacent building. 
Two sets of graphs display the results of daylight simulations 
alone (a) and then with added electric lighting (b), ensuring all 

 
Fig. 9. Sombrero plot clarifying the graphical and colour-coded representation of the results for (a) daylight simulations and (b) electric lighting 
simulations with evaluation criteria and architecture design variables (inspired by Andersen et al. [2]). 
 

 
Fig. 10. HDR images for (a) non-spatially weighted mEDI and (b) spatially weighted mEDI. 
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criteria are met for at least 50% of the occupancy hours. For stage 
three, the results are presented as HDR images for (a) non-
spatially weighted mEDI and (b) spatially weighted mEDI (Fig. 
10). The RD metric is also presented under each relevant HDR 
image.  
 
3. RESULTS  
The following sections present results according to the simulation 
procedure described in paragraph 2.4. In the following sections, 
the key results are presented, focusing on WWR steps where 
significant differences in metric performance were observed 
among the eight WWRs and electric light levels. 
 
3.1. Stage 1: lighting quantity per season 
3.1.1. Summer 
As expected, the ‘summer’ day performed the best among the 
seasons. Figure 11 highlights the key results on this day, focusing 
on WWR steps where significant differences in metric 
performance were observed among the eight WWRs and electric 
light levels. The smallest WWR, 30%, achieved all criteria, with 
daylight only except uniformity. This WWR has not reached U ≥ 

0.6 for 50% of the time or more. The other noticeable metric is 
DGP, shown in red for the façade-facing, left, and right wall 
viewing directions, especially closer to the window. With added 
electric lighting of 20% dimming, the uniformity level improved 
to pass the criterion for more than 50 % of the occupancy time. 
This addition does not cause luminaire glare, so the UGR is green. 
Since no shading is added to the simulation, the DGP remains red 
throughout the different simulations.  

With a gradual increase, the WWR uniformity improved and 
achieved the U ≥ 0.6 for 50% of the time or more at WWR 60% 
with daylight only. At this stage, all metrics except glare are green 
and pass 50% or 75% of the occupancy time. This means no 
electric lighting is needed at WWR 60%, and electric lighting 
energy consumption is at its lowest 0 Wh/m2. With an increased 
WWR of 100%, all criteria are in dark green, meaning that the 
criteria are achieved more than 75% of the time, but the glare 
becomes an issue even deeper in the room. This means that more 
than 5% of the time, people experience disturbing glares at all 
points and in different directions. Beyond-vision effects metrics, 
mEDI2h 8-10, mEDI2h 14-16 and mEDI 8-17 all achieved an 
mEDI ≥ 250lx for more than 75% of the time for all points and 
viewing directions regardless of the window size in summer.  

 
Fig. 11. Simulation results in summer with variable WWR for (a) daylight only and (b) daylight + variable electric light level (2 LED panels). 
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3.1.2. Winter 
The ‘winter’ day is performing completely the opposite of the 
summer, as shown in Fig. 12. Uniformity and DGP are the only 
metrics fulfilling their criteria. WWR 30% shows that the beyond-
vision effects metrics (mEDI2h 8-10, mEDI2h 14-16 and mEDI 8-
17) and visual performance (Eh) are underperforming with less 
than 25% of the time for most of the points and viewing directions. 
With added electric lighting of 100%, Eh ≥ 500lx is achieved but 
not beyond vision effects, which indicates that a higher light level 
or blue-enriched light is needed. More specifically, the mEDI2h 
8-10 and mEDI2h 14-16 metrics are harder to achieve than mEDI 
8-17. With electric light level 100% for the two LED ceiling 
panels the UGR is still below 19.  

With an increased WWR of 60%, the same results appear, but 
this time, the Eh criterion is improving but still underperforming 
in half of the sensor points, which shows how the light is spreading 
in the room over time. Generally, the daylight level is equally low 
at all points, so the uniformity criterion is achieved. In winter, 
uniformity was better due to the constant dim light levels. With 
added electric lighting at 100%, beyond-vision effects are still 
underperforming. Increasing the WWR from 60% to 100% 
improves Eh deeper in the room but still does not reach Eh ≥ 500lx 
for 50% of the time or more. Even with the largest WWR and 

maximum light level of 100%, beyond-vision effects are still 
underperforming for all points and most viewing directions. Points 
closer to the window perform slightly better for the façade-facing 
and left than the right and rear-facing viewing direction because 
the daylight mainly comes from the Northeast and is reflected on 
the left wall to the inner points. Electric lighting energy 
consumption (ELEC) is the highest on the winter seasonal day (2 
LED panels * 32 W * 9 h= 576 Wh/m²), where 100% of the 
electric light level is always needed for all WWRs and still not 
fulfilling all criteria.  
 
3.1.3. Spring and autumn 
Spring and autumn have comparable photoperiods and show 
similar results, as shown in Figs. 13 and 14. These figures show 
first (a) the daylight simulation for WWR 30%, 70%, and 100% 
vertically, then (b1) with added electric lighting to achieve either 
the visual or beyond-vision light effects and (b2) with added 
electric lighting to achieve both the visual and beyond-vision light 
effects criteria. Spring and autumn have varying results in all 
criteria.  

At WWR 30%, all criteria were underperforming, especially 
deeper in the room, except DGP, which was not an issue in spring 
and autumn at WWR 30%. Other metrics like mEDI2h 8-10, 

 
Fig. 12. Simulation results in winter with variable WWR for (a) daylight only and (b) daylight + variable electric light level (2 LED panels). 
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mEDI2h 14-16 and mEDI 8-17 achieved the criteria (mEDI ≥ 
250lx) in points closer to the window for façade-facing and left 
viewing directions. With added electric lighting of 40% in spring 
and autumn, all visual effects metrics like Eh, U, DGP and UGR 
achieved the criteria at all points and viewing directions for 50% 
or 75% of the occupancy time, but beyond-vision effects remain 
underperforming. When the electric light level is increased to 
100%, all evaluation criteria are fulfilled except for the mEDI2h 
8-10 rear-facing view at points 7-9 in spring and autumn and 
mEDI2h 14-16 in the same position for autumn. 

Increasing the WWR from 30% to 70% improved all metrics at 
all points but not all viewing directions. In spring, mEDI2h 8-10 
for rear-facing viewing direction deeper in the room and 
uniformity for the whole room were underperforming. In autumn, 
mEDI2h 8-10 and mEDI2h 14-16 for rear-facing and right 
viewing directions deeper in the room, DGP at point four façade-
facing and U were underperforming. All criteria are achieved with 
added electric lighting of 10% in spring and 20% in autumn, 
except uniformity remains underperforming. Uniformity criterion 
was achieved later at an electric light level of 30%, and all 

 
Fig. 13. Simulation results in spring with variable WWR for (a) daylight only, (b1) daylight + variable electric light level so either visual or beyond-vision 
effects are achieved and (b2) for both being achieved. 
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sombrero plots are completely green for spring and autumn except 
for DGP at point four façade-facing in autumn.  

At WWR 70%, there is a tipping point in the performance of the 
visual and beyond-vision effects. Increasing the WWR is no 
longer necessary to improve the light level since metrics related to 
light quantity like Eh and mEDI 8-17 fulfil their criteria. Instead, 
the focus should be on enhancing the electric lighting to achieve 
uniform horizontal illuminance and uniformity criterion rather 
than getting stronger contrast for points closer and further away 
from the window. 

At WWR 100%, the uniformity is still underperforming, but all 
other criteria are achieved for 50% or 75% of the occupancy time. 
However, the glare (DGP) is increasing at points one and two for 
the façade-facing viewing direction in autumn. With no added 
electric lighting, beyond-vision effects criteria are achieved at this 
stage. The uniformity criterion is achieved for 50% of the 
occupancy time after adding 20% electric lighting in spring and 
30% in autumn, and all sombrero plots are green.  

In spring and autumn, ELEC decreased gradually with increased 
WWR, being the lowest (58 Wh/m²) at WWR 100% in spring and 

 
Fig. 14. Simulation results in autumn with variable WWR for (a) daylight only, (b1) daylight + variable electric light level so either visual or beyond-vision 
effects are achieved and (b2) for both being achieved. 
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(173 Wh/m²) at WWR 100% in autumn and highest (576 Wh/m²) 
at WWR 30% for both spring and autumn.  
 
