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Abstract 

This paper builds on previous efforts to evaluate and 

compare dynamic light-exposure profiles over time and 

across space. This paper examines two office-floor plans 

through the eye-level exposure of 10 representative 

occupant profiles as they move throughout a series of 

seated locations over time.  These 10 profiles are then 

used to create a weighted score for the full population of 

building occupants by applying the performance of each 

representative profile to the number of similar profiles in 

that occupant class.  This allows us to compare the 

percentage of occupants that are expected to meet the 

WELL v2 Feature L03 150 EML target at a building scale, 

while also accounting for typical use patterns and 

advocating for the importance of dynamic behavior. The 

findings presented in this paper illustrate the impact of 

building form, interior material, and typical occupancy 

scenarios on non-visual health across a dynamic occupant 

population. 

Highlights 

• Evaluating circadian light exposure for dynamic 

occupancy schedules 

• Weighted approach to evaluating EML across 

occupant narratives 

• Evaluating WELL v2 Feature L03 over space and time 

Introduction 

Recent research has revealed the importance of eye-level 

light exposure for aligning sleep-wake cycles with the 

solar day and promoting circadian health in day active 

people. Over the past few centuries, humans have shifted 

the composition of their daily eye-level light exposure as 

they’ve moved from outdoor work environments to 

indoor office spaces.  Compared to the intensity of 

outdoor illumination, light exposure in the indoor 

workplace is most often characterized by a brighter, daylit 

perimeter and a dimmer, electrically lit core.  This spatial 

discrepancy in luminous conditions creates the potential 

for inequities in eye-level light exposure between 

occupants who populate the building perimeter and the 

building core (Rockcastle et al, 2020; Rea et al., 2018). 

Electric lighting systems can help supplement deficient 

exposure levels, but previous research has revealed that 

ceiling mounted, and suspended LED lighting systems 

(typical in offices) can fall short of meeting recommended 

Equivalent Melanopic Lux (EML) thresholds for many 

building occupants, even when they meet recommended 

horizontal task illuminance thresholds (Danell et al, 2021; 

Safranek et al, 2023).  This paper builds on past research 

to compare the impact of building form and interior wall 

transparency on a sample of occupant profiles as they 

move throughout a typical daily routine.  These profiles 

are used to extrapolate light exposure trends to the 

population of occupants using a weighted score. 

The results reveal that building form, partition 

transparency, and desk location impact the number of 

occupants that achieve recommended eye-level light 

exposure between the hours of 8am-3pm (the range of 

hours that can be used towards meeting the WELL v2 

2022 standard).  Furthermore, individual occupant 

profiles vary substantially in their access to recommended 

light exposure levels from daylight as they move in and 

out of light deprived zones over time, This reveals that 

supplemental electric lighting is required for a majority of 

occupants to meet circadian dosing recommendations.  As 

discussed by Abboushi et al., 2021 and Danell et al, 2021, 

overhead lighting systems (ubiquitos to the office 

environment) were designed to deliver lux on a horizonatl 

task plane, not equivalent melanopic lux at the eye.  
Safranek et al., 2023 predicted that we will need 3x the 

light at eye-level than what is typically recommended for 

visual taks recorded on a horizontal plane.  Until we have 

interior lighting systems that are designed to meet this 

dual demand, occupants who rely on electric lighting to 

supplement their daily light intake are at risk of under-

exposure, leading to circadian health inequities over time. 

Background 

As the body of circadian knowledge grows, there have 

been a range of new models to quantify the effect of eye-

level light exposure on occupant health in buildings. In 

2014, Lucas et al. proposed a metric called Equivalent 

Melanopic Lux (EML), which normalizes the melanopic 

luminous efficacy curve to correspond with the photopic 

curve.  EML weighs photoreceptors involved in non-

visual functions (Lucal et al., 2014). Melanopic 

Equivalent Daylight Illuminance (M-EDI) is a related 

circadian metric, adopted by the International 

Commission on Lighting (2018).  It represents an 

equivalent lux of natural light (D65) needed to obtain the 

same melanopic lux of a given source. The Lighting 

Research Center (LRC) developed the Circadian Stimulus 

(CS) to determine the effectiveness of different light 

sources and light levels in maintaining a healthy circadian 

rhythm (Rea et al., 2010). 
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While there are several approaches to calculate the 

melanopic or circadian effectiveness of a light source,  the 

WELL Building Standard is one of the only rating 

systems that awards points to a building design that meets 

specified light exposure thresholds for workspaces.  To 

receive 1-point, the WELL v2 Q4, 2022 standard for 

Feature L03 (Circadian Lighting Design) requires a 

minimum of 150 equivalent melanopic lux (EML)  or 136 

M-EDI (D65) for all workstations, maintained for a 

minimum of four hours beginning by noon at the latest 

(WELL Q4, 2022). To receive 2-points, the standard 

requires a minimum of 275 equivalent melanopic lux 

(EML)  or 250 M-EDI (D65). In 2017, Amundadottir et 

al. developed a novel mathematical model (nvRD) to 

predict the non-visual effects of light exposure and 

compute a cumulative daily light dose. This method uses 

rendered 360-degree images across a series of 180-degree 

view directions to analyze the non-visual daylight 

performance. Later, Rockcastle et al (2018) used the same 

method to expand the workflow from a single view 

position to a spatial analysis to evaluate an array of view 

directions over time.  

There is a dynamic interaction between a building and its 

occupants (Langevin, 2019), but occupant behavior is 

often disregarded or simplified as a static schedule in 
daylight performance simulation. It is difficult to fully 

understand the complete mechanism of occupant behavior 

due to its complex and uncertain nature (Yan et al., 2015). 

Several methods have been developed to incorporate 

human behavior into models for evaluating building 

performance (Shen et al., 2012; Yan et al., 2015; 

Schaumann et al., 2015). Typical lighting simulation tools 

and metrics evaluate daylight performance across a grid 

of fixed positions, but building occupants move over time 

and this dynamic behavior exposes them to various levels 

of light across space and over time. To understand the 

impact of an occupants’ dynamic behavior on light 

exposure, Danell et al. (2020) proposed a novel method 

based on the simulation workflow developed by 

Amundadottir et al. (2017). They used four occupant 

profiles in a side-lit office case study to compute the 

user’s light exposure during the day. The results highlight 

the impact of considering spatial and temporal behavior 

on the performance of daylight for human-centric metrics. 

Rockcastle et al. (2020) followed a similar approach to 

examine how an occupant’s behavior affects their 

circadian light exposure under daylight and electric 

lighting sources. The results identified the relative impact 

of electric lighting on cumulative healthy light exposure. 

The findings of this study showed different results 

between the WELL standard and nvRD model due to the 

timing criteria (9am-1pm) applied in the WELL Q4 2020 

Standard, but both revealed that overhead electric lighting 

systems were unable to meet eye-level exposure 

requirements for a majority of building occupants. 

The paper presented here builds on previous efforts to 

evaluate and compare dynamic light-exposure profiles 

over time and across space. This paper examines two 

office-floor plans through the eye-level exposure of 10 

representative occupant profiles as they move between a 

series of seated locations over time.  These 10 profiles are 

then used to create a weighted score for the full occupant 

population by applying the performance of each 

representative profile by the number of similar profiles in 

that same class.  This allows us to compare the percentage 

of occupants that are expected to meet the WELL v2 

Feature L03 150 EML target at a building scale, while 

also accounting for typical use patterns and pushing the 

WELL standard to account for dynamic behavior. 

Methods 

This paper uses an occupant-centric approach to simulate 

Equivalent Melanopic Lux or ‘EML’ (Lucas et al, 2014) 

for seated positions in an office building. The authors 

have created two typological building forms (box and 

courtyard), two interior wall conditions (opaque and 

glazed) and two office types (private enclosed and open 

office) to draw comparisons. EML has been simulated at 

eye-level using a Radiance-based workflow, with daylight 

values calculated using a standard 3-channel approach, 

weighted to standard illuminant D65 (from 8am-5pm on 

June 21, September 22, and December 21).  Electric light 

can be added to a space to supplement deficient daylight 

exposure levels and still achieve WELL v2 Q4 2022 

(Feature L03), but rather than simulate a single electric 

lighting design throughout the space and add it to our 

daylight values, the authors report the EML achieved 

using daylight only (circadian daylight potential) and 

calculate the number of hours that supplemental light 

would be needed (required electric lighting). This allows 

us to compare the portion of an occupant’s daily light 

exposure that would be met by daylight to the portion that 

would require supplemental sources, revealing disparities 

in daylight equity. 

To understand the circadian light potential across a 

sample population of building occupants, we generated a 

series of occupant profiles using similar scheduling rules 

for each building typology (box and courtyard).  These 

profiles were then used to generate typical daily light 

exposure levels for each occupant and allow us to 

compare the impact of building form, wall transparency, 

seating location, and spatial behavior on recommended 

eye-level light exposure thresholds (EML 150 as defined 

by the WELL Building Standard v2 Feature L03, 2022 for 

1-credit). 