3.1.4. Overall seasonal evaluation 
The long-term beyond-vision effects metrics (RD and mEDI4sea) 
were used to compare all four seasonal days. The long-term 
responses build upon the history of circadian lighting evaluation 
criteria, meaning that mEDI 8-17 and mEDI2h 8-10 ≥ 250 lx 
should be fulfilled for all four seasonal days to pass mEDI4sea and 
RD ≥ 4.2 within five hours of continuous light exposure. The 
results show an improvement in RD and mEDI4sea with increased 
WWR (Fig. 15). However, winter daylight conditions were 
underperforming for mEDI 8-17 and mEDI2h 8-10 ≥ 250 lx for all 

WWRs. Therefore, no WWR passes mEDI4sea. The RD level did 
not reach the threshold of 4.2, which means a person does not get 
five continuous hours of daylight in winter. With added electric 
lighting in summer, spring, and autumn, all the circadian criteria 
fulfil mEDI ≥ 250 lx and RD ≥ 4.2 for all WWRs and viewing 
directions. Yet, electric lighting was not sufficient to pass the 
criteria in winter. This means that mEDI4sea ≥ 250 lx for all 
seasons was not achieved for any WWR and electric light levels.  
 
3.2. Stage 2: lighting spectrum 
Since winter is the most underperforming seasonal day, further 
optimisation in stage two will focus on understanding each 
underperforming metric and how to optimise it. As described 

 
Fig. 15. Results of the (8) RD and (9) mEDI4sea metrics with variable WWR for all four seasons: (a) daylight only, and (b) daylight + electric light. 

 

 
Fig. 16. (a) Winter simulation results for WWR 70% with daylight only, (b) electric lighting placement for two LED panels and five wall washers. 
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earlier, there is a tipping point at WWR 70% in spring and autumn 
when further increasing the WWR does not help fulfil visual 
experience metrics (U); therefore, the optimisation will focus on 
WWR 70% in winter. Figure 16(a) shows the simulation results in 
winter at WWR 70% for daylight only. 

Starting from the first layer in the sombrero plots, mEDI2h 8-
10 is mostly red except for façade-facing viewing directions in 
points 1, 2, 4, and 5. This indicates the need for better light 
distribution to help achieve higher mEDI results in other viewing 
directions, mostly in points 3,6,7,8,9. The second layer for 

mEDI2h 14-16 is mostly red at all points and viewing directions, 
which means higher light levels are needed during these hours. 
mEDI 8-17 shows a better distribution than the previous two 
metrics, but the light level is still insufficient to achieve the mEDI 
≥ 250 lx criterion. DGP was all green at all points and viewing 
directions. This means no daylight glare issues but also lower 
daylight levels. Uniformity is also all green, ensuring good light 
distribution at the horizontal plane. Finally, Eh ranges from red 
deeper in the right corner of the room and yellow in the opposite 
direction. This means that the light levels are generally low. 

 
Fig. 17. Electric lighting combinations of two LED panels and five wall washers with high and low mDER. The red box shows the best-performing 
combination for visual and beyond-vision metrics and energy consumption. 
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Fig. 18. Timeline mEDI and RD results at P5 facade-facing (a) non-spatially weighted and (b) spatially weighted images according to Field-Of-View filter 
for different lighting combinations. 
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According to the luminous and temporal light factors, the two 
LED panels (mDER 0.45) used before were insufficient in 
quantity, spectrum, and directionality to ensure the achievement 
of beyond-vision effects criteria at all WWRs and electric light 
levels. Therefore, a combination of five wall washer lights and two 
ceiling LED panels are used instead (Fig. 16(b) and Table 3). The 
aim is to have as low electric lighting energy consumption as 
possible while improving the underperforming criteria. 
Combining the different electric light sources was presented 
systematically by first adding low (0.45), medium (0.68) and high 
(1.18) mDER LED panels to daylight results. The next step is 
adding wall washers with low mDER (0.46) to the previous LED 
panels and increasing the wall washer mDER level to (0.66).  

According to Fig. 17, increasing the mDER of the two LED 
panels from 0.45 to 1.18 improved but did not fulfil the mEDI ≥ 
250 lx for the acute and circadian metrics at all points and viewing 
directions. A noticeable pattern in the viewing directions shows 
how the centrally placed two LED panels affect the light 
distribution. The façade-facing viewing directions at P1, P2 and 
P3 are still underperforming for mEDI2h 8-10 and 14-16 because 
much of the light transmits through the glazing instead of 
reflecting back. The single underperforming point facing the rear 
is related to the door's darker colour and lower photopic and 
spectral reflectance material. The combination of daylight + 2x 
LED panels 100% mDER 0.45 + 5x wall washer 100% mDER 
0.46 improves the results significantly in all points except the ones 
facing the façade and the single point facing the door.  

The combination of daylight + 2x LED panels 100% mDER 
1.18 + 5x wall washer 70% mDER 0.46 is the first combination 
that satisfies all metrics for all points and viewing directions. 
Second comes (2x LED panels 100% mDER 0.68 + 5x wall 
washer 100% mDER 0.66) and (2x LED panels 100% mDER 1.18 
+ 5x wall washer 50% mDER 0.66). Among these, the last one has 
the lowest energy consumption due to dimming the light level of 
the five wall washers by 50%, as it was sufficient to fulfil the 
criteria while saving energy. It is important to note that the LED 
panels were always held constant at a maximum light level of 
100%, and the wall washers were being dimmed. Different 
combinations of dimming of both light types could lead to more 
efficient electric lighting in terms of performance and energy. 
Although the UGR criterion is met for all lighting combinations, 
the actual UGR values are lower for the combination of LED 
panels (mDER 1.18) and wall washers (mDER 0.66) compared to 
using LED panels alone (mDER 0.45 and 1.18). This occurs even 
at higher light levels, as the combination achieves better light 
distribution and increases background luminance, which helps 
reduce glare perception. 
 
3.3. Stage 3: lighting directionality  
Directionality of light has been found to play a significant role in 
the magnitude of beyond-vision effects in humans. As far as we 
know now, inferior and nasal retinal exposures induce a 
significantly higher response compared to the superior and 

temporal ones on nocturnal melatonin suppression. The results are 
shown in Figs. 18 and 19 first for (a) non-spatially weighted mEDI 
and luminance HDR images and (b) spatially weighted mEDI and 
HDR images where weighting factors 2.06, 1.37, 0.34 and 0.23 are 
applied for the upper-inner, upper-outer, lower-inner, and lower-
outer, visual field areas respectively. The centre point five is 
chosen for the directionality analysis since it has shown variation 
in previous analysis and average results (not worst- or best-case 
scenario). Timeline results are presented for the early morning 
period 8:00-10:00, noon and early afternoon period 14:00-15:00 
since it is dark after 15:00 in winter. The lighting combinations 
presented are (1) daylight only, (2) with two LED panels, light 
level of 100% and mDER 0.45, (3) with two LED panels, light 
level of 100% and mDER 1.18, and (4) with two LED panels, light 
level of 100% and mDER 1.18 + five wall washers, light level of 
50% and mDER 0.66. 

Daylight results in Fig. 18 at P5 façade-facing viewing direction 
show lower mEDI values for non-spatially weighted images than 
spatially weighted. The spatially weighted results are higher by 47 
lx, 153 lx, 138 lx and 61 lx for 9:00, 10:00, 12:00 and 14:00, 
respectively. It is also completely black at 8:00 and 15:00. Similar 
results are obtained by the two added LED panels (mDER 0.45) as 
they provide very little effect on the mEDI level. The spatially 
weighted results at 8:00 and 15:00 are totally dependent on electric 
lighting, and the dark outside view from the window lowers the 
mEDI level by (122-37)/122=70%. The opposite happens once 
there are high daylight levels at 10:00 and 12:00. mEDI increases 
by 11% and 7%, respectively. The mEDI2h 8-10 and 14-16 
metrics are underperforming because mEDI values are under 250 
lx for more than an hour for spatially and non-spatially weighted 
results. 

When the LED panels changed to mDER 1.18, the mEDI level 
increased more than double (122 lx to 264 lx for non-spatially and 
37 lx to 78 lx for spatially weighted results) for electric lighting 
only. These values can be added to the daylight results to get the 
rest of the hours. However, the results were simulated to get the 
HDR images. As the room gets brighter, especially on the walls 
with the higher mDER value, the bottom half appears darker for 
the floor and exterior ground regions, which leads to decreased 
spatially weighted mEDI values by 35%, 5%, 6%, and 27% for 
9:00, 10:00, 12:00 and 14:00 respectively. For this light 
combination, the metrics mEDI2h 8-10 and 14-16 achieve 250 lx 
for the non-spatially weighted mEDI for the two-hour morning 
and early afternoon period but not for the spatially weighted mEDI. 

The last lighting combination (2x LED panels 100% mDER 
1.18 + 5x wall washer 50% mDER 0.66) which performed best 
regarding lighting spectrum, uniformity and energy consumption 
(previous chapter), achieved the mEDI2h 8-10 criterion for 
spatially and non-spatially weighted mEDI since we got one hour 
over 250 lx from 9:00-10:00. On the other hand, mEDI2h 14-16 
criterion was not achieved for the spatially weighted mEDI 
because of the dark window area an insufficient surrounding 
luminance from 15:00 onward. In Fig. 19, the same lighting 
combination achieved both mEDI2h 8-10 and mEDI2h 14-16 
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criteria at P5 rear-facing viewing direction for spatially and non-
spatially weighted images as all values where over 250 lx during 
the day. The lighting combination with only two LED panels 
added mDER 1.18 for P5 rear-facing viewing direction passes the 
mEDI2h 8-10 and mEDI2h 14-16 criteria for non-spatially 
weighted results but not the weighted ones, although they were 
close. For the two LED panels with mDER 0.45 these criteria are 
not achieved for neither spatially nor non-spatially weighted 
mEDI results.  

The period-based simulations for the non-visual direct-response 
model produced cumulative response (RD) results presented in 
Figs. 18 and 19 as a timeline for each lighting combination and the 
two viewing directions at point five façade- and rear-facing. The 

red box shows the RD values at 13:00 between 12:00 and 14:00, 
representing five hours of light exposure. The daylight RD results 
start from 9:00 when the light exposure starts. However, RD 
threshold 4.2 is not achieved within five hours of light exposure at 
14:00. It was achieved later between 14:00 and 15:00. The two 
LED panels with low mDER (0.45) do not achieve RD=4.2 within 
five hours of light exposure at 13:00 for the façade- and rear-facing 
views. It is achieved instead between 13:00 and 14:00. The two 
LED panels with high mDER (1.18) achieve the RD criterion 
within the five hours of light exposure at 13:00 for the façade- and 
rear-facing views and so does the lighting combination (2x LED 
panels 100% mDER 1.18 + 5x wall washer 50% mDER 0.66). It 

 
Fig. 19. Timeline mEDI and RD results at P5 rear-facing (a) non-spatially weighted and (b) spatially weighted images according to Field-Of-View filter for 
different lighting combinations. 
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is noticed that the façade-facing results have slightly higher RD 
values than the rear-facing view. 

 
4. DISCUSSION  
The study aimed to evaluate representative metrics integration by 
designing, implementing, and testing a comprehensive lighting 
simulation framework incorporating luminous (quantity, spectrum, 
directionality) and temporal (timing, duration, history) factors to 
meet visual and beyond-visual human lighting demands. 
 
4.1. Lighting quantity  
Lighting quantity is tested by evaluating the eight WWRs (30-
100%) and electric lighting levels (0-100%). These design 
variables had a significant effect on light quantity.  The room had 
good visual performance in summer, with sufficient daylight 
levels for a person to perform office work on the horizontal plane 
[114], same as in spring, autumn and winter but with added electric 
lighting. Increasing the WWR improved the visual experience in 
summer by allowing the light to penetrate deeper into the room, 
resulting in better light distribution and uniformity. In winter, 
uniformity was better due to the constant dim daylight levels. In 
spring and autumn, a person might perceive the lighting in the 
office as even and uniform when electric lighting is added. This 
could be beneficial in situations requiring consistent and stable 
illumination, such as detailed tasks or prolonged work periods to 
reduce visual fatigue and eye strain [115,116]. However, it could 
be detrimental in scenarios where more dynamic lighting is 
desired to mimic natural light variations and enhance mood [115].  

From a visual comfort perspective, a person sitting in the room 
would generally experience comfortable lighting conditions with 
minimal glare in spring, autumn and winter due to the surrounding 
building and dim daylight levels. This can prevent discomfort and 
distraction, promoting a more pleasant and productive working 
environment, but may limit the outside view, which is the case in 
densely populated areas [116-118]. However, DGP was 
underperforming mainly in summer, and the other seasonal days 
were glare-free 95% of the occupancy time, which means no fixed 
shading device is needed but rather manually controlled blinds that 
can be closed when needed to improve comfort and productivity, 
especially since the façade is facing north [3,72,119]. Shen et al. 
[120] compared two locations/climates in their study with two 
office buildings, each with different WWR and shading devices 
for all four cardinals, to balance daylighting and solar gains and 
maintain human visual comfort and performance while reducing 
cost and energy. The study shows, similar to our results, that visual 
comfort and performance were maintained while ELEC was 
reduced with large WWR in north-facing offices. However, the 
heating energy consumption, which was not considered in this 
paper, doubled, leading to higher total energy use. A large WWR 
in an office can lead to substantial thermal discomfort and 
increased heating/cooling energy loss through the large window. 
This also applied to offices facing other cardinals in heating-
dominated climates, while cooling-dominated climates had the 

opposite results. Regarding the visual comfort of electric lighting, 
the two ceiling-mounted LED panels (4394lm, mDER 0.45) were 
under the threshold for the unified glare rating index.  

From a human well-being perspective, circadian responses 
could be regulated in summer, spring and autumn if large WWRs 
are chosen or with increased electric lighting. In the current 
situation in winter, a person will not get enough early to mid-
morning daylight dose to help advance the circadian rhythm 
(shorten the biological day) [9,25], especially in the rear-facing 
direction. The daytime light exposure throughout the rest of the 
day was also not sufficient, delaying the melatonin phase and 
leading to poorer sleep quality and efficiency [47-49,89]. 
Depending on the season and WWR, a person might or might not 
receive increased indoor light levels in the early afternoon hours 
to cope with the post-lunch dip and boost acute responses, such as 
alertness and melatonin suppression, to ensure better safety, 
cognition, and mood [21,35,48].  

In summary, increasing the electric light level and daylight 
openings did improve the light quantity for each season. The office 
room performed best in summer, fulfilling all evaluation criteria 
for all points and viewing directions with smaller WWR (WWR 
30% with 20% electric light level or WWR 60% without electric 
light). In spring and autumn, increased WWR leads to better 
performance and reduced electric lighting energy consumption, 
but a larger WWR is needed to fulfil all evaluation criteria for all 
points and viewing directions compared to summer (WWR 40% 
with 90% electric light level and no WWR could achieve all 
criteria without electric lighting). It was worse in winter as none 
of the WWRs achieved all evaluation criteria, even with 100% 
electric lighting. This might be because of the unfavourable 
position of the adjacent building facing the north façade and 
screening the lower incident daylight (low sun angles). Since 
typically only one window size can be selected using traditional 
building technologies, no WWR could be chosen to satisfy the 
evaluation criteria 50% of the occupancy hours across all seasons 
combined, even with 100% electric lighting. Achieving the 
evaluation criteria for 75% of occupancy hours was even harder. 
While WWR 60% was sufficient to meet the criteria in summer 
without electric lighting, it was not adequate for winter conditions. 
However, increasing WWR in winter can improve light levels, 
although it does not fully meet the evaluation criteria. 

However, in spring and autumn, a tipping point is observed 
where further increasing the window-to-wall ratio no longer 
improves light levels, as metrics related to light quantity, such as 
horizontal illuminance and melanopic equivalent daylight 
illuminance for the 8:00–17:00 period, already meet their criteria. 
Beyond this point, the benefits of increasing WWR diminish. The 
focus should instead shift to optimising electric lighting design to 
ensure uniform horizontal illuminance and meet uniformity 
criteria rather than exacerbating contrasts between areas closer to 
and farther from the window. Ochoa et al. [72] call the tipping 
point the “critical region” which defines the limit when increasing 
the window size does not contribute any more to daylight 
availability. Ochoa et al. [72] also found that the critical region 
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starts at WWR70%, and the optimal WWR is from 50%-70% for 
the north-facing façade in Amsterdam, Netherlands, while 
measuring average annual Eh, DGI, U and total energy 
consumption. Jia et al. [121] suggest that the WWR for north-
facing classrooms in cold regions of China should also be 60%-
70% for the sDA300,50% and UDI100–2000 metrics.  

Although the critical region aligns for visual and beyond-vision 
effects with findings from other studies, meeting visual 
performance criteria, such as Eh, does not guarantee the 
achievement of beyond-vision effects, like mEDI. Hence, the 
tipping point for Eh is different from that of mEDI. For instance, 
Eh can be satisfied at smaller WWRs that also fulfil U and DGP 
criteria. However, increasing the WWR to meet beyond-vision 
criteria may compromise visual comfort and experience due to 
heightened contrasts and potential glare. Furthermore, increases in 
WWR allow for more daylight but can also lead to higher solar 
heat gains, especially during warmer months. In colder seasons, 
the increased window size can exacerbate heat losses, leading to 
increased heating energy use, drafts and potential discomfort if 
thermal performance is not adequately addressed [122]. While the 
benefits of daylighting must be weighed against visual and non-
visual lighting needs, thermal performance must also be 
considered when determining an optimal WWR. Achieving a 
balance between these factors goes beyond adjusting WWR alone 
for light quantity; it also requires additional luminous factors, such 
as spectral composition and directionality. 

To fulfil the evaluation criteria, more electric lighting should be 
added by adding an extra light source or replacing the existing 
light sources with a higher light intensity and blue-enriched light 
spectrum to enhance the mEDI levels, which is tested in the next 
step. Changing the placement of the light source closer to the eye 
level or changing the directionality would also help achieve the 
beyond-vision criteria. If all these measures are insufficient, the 
office room layout should avoid placing furniture facing rear 
directions. This requires further optimisation as Mousavi et al. 
[123] did, studying the impact of furniture layout on indoor 
daylighting performance. Generally, the room is not deep enough 
to have furniture like a desk at P7, P8, and P9, and it is not very 
likely that a person will sit facing the rear direction, so having 100% 
fulfilled visual performance and beyond-vision criteria is not the 
most important. In this study, the evaluation criteria were strictly 
followed, but in reality, the limits are more flexible, and humans 
cannot notice if they have enough light 50% of the time. Further 
optimisation is needed to find the most optimal combination of 
window size and electric lighting for all seasons. 
  
4.2. Lighting spectrum 
The variation in the spectral data is based on the simulation under 
different sky conditions (clear sky in summer and overcast sky in 
autumn, winter and spring). However, spectral sky and sun are not 
controllable variables and are constant throughout the day. The 
material spectral reflectance/ transmittance distribution is 
provided for all surfaces in the model to generate accurate 

simulations. The primary design variable influencing the spectrum 
is the electric light sources. According to the luminous and 
temporal light factors, the two LED panels (mDER 0.45) used 
before were insufficient in quantity, spectrum, and directionality 
to ensure the achievement of beyond-vision effects criteria at all 
points and viewing directions. Therefore, a combination of five 
wall washer lights and two ceiling LED panels are used instead.  

Increasing the LED panels from low mDER (0.45) or 3000K to 
high (1.18) or 6500K improved circadian and acute response 
criteria significantly at all points and viewing directions. The 
points directly under the LED panels were all green. However, the 
observed underperformance in façade-facing viewing directions at 
(P1, P2, P3) for mEDI2h during 8:00–10:00 and 14:00–16:00, can 
be attributed to the glazing’s spectral transmission properties, 
which allow light to pass through rather than reflect back into the 
space. Similarly, the single underperforming point facing the rear 
is influenced by the darker door material with lower photopic and 
spectral reflectance, reducing reflected light levels. 

The next step was adding wall washers with low mDER (0.46) 
or 3000K to the previous LED panels and increasing the wall 
washer mDER level to (0.66) or 4000K. The increase in mDER of 
the LED panel and wall washer has shown to be one of the most 
influencing factors for beyond-vision effects. When both light 
sources switch to a higher mDER (1.18 for the LED panel and 0,66 
for the wall washer), all criteria are fulfilled at a lower electric light 
level. The dimming of wall washers by 50% demonstrates an 
effective energy-saving strategy while maintaining sufficient light 
levels. 
 
4.3. Lighting directionality 
In this study, the directionality of light has been found to play a 
significant role in the magnitude of beyond-vision effects in 
humans. Increasing WWR and electric light melanopic content 
mDER separately does not guarantee achieving all criteria for all 
points and viewing directions. On the other hand, adding another 
wall washer facing an opaque surface has shown to be more 
effective for beyond-vision effects as the light reflects on the 
surface and reaches the eye. However, the spectral contribution of 
wall washers, combined with LED panels, enhances light 
distribution and increases background luminance, leading to lower 
UGR values, which helps reduce glare perception and improve 
visual comfort compared to using LED panels alone. This 
highlights the importance of balancing spectral power distribution 
and light placement to optimise both energy efficiency and 
lighting performance.  

Another aspect of directionality is related to the direction in 
which the light enters the eye. Inferior and nasal retinal exposures 
induce a significantly higher response than the superior and 
temporal ones on nocturnal melatonin suppression [124]. The 
Field-Of-View filter by Khademagha [124], where weighting 
factors 2.06, 1.37, 0.34 and 0.23 are applied for the upper-inner, 
upper-outer, lower-inner, and lower-outer visual field areas, 
respectively, to image-based simulation for the same lighting 
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combinations to understand the directionality effect on beyond-
vision effects better. This analysis showed several interesting 
comparisons and findings related to non-spatially weighted and 
spatially weighted results as follows. 
 
4.3.1. Daylight hours vs. dark hours 
During daylight hours, the two added LED panels (mDER 0.45) 
result in higher mEDI at point five facing the façade for spatially 
weighted results compared to non-spatially weighted results. This 
is because the LED panels have minimal impact on mEDI levels 
inside, while the bright daylight visible through the window 
dominates due to its placement in the upper field of view. The 
window’s upper position and the high weighting factors of 2.06 
and 1.37 for the upper-inner and upper-outer masks, respectively, 
amplify daylight's influence on the field of view. At dark hours, 
such as 8:00 and 15:00, mEDI depends entirely on electric lighting. 
For spatially weighted results, the dark outside view through the 
window reduces the mEDI level by 70% compared to non-
spatially weighted results. This highlights the principle that the 
perception of light is a complex interaction between direct and 
reflected light, as the glazing allows light to pass through instead 
of reflecting it back into the space. This is clearly demonstrated in 
spatially weighted HDR images of the façade-facing view under 
dark conditions with only electric lighting. 

This result underscores the importance of daylight availability 
in contributing to spatially weighted metrics, as the absence of 
sufficient luminance in the upper field of view significantly 
impacts beyond-vision effects. It also suggests that electric 
lighting alone may struggle to fully compensate for the lack of 
daylight, particularly in creating a balanced spatial distribution of 
light that aligns with beyond-visual lighting needs. 
 
4.3.1.1. Low mDER vs. high mDER 
The two LED panels with low mDER (0.45) produce mEDI results 
below 250 lx, causing the mEDI2h 8-10 and 14-16 metrics to 
underperform for both spatially and non-spatially weighted mEDI. 
In contrast, the LED panels with high mDER (1.18) meet the 
mEDI2h 8-10 and 14-16 metrics for non-spatially weighted mEDI 
during the two-hour morning and early afternoon periods but fail 
to achieve them for spatially weighted mEDI. 
 
4.3.1.2. Without wall washer vs. with wall washer 
The last lighting combination (2x LED panels at 100% mDER 
1.18 + 5x wall washers at 50% mDER 0.66), when wall washers 
are added, achieves the mEDI2h 8-10 criterion for both spatially 
and non-spatially weighted mEDI when facing the façade but 
underperforms for the mEDI2h 14-16 criterion. This is due to the 
dark outside view, limited luminance from the window area, and 
insufficient surrounding luminance from 15:00 onward. 
 
4.3.1.3. Façade-facing view vs. rear-facing view 
The same lighting combination achieved both the mEDI2h 8-10 
and mEDI2h 14-16 criteria at P5 rear-facing viewing direction for 

spatially and non-spatially weighted mEDI, as all values exceeded 
250 lx during the day. This was due to the higher reflectance from 
the upper and inner regions of the wall. However, the spatially 
weighted results were lower than the non-weighted mEDI because 
of the masking regions and their associated weighting factors. The 
façade-facing view benefited significantly from daylight from 
10:00 to 12:00, with almost double the mEDI levels compared to 
the rear-facing view. These findings indicate that while façade-
facing views perform better during daylight hours due to direct 
access to brighter outdoor luminance, other viewing directions, 
such as the rear-facing view, provide more consistent performance 
during dark hours due to the reliance on reflected light within the 
interior. This highlights the role of surface reflectance and spatial 
weighting in optimising beyond-vision effects across varying 
conditions. 
 
4.4. Time and Duration 
Representing temporal factors like timing and duration of light 
exposure as a measurable metric was challenging in a graphical 
representation method. Achieving the mEDI2h 8-10 and 14-16 
metrics for early morning and early afternoon hours is more 
challenging than achieving the overall mEDI 8-17 metric and the 
visual performance criteria. This difficulty reflects the natural 
distribution of daylight, with less light in the early morning and 
late afternoon hours, especially in winter. While the metric mEDI 
8-17 partially addresses similar outcomes, its requirement of 
achieving 250 lx for 50% of the occupancy time between 8:00 and 
17:00 does not specifically guarantee sufficient light levels in the 
early morning or early afternoon hours. For instance, the required 
light exposure occurs in winter from 9:00 to 15:00 and does not 
cover the full periods. Representing mEDI2h 8-10 and 14-16 as a 
percentage of time simplified the evaluation criteria, but this 
obscures the variation of daylight pattern supply, which is 
important to investigate in beyond-vision effects simulations. 
 
4.5. Light History 
The accumulation of light exposure over the day builds upon the 
history of lighting, meaning that mEDI 8-17 and mEDI2h 8-10 ≥ 
250 lx should be fulfilled for all four seasonal days to pass 
mEDI4sea and RD ≥ 4.2 within five hours of continuous light 
exposure. The underperforming results for mEDI 8-17, mEDI2h 
8-10 and mEDI4sea ≥ 250 lx in winter daylight conditions for all 
WWRs increase the office worker's sensitivity of melatonin to 
light suppression [52], risking a higher circadian phase delay when 
exposed to light in the late evening hours, while higher daylight 
doses in spring/summer reduce sensitivity [41]. Huiberts et al. [20] 
highlight that these seasonal light/response interactions are most 
prominent during morning sessions. The RD level did not reach the 
threshold of 4.2 within five continuous hours of light exposure, 
which means that the daylight level is less effective in having 
potential health benefits for humans, such as reduced subjective 
sleepiness and faster reaction time compared to the reference light 
exposure profile from Phipps-Nelson et al. [112]. However, 
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depending on the goal of the analysis for a given set of design 
intentions, indicators of non-visual health potential may differ, i.e. 
what is healthy may change between scenarios or occupants' 
profile (age, chronotype, etc.) [38]. A strong day-night contrast, 
such as under natural conditions, has been shown to reduce 
interindividual variability in the phase of entrainment [125]. 

However, in the long-term, irregular circadian rhythms and 
prolonged exposure over the years to inappropriate lighting 
conditions, such as insufficient natural light during the day, 
particularly in the morning, and seasonal variation in beyond-
vision responses to light, may be risk factors for both non-seasonal 
depression and seasonal affective disorder (SAD) [32,41,51] for 
the office worker in this case. When adding electric lighting with 
high melanopic content mDER 1.18 (6500K) or adding wall 
washers with mDER 0.66, the RD criterion is achieved within five 
hours of light exposure. This agrees with studies' suggestions that 
white- and blue-LED light sources can prevent SAD at lower light 
levels [31], with Glickman et al. [53] reporting significant 
antidepressant effects after 45 minutes of morning exposure to 
short-wavelength LED light for 3 weeks. While prior exposure to 
light on a scale of hours and days can reduce the sensitivity of 
light-induced responses, such as melatonin suppression, circadian 
resetting and alertness, this adaptation contributes to long-term 
responses by shaping the overall stability and resilience of the 
circadian system. Over time, these cumulative effects influence 
the entrainment of circadian rhythms, adaptation to seasonal 
changes, and long-term physiological and psychological outcomes, 
such as improved mood, behaviour, and productivity 
[15,40,41,51,52]. Essentially, the adjustments made by the 
phototransduction system in response to short-term light exposure 
lay the foundation for sustained changes that affect health and 
well-being across weeks, months, and even years. 
 
4.6. Methodological Reflections 
It is important to note that some beyond-vision effects criteria, 
such as mEDI2h 8–10, mEDI2h 14–16, and mEDI4sea, are 
introduced and tested in this paper for the first time and may 
require further exploration and validation.  Several laboratory 
studies demonstrated that exposure to a high melanopic EDI in the 
early morning helps phase-advance the circadian rhythm [2,91,92] 
and in the early afternoon, helps counteract the post-lunch dip 
[105-108]. Yet, it is notable that sustained exposure to high 
melanopic EDI would not always result in beneficial effects 
during daytime working hours and is sometimes experienced as 
less pleasant [109-111]. Therefore, a simplified approach is 
followed to specify the threshold values for beyond-vision effects 
based on the widely adopted recommendation by Brown et al. [9] 
and WELL standard [84] of 250 lx as a minimum light level for 
the evaluation criteria.  

A limitation of this study is the simulated room’s location, 
where shielding by an adjacent building on the north façade may 
have skewed results. Expanding the analysis to other façade 
orientations (north, south, east, west) and climates (e.g., tropical, 

arid, or cooling-demanding) is necessary for a more 
comprehensive evaluation and effective building lighting design 
recommendations. On a broader scale, more complex case studies 
involving multiple spaces (e.g., single-family homes or office 
floor plans) could provide insights into the combined temporal and 
spatial effects of light exposure, particularly when tracking 
occupants’ dynamic movement. Additionally, the simulated 
electric lighting relied on the room’s existing system, which may 
not represent optimal solutions for visual, beyond-visual, and 
energy performance as tested later in stages two and three. 
Applying dynamic lighting that follows a lighting demand curve 
for different scenarios and activities will better support beyond-
vision effects by tailoring light intensity, spectrum, and timing to 
align with human circadian rhythms, improve visual comfort, and 
optimise energy efficiency [92,94,95,126,127]. Moreover, 
interpreting the implications of beyond-vision effects criteria 
requires support from applied research involving human subjects 
to better understand the physiological and psychological impacts 
[128]. 

The graphical evaluation method employed in this study - 
several initially tested, including line charts, column charts, and 
simple tables - ultimately relied on Sombrero plots and HDR 
images for presentation. The coloured Sombrero plots were 
selected because they effectively represented multidimensional 
data across four viewing directions and multiple criteria in a single, 
cohesive diagram. Unlike line or column charts, which required 
multiple graphs or axes, the Sombrero plot's circular format 
provided a holistic perspective, allowing for quick identification 
of patterns or imbalances to grasp underperforming metrics.  

In general, Sombrero plots proved suitable for evaluating 
multiple criteria in the worst-case and best-case scenarios, winter 
and summer. However, with a more complex model and 
contradicting criteria - particularly during transitional seasons like 
spring and autumn - more systematic and sophisticated evaluation 
methods are needed, especially when additional criteria for 
acoustics, thermal comfort, life cycle assessment, etc, are included 
[129,130]. Using graphical representations alone can make it 
difficult to focus on each metric separately, leading to potential 
oversights or misunderstandings. For instance, achieving the 
mEDI2h 8-10 and 14-16 metrics requires more electric lighting 
than other metrics. This additional lighting impacts energy 
consumption, affecting the overall evaluation of design 
alternatives. By studying each metric independently, these 
interdependencies and how much one metric influences another 
can be better understood.   

Defining the evaluation criteria is crucial, as it involves 
determining how many criteria should be fulfilled, in which order 
and from which aspect (visual or beyond-visual), what percentage 
of occupancy time and room area must meet these criteria, and 
how holistic the evaluation should be. Additionally, the inclusion 
or exclusion of potentially contradicting criteria can significantly 
affect how comparable the results are to other studies. For instance, 
Ochoa et al. [72] considered meeting two out of three visual 
criteria sufficient, with the critical region satisfying Eh and U but 
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not DGI for 50% of the occupancy time at two control points. In 
contrast, this study treats all criteria equally important, requiring 
them to be met for all nine points and viewing directions, covering 
the entire room area across all seasonal days. This strict approach 
is maintained, prioritising completeness over trade-offs. To 
address variability in the percentage of time meeting the criteria, 
results are presented using a sombrero plot with different ranges 
marked by colour, making them comparable to both stricter and 
more lenient requirements. 

The evaluation is kept open and holistic until clear standards for 
beyond-vision effects are established and trade-offs between 
luminous and temporal light factors are fully understood and 
incorporated into guidelines [63]. This approach ensures a 
comprehensive analysis while paving the way for future 
refinements in integrative lighting standards. 
 
5. CONCLUSIONS, RECOMMENDATIONS AND 
FURTHER RESEARCH 
This study highlights the critical role of both luminous and 
temporal factors in designing, implementing, and testing 
comprehensive lighting for visual and beyond-visual human 
lighting demands in office environments. Simulations were 
performed on a single office room with nine control points with 
four viewing directions in the vertical plane and one horizontally, 
each testing eight window sizes and different electric lighting 
combinations of LED ceiling panels and wall washers with low 
and high mDER across seasonal variations, aiming to minimise 
electric lighting energy consumption while enhancing visual and 
beyond-vision performance and comfort. A necessary step to 
further improvement of the validation of the proposed approach 
will be to address the question of whether a beyond-visual analysis 
truly provides more information than visual quantities: an 
interesting further analysis would indeed be to question whether 
design decisions differ when beyond-visual considerations are 
brought in compared to simply ensuring higher lighting thresholds.   

The paper found that including beyond-vision effects in the 
evaluation process of multiple criteria introduces significant 
complexity, not because of individual factors but due to the 
interplay between luminous and temporal aspects. Results 
indicated that while WWR primarily influences light quantity, 
achieving optimal beyond-vision effects requires careful 
modulation of spectral composition and spatial distribution. 
Notably, neither increased WWR nor higher melanopic-content 
electric lighting alone ensured uniform beyond-vision 
performance across all viewpoints. Instead, introducing a wall 
washer directed at an opaque surface proved more effective, 
enhancing background luminance, reducing glare, and improving 
spatial uniformity and Field-Of-View retinal light exposure. This 
highlighted the importance of spectral tuning and light placement, 
particularly in settings with prolonged exposure and limited 
movement, such as office environments with extended screen use.  

Temporal dynamics further influenced non-visual outcomes. 
Achieving targeted mEDI thresholds in the early morning and 

early afternoon proved more challenging than fulfilling daily 
averages, reflecting daylight’s seasonal variability.  

Building on these findings, it is recommended to use vertical 
mEDI measurement at eye level for standardised assessments, as 
it provides a consistent metric for broad lighting comparisons and 
compliance checks in guidelines and certifications such as WELL. 
However, since mEDI assumes uniform retinal sensitivity, it may 
underestimate or overestimate the actual impact on circadian 
stimulation, as it does not account for retinal sensitivity across 
different Field-Of-View areas. 

As guidelines such as WELL and CIE increasingly prioritise 
human-centric lighting, integrating spatially weighted analyses 
into these standards is essential for a more accurate evaluation of 
beyond-vision effects. However, this type of analysis is more 
complex and costly to calculate (requires HDR images and a field 
of view analysis), and it is not as widely standardised as mEDI 
measurements. Given that the inferior and nasal retinal regions are 
more sensitive to melatonin suppression, the direction of light 
exposure is crucial for circadian stimulation. This method is 
particularly relevant for complex lighting environments and 
applications where light placement and directionality are critical 
to maximising circadian benefits, such as for office workers, night 
shift workers, truck drivers, hospital patients, or individuals with 
mood disorders.  

These findings highlight that beyond-vision effects depend on 
light quantity and its spectrum, spatial distribution, and 
directionality. This underscores the importance of lighting design 
strategies that integrate these factors to balance visual and beyond-
vision outcomes by ensuring the appropriate daylight and electric 
lighting levels, spectrum, and directionality at the right time of day. 
Therefore, the study recommends a combined lighting strategy for 
optimising integrative light effects. High-mDER LED panels and 
wall washers directed at opaque surfaces offer a promising 
strategy, enhancing spatial light distribution and uniform 
background luminance and reducing glare. By increasing the 
melanopic content and reducing the light levels, the light strategy 
optimises electric lighting energy consumption while maintaining 
visual and beyond-visual performance. This combined lighting 
strategy contributes to improved well-being in complex indoor 
environments. 

In conclusion, the study recommends investigating trade-offs 
between spectral tuning, light type, placement, and directionality 
to optimise both visual and beyond-visual lighting effects. To 
address this complexity, future strategies should explore 
automated multi-objective optimisation (MOO) to identify 
optimal combinations of dimming levels, spectral characteristics, 
and directionality, thereby reducing manual adjustments while 
achieving better alignment of visual and beyond-visual criteria 
[59]. MOO provides a structured framework for considering trade-
offs, identifying conflicts, and making informed decisions in 
various fields. By adopting MOO, lighting strategies can advance 
towards more efficient and human-centric designs. 
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APPENDIX A. COMPUTER MODELLING AND THE 
INITIAL INPUT 
The office room with the surrounding building was modelled in 
Autodesk Revit 2022 and exported to Rhinoceros 7 (McNeel LLC) 
as a DWG file. In Rhino, the different building components were 
assigned to layers to apply different materials to them and link 
them with Grasshopper plug-ins according to the previous material 
and electric lighting inputs. ClimateStudio 1.9 was used for the 
four simulation days' glare and climate-based daylight analysis 
(CBDM). It is an environmental performance analysis software 
that can optimise buildings for energy efficiency, daylight access, 
electric lighting performance, and visual and thermal comfort 
[131]. It works as a plug-in for both Rhino and Grasshopper. The 
developed spectral lighting simulation tool Lark v2.0 [132] 
validated the computer modelling and conducted all spectrum-
based lighting calculations. Lark is an open-source plugin in 
Grasshopper with Radiance as a simulation engine. It was chosen 

due to its ability to generate colour information for spectral 
materials and spectral sky models, with the calculation based on 
nine channels and directly calculating metrics for beyond-vision 
effects. Adding colour information to the material and the sky files 
is important as previous studies such as [133] and [144] showed 
that the spectral content of light at typical interior daylight levels 
affects human circadian rhythms. ALFA is a commercial licensed 
software that can perform spectral lighting simulation. Table A1 
shows a concise comparison summarizing the capabilities of 
ALFA and Lark. 

The analysis period simulation template in Lark was used to run 
daylight simulations for only four days in the year, which are the 
spring equinox (21st March), summer solstice (21st of June), 
autumn equinox (21st September), and winter solstice (21st 
December). These were chosen as representative periods of how 
the circadian rhythm could change during different periods 
throughout the year. The daylight hours for each of the four days 
were extracted from the EPW weather file and set as the 

Table A1. This table clearly compares the tools strengths and simulation capabilities. 

Feature ALFA Lark 

Spectral Resolution 81 bands 9 bands 

Daylighting Accuracy Overestimates clear sky conditions More accurate (±20% error range) 

Electric Lighting Accuracy More accurate under electric light Slightly less accurate under electric light 

Computation Speed Faster (about 3× faster than Lark) Slower due to higher computational demand 

Setup Complexity Requires manual setup, limited automation More complex setup, but automated for daylight 

Best Use Case Electric lighting simulations Daylighting simulations 

 

 
Fig. A1. The sky diffuse model shows the sky type for each simulation day. 
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simulation's analysis period with a one-minute interval. Later in 
the data analysis, only hours in the occupancy schedule of the 
room (08:00-17:00) were included. The electric light simulations 
were performed in the point-based simulation template with 10 
light intensities by multiplying the IES file luminance values by 
the dimming factor (100% - 0%). The results are then added for 
each point and view direction to the daylight result based on how 
much electric light is needed to achieve the evaluation criteria. See 
Table A2 for Radiance and ClimateStudio simulation inputs and 
Table A3 for all the software tools used and their versions. 

The luminance distribution of the sky depends on weather and 
climate, and it changes during the day as the sun’s position 
changes. Lark requires sky spectral power distribution (SPD) to 
add colour information to sky models and assumes that the sun is 

neutral white, but first, the sky type for the four days needs to be 
defined from the three unified CIE sky types (Overcast sky, 
intermediate, and clear sky) developed by the International 
Commission on Illumination [135]. The sky diffuse model 
developed by  Perez et al. [136] gives sky clearness bins as a list 
of values representing the transition from a totally overcast sky (1) 
to a clear sky (8). The clearness bins are based on the sky clearness 
index (𝜖𝜖) that was calculated for each hour of the four days using 
the following equation. The relevant data was extracted from the 
weather file using Ladybug and Honeybee for DHI and DNI and 
Grasshopper plug-in OWL (Occupant Wellbeing through Lighting) 
component "SCALE_SunPos" developed by Maskarenj et al. [137] 
to get the solar altitude angle (α). 

𝜖𝜖 = (𝐷𝐷𝐷𝐷𝐷𝐷+𝐷𝐷𝐷𝐷𝐷𝐷)/𝐷𝐷𝐷𝐷𝐷𝐷+𝑘𝑘𝜃𝜃𝑧𝑧
3

1+𝑘𝑘𝜃𝜃𝑧𝑧
3      (1) 

Where θz is the solar zenith angle in radians, 𝜃𝜃𝜃𝜃 = (90° −
𝛼𝛼°) × 𝜋𝜋 180°⁄ , (α: Solar altitude angle in degrees), DHI is the 
Diffuse horizontal irradiance (W/m2), and DNI is the Direct 
normal irradiance (W/m2). 
k: Constant equal to 1.041 for angles in radian 

The results for the sky clearness index ( 𝜖𝜖 ) for Jönköping 
weather file ranged from 1-5.  The sky clearness index is then 
matched with their upper and lower bound bins from Table 1 in 
the paper by Perez et al. [136]. Both the sky clearness index and 
their bins are presented in Fig. A1. The clearness bins ranged from 
1-7, indicating that these hours did not have 100% clear skies. The 
overcast sky type is decided based on the range of DHI matched 
with their equivalent sky clearness bins. The DHI for all four days 
range from 0~200 (W/m2), which means bins 1-2 are overcast sky. 
The bin bound separating between the intermediate and clear sky 
is when the DNI was more than double the DHI, which was 5, as 
shown in the March and June graphs. This means bins 3-4 are 
intermediate sky and 5-8 clear sky.  

The sky clearness index was calculated for each hour of the day, 
but the most dominant sky type was chosen for the whole day since 
Lark can only perform dynamic simulations with constant sky 
SPD for the whole simulation period. Although the December 
graph shows that the sky clearness bins reached 5, the DHI and 
DNI were within the range of 0~200 (W/m2). Therefore, the 
simulation day in December was assigned an overcast sky, which 
goes with the fact that winter in Sweden is mostly dark and cloudy. 
The days in March and September have also an overcast sky, and 
for summer in June, it is a clear sky according to Fig. A1. 

To add spectral power distribution to the sky, a correlated colour 
temperature (CCT) was chosen for each sky type to characterise 
the colour information. Even though two sources can have the 
same CCT but with different spectral power distributions, it was 
still used as a simple method to differentiate between the different 
sky types. A more accurate representation of the sky CCT could 
only be achieved by measuring the sky SPD in real life, which was 
not possible due to the selection of the four seasonal days 
throughout the year. The overcast and clear sky values were 
determined by [134] as 6500K and 25000 K, respectively. The 

 
Fig. A2. Sky spectral power distribution for overcast (CCT 6500) and 
clear sky (CCT 25000). 
 
Table A2. Radiance and ClimateStudio simulation parameters. 

Radiance parameters Value  

Ambient bounces (ab) 6 
Ambient divisions (ad) 1024 
Limit weight (lw) 0.0001 
ClimateStudio parameters Value  
Ambient bounces 6 
Ambient samples 6400 
Limit weight (lw) 0.0001 

 
Table A3. Simulation software and plug-ins used and their versions. 

Software, plug-in Version  

Rhinoceros & grasshopper 7 
Autodesk Revit 2022 
Lark 2.0 
ClimateStudio 1.9.8389.21977 
OWL 1.0 
Radiance 5.4 2023-11-05 LBNL (5.4.4ee32974b1) 
Honeybee Legacy (0.0.66) & 1.6.0 
Ladybug Legacy (0.0.69) & 1.6.0 
Daysim 4.0 
Python 3.7.9 
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daylight spectral data are generated in 10 nm intervals from the 
measurements of CCT using the Excel Daylight Series Calculator 
[138]. The calculation method is based on the definitions of CIE 
standard illuminants [139]. The sky SPD is then interpolated to a 
1 nm interval and normalised by the max value (Fig. A2). 

 
APPENDIX B. COMPUTER MODELLING AND THE 
INITIAL INPUT 
The visual properties of the surfaces, like photopic reflectance 
(Rvis) of opaque materials, were approximately measured from 23 
sampling points with a luminance/illuminance photometer 
(Hagner, universal photometer model S3) under electric lighting 
conditions to reduce any variations in light intensity that can affect 
the measurement (Fig. B1(a) for the sampling points). The device 
provides luminance and illuminance measurements with an 
accuracy better than ±3% for common light sources and daylight 
and was last calibrated in February 2022. Reflectance can be 
estimated by measuring the amount of light incoming to the 

surface (illuminance) and reflected off of the same surface 
(luminance). Reflectance was calculated using this formula: 
 𝜌𝜌 = (𝐿𝐿 ∙  𝜋𝜋)/𝐸𝐸  ρ: reflectance, L: luminance, E: illuminance 

The calculation of the reflectance values of the 23 sampling 
points is shown in Table 3. The colour of the materials was 
matched with the NCS colour pallet (Fig. B1(b)) according to 
perception-based approximation due to the lack of a 
spectrophotometer. The selected colours are converted to 
approximate RGB using the NCS colour guide website. The RGB 
colours or sRGB with values (0, 255) are then converted to linear 
RGB to get each channel reflectance because sRGB values apply 
a nonlinear function called gamma correction, which is 2.2, to 
linear RGB values so colours appear brighter and easier to 
distinguish in monitors [50]. The conversion formula is: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑅𝑅𝑅𝑅𝑅𝑅 = �𝑅𝑅,𝐺𝐺,𝐵𝐵
256

�
2.2

     (2) 

The converted linear RGB colour reflectance is also shown in 
Table B1. Spectral reflectance distribution (SRD), material 

Table B1. Calculated reflectance values from 23 sampling points and their NCS and RGB colour and reflectance. 
Building object L E ρ NCS colour RGB colour RGB reflectance 

Wall reflectance   Average: 0.787 (S0502-Y) (243; 239; 227) (0.89; 0.86; 0.77) 

W11 40.7 170 0.752    
W12 58.5 240 0.766    
W13 52.6 216 0.765    
W14 44.4 168 0.830    
W15 82.1 319 0.809    
W16 66.6 258 0.811    
W21 51.0 215 0.745    
W22 58.7 247 0.747    
W23 43.6 181 0.757    
W24 62.2 236 0.828    
W25 76.9 298 0.811    
W26 46.0 176 0.821    
Floor reflectance   Average: 0.220 (S5500-N) (125; 124; 123) (0.21; 0.20; 0.20) 

F1 17.0 281 0.190    
F2 23.2 296 0.246    
F3 22.1 294 0.236    
F4 16.3 276 0.186    
F5 27.5 354 0.244    

Ceiling reflectance   Average: 0.923 (S0500-N) (241; 239; 235) (0.88; 0.86; 0.83) 

C1 32.6 111 0.923    
C2 32.6 111 0.923    

Door reflectance   Average: 0.376 (S3500-N) (166; 164; 162) (0.39; 0.38; 0.37) 

D1 18.4 153 0.378    
D2 19.4 163 0.374    
Exterior wall reflectance   Average: 0.527 (S1040-Y10R) (246; 202; 111) (0.92; 0.59; 0.16) 

EW1 75.6 433 0.549    
EW2 76.4 474 0.506    

Ground reflectance   Ground albedo   (125; 125; 125) (0.20; 0.20; 0.20) 
G1 

  
0.200    
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roughness and specularity were obtained using the calculated 
surface colour information and reflectance in a spectral materials 
database by matching to the closest material [141] (Table B2 for 

selected materials). All material properties are used as input for 
spectral calculation in Lark v2.0.  

    
(a)           (b) 

Fig. B1. Sky spectral power distribution for overcast (CCT 6500) and clear sky (CCT 25000). 
 
Table B2. Calculated reflectance values from 23 sampling points and their NCS and RGB colour and reflectance. 

Surface Reflectance (Rvis) RGB reflectance Roughness Specularity URL 

Interior wall 80% 0.81, 0.80, 0.72 0.2 0.0039 https://spectraldb.com/measurements/00732/ 
Exterior wall, 
surrounding 

55% 0.71, 0.51, 0.31 0.2 0.0035 https://spectraldb.com/measurements/01080/ 

Floor 21% 0.22, 0.21, 0.20 0.2 0.0010 https://spectraldb.com/measurements/00011/ 
Exterior ground 21% 0.22, 0.21, 0.19 0.3 0.0019 https://spectraldb.com/measurements/00673/ 
Ceiling  85% 0.87, 0.86, 0.79 0.2 0.0035 https://spectraldb.com/measurements/01168/ 
Door 40% 0.36, 0.39, 0.43 0.1 0.0118 https://spectraldb.com/measurements/00996/ 

 

 
Fig. B2. The model shows how the transmittance and spectral transmittance of the widow glazing were measured. 
 
Table B3. Glazing material properties. 

 Transmittance (Tvis) U-value Solar heat gain coefficient (SHGC) 

Glazing 71% 1.05 0.605 
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Due to its age, data from the window system could not be 
obtained via the manufacturer; hence, the glazing’s photopic 
transmittance (Tvis) and spectral transmittance distribution (STD) 
were estimated by measuring the SPD using a spectrometer 
(UPRtek MK350S_Premium) in a black box. The spectral 
measurements have a wavelength precision of ±1 nm and a 
bandwidth resolution of approximately 9 nm, and the device was 
last calibrated in March 2023. First, the SPD was measured from 
a light source without the window, and then the window was 
placed in between the light source and the spectrometer (Fig. B2). 
Another measurement was done to calculate how much light is 
transmitted through the glazing at each wavelength by dividing the 
first SPD measurement by the second. The resulting glazing 
material is shown in Table B3. 

 
APPENDIX C. CALIBRATION AND VALIDATION OF 
THE SIMULATION MODEL 
With the computer model built and the initial input parameters 
collected, the next step was to calibrate the computer model for 
photometric simulation.  Two control points were placed in the 
real room with a total of 11 sensors placed facing the five view 

directions (north, south, east, west, top) and one sensor point at the 
rooftop of the Jönköping University building to collect sky 
illuminance. The sensors used are the HOBO Pendant MX 
Temperature/Light Data Logger, which can log illuminance data. 
The illuminance measurement accuracy is ±10%, typical for direct 
sunlight. One spectrometer (UPRtek MK350S_Premium) was 
placed at point 1 facing the window (north view direction) (Fig. 
C1). The HOBO sensors were calibrated compared to 2 Hagner 
lux meters in both electric (indoor) and daylight (outdoor) settings 
(the manufacturer calibrated the Hagner (model EC 1) meters in 
2022/02 and 2019/02). The lux meter has an accuracy better than 
±3%. The electric light calibration was done under 4 steps light 
level increment (220, 590, 960 1430 lx). The resulting combined 
calibration factor for indoor and outdoor is ~1.33. 

The real-life measurement ran for three days, from March 1st to 
March 3rd, 2024, measuring only daylight with one-minute 
intervals. The measured sky illuminance was converted to global 
horizontal irradiance (GHI) by dividing it by 179, which is the 
luminous efficacy coefficient of the equal energy light used in 
calculating luminance and illuminance in Radiance [140]. Lark 
v2.0 period simulation extracts DHI and DNI from the weather file 

 
Fig. C1. Measurement devices and data loggers were placed at the two control points in the office room and one at the rooftop. 
 

 
Fig. C2. Calibration steps and validation of the simulation model. 
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to run daylight simulations. Since the sky was overcast overall 
during the three days and since GHI equals the sum of DNI and 
DHI, the DNI was assumed to be 0 all the time, and the DHI values 
were replaced by the GHI measured. According to Pierson et al. 
[52], accurately simulating the quantity of light (irradiance) had a 
larger impact on the result than accurately simulating the spectrum. 
Hence, a constant D65 was reasonably accurate in simulating 
mEDI indoors in various sky conditions. 

The model was simulated with the given inputs, followed by 
several rounds of adjustments to calibrate and increase the 
accuracy of the final simulations, following the method described 
by He et al. [143]. Initially, Radiance parameters were set lower (-
ab 2, -ad 512, -lw 0.0001) to facilitate faster iterative simulations. 
Based on the weather file DHI and DNI, the first simulation round 

in Lark resulted in a different daylight pattern and low illuminance 
values. Subsequently, sky irradiance values were adjusted as 
described above, producing a daylight pattern similar to real-life 
measurements and high accuracy for north-facing views (towards 
the window). However, other views still showed low illuminance 
values. In the third round, all interior and exterior surfaces, even 
the surrounding building and ground, were changed to white with 
high photopic and spectral reflectance (Rvis 93%). This 
adjustment resulted in higher simulation values for the north-
facing view, but the illuminance at sensor P2 did not increase 
significantly. Finally, the glazing was changed to a higher 
photopic and spectral transmittance (Tvis 0.95), allowing almost 
all light to pass through. This led to significantly higher simulation 

Table C1. Surface material properties from the spectral material database after model calibration. 
Surface Reflectance (Rvis) RGB reflectance Roughness Specularity URL 
Interior wall 86% 0.88, 0.86, 0.80 0.2 0.0028 https://spectraldb.com/measurem

ents/00782/ 
Exterior wall, 
surrounding 

30% 0.37, 0.29, 0.18 0.3 0.0013 https://spectraldb.com/measurem
ents/01050/ 

Floor 30% 0.30, 0.29, 0.26 0.2 0.0096 https://spectraldb.com/measurem
ents/01282/ 

Exterior ground 10% 0.11, 0.10, 0.09 0.3 0.0000 https://spectraldb.com/measurem
ents/01143/ 

Ceiling  93% 0.92, 0.92, 0.89 0.2 0.0125 https://spectraldb.com/measurem
ents/00599/ 

Door 45% 0.43, 0.43, 0.42 0.2 0.0193 https://spectraldb.com/measurem
ents/00619/ 

 

 
Fig. C3. Regression analysis, RMSE, MBE of the simulation model and measurement. 
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values than measurements for view directions at P1, while view 
directions at P2 remained lower (Fig. C2). 

After returning the surface materials to the initial inputs and 
setting Radiance parameters to higher accuracy (-ab 6, -ad 1024, -
lw 0.0001), the simulation results matched all views at the two 
points except for the north-facing views at P1 and P2, which were 
higher. To address this, surrounding building and ground materials 
were set to lower reflectance values, and interior surface materials 
were set to higher reflectance to reduce reflected light at the north 
views and increase it inside the room. These changes have resulted 
in new material properties chosen from the spectral material 
database [141] (Table C1), as the previously measured properties 
were approximate. The high-accuracy simulation data strongly 
correlated with observed real-world measurements for all the 
views (Fig. C2).  

The regression analysis compared the resulting simulation data 
with the observed real-world measurements and revealed a strong 
correlation, with an R² value ranging from 0.97 to 0.98. This 
means that the simulated data can explain 97% to 98% of the 
variance in the measured light levels. An R² value close to 1 
indicates a very high level of accuracy and agreement between the 
simulation results and the real-world measurements, suggesting 
that the model and its parameters are highly effective in predicting 
actual lighting conditions (Fig. C3).  

The mean biased error (MBE) and root mean squared error 
(RMSE) are calculated to characterise the similarities/differences 
between two data series. The relative MBE indicates the tendency 
of one data series to be larger or smaller than the other. The RMSE 
indicates how far one data series “fluctuates” around the other. 
The MBE and RMSE are calculated for each point of view and 
their average. In this context, a negative Mean Biased Error (MBE) 
indicates that, on average, the simulation underestimates the 
observed real-world measurements. A negative MBE means that 
the simulated light levels are generally lower than the actual 
measured light levels. MBE for north-facing views only is positive, 
meaning the simulation overestimates the real-world 
measurements. Generally, P1, which is closer to the window, has 
a higher error factor than P2 because P1 is more directly 
influenced by variations in sunlight and reflections from the 
window, making it more challenging to model accurately. The 
area near the window may have more complex lighting 
interactions, such as reflections and refractions, that are harder to 
simulate precisely. 

The RMSE analysis is also higher for P1, with a value of 42, 
suggesting that, on average, the predictions deviate from the actual 
measurements by 42 lux for light levels compared to 17 lux for P2. 
The lower the RMSE, the more accurate the model. This bias 
suggests that the model might be refined further to better capture 
the actual lighting conditions. It is important to note that there 
currently does not exist a standard or common reference that 
suggests how high or low typical MBEs and/or RMSEs should be 
for a simulation to be considered ‘reliable’ [144]. The average 
MBE (-10.5) and RMSE (29.8) for both points show that the error 
is relatively acceptable compared to other studies ranges. In 

previous validation studies, various benchmarks have been 
established for evaluating the accuracy of daylighting simulations. 
For example, in a validation study of Radiance, the largest Mean 
Bias Error (MBE) and Root Mean Squared Error (RMSE) reported 
were 20% and 33%, respectively [145]. Another study validating 
Lark suggests most errors should be within the ±20% range [142]. 
These benchmarks provide a useful reference for assessing the 
accuracy of daylighting simulation models. 

Overall, the adjustments made to the simulation parameters and 
material reflectance values have significantly improved the 
alignment between the simulated and actual light conditions, 
demonstrating the effectiveness of the refined Radiance settings 
and material properties in achieving realistic lighting simulations.  
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