Office Typologies 

To demonstrate this concept, the authors have created two 

office floor-plan typologies that vary in daylight access 

within the building core: box and courtyard (Figure 1A).  

Both typologies consist of a perimeter line of private 

offices facing East and West and a secondary line of 

private offices just across the hallway towards the 

building core.   The box plan has an exterior dimension of 

100 ft x 100 ft and the courtyard plan   is 110 ft x 100 ft.
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Figure 1: A. Shows the two building typologies (courtyard and box) and the two interior wall conditions (opaque and 

glass). B. Shows the two office types (open and private). C. Shows ten exemplary occupant profiles from intern to 

management. 
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Open clusters of shared workstations populate the zones 

between the private offices on both the North and South 

sides of the buildings.  Two sets of meeting rooms have 

been placed within the perimeter and core zones as well 

as a lounge space within the core, where some occupants 

take their lunch break. Both building typologies consist of 

roughly the same interior floor area (10,000 SF for the box 

and 10,300 SF for the courtyard). Two interior wall 

conditions have also been modelled between the private 

perimeter and core offices: interior glass and opaque solid 

partitions. Exterior glass walls (and interior glass 

partitions, where applicable) run floor-to-ceiling with an 

8’-0” ceiling height.  Material reflectances are shown in 

Table 1. 

Occupant Profiles 

To compare light-exposure profiles between occupants, 

two types of office seating have been created: open and 

private (Figure 1B).  While there are differences in the 

exact number of seating positions by office type between 

the box and the courtyard, there is a similar proportion of 

open (78 in the box/90 in the courtyard) and private 

seating positions (26 in the box/28 in the courtyard) in 

each. Ten occupant profiles have been created to produce 

a range of typical office workers that cover each of our 

building zone conditions (private perimeter E/W, private 
core E/W, open perimeter N/S, and open core N/S).  These 

profiles illustrate a range of hierarchies typically present 

in an office workplace environment in the United States, 

with more upper-level employees having access to a 

private perimeter office and preferential booking of 

meeting spaces that have better daylight penetration.  

Figure 1C shows a colored overview of these profiles to 

distinguish open (purple) vs. private (teal) office types as 

well as meeting rooms (yellow) and lounge spaces (red).   

Simulation Overview 

The workflow in this paper uses Radiance to compute 

EML at eye-level across a range of view positions and 

view directions.  There is ongoing work that compares 3-

channel, 9-channel, and even 81-channel Radiance 

simulations to compare the accuracy of EML values, 

revealing that more channels result in more accurate EML 

calculations, particularly when electric lighting is the 

primary source of illumination.  Electric light sources 

generally produce a lower intensity of eye-level 

illumination than daylight and higher spectral resolution 

is more critical when intensities are lower.  In other words, 

a 3-channel simulation has been described as sufficient 

for daylight-driven sources, where 9-channel and even 

81-channel simulations are preferred when electric 

lighting is introduced (Abboushi et al, 2021).  As the 

authors in this study have chosen to simulate EML from 

daylight sources only and discuss supplemental dose as a 

demand, we chose a 3-channel simulation because it 

allows us to compare daily dose profiles in relative terms 

using a reproducible workflow.  Future work will seek to 

integrate a more costly 9-channel approach to improve the 

accuracy. 

 

 

Simulation Workflow 

Each of our building forms (box and courtyard) and 

interior wall types (opaque and glass) were modelled in 

Rhino, with view positions created at seated eye-level (44 

inches from the ground) for each desk and chair position. 

Models and view positions were then exported to 

Radiance using the workflow presented by Amundadottir 

et al., 2018.  All materials were greyscale and assigned by 

layer as shown in Table 1. For each view position in the 

model, RADIANCE v5.2 was used to compute EML 

across 8 radial view directions for 10 hourly timesteps 

(8am-5pm) on June 21, September 21, and December 21, 

under both clear and overcast sky conditions. 

Table 1: Radiance Materials 

 REFLECTANCE VLT 

interior walls 50%  

ceiling 70%  

floor 20%  

Interior glazing  70% 

exterior glazing  70% 

mullions 70%  

furniture 50%  

 

Results 

Our results are outlined in the following three sections:  

the impact of occupant behavior and class on eye-level 

light exposure over time, the use of a weighted score to 

expand our sample profiles to predicted WELL v2 Feature 

L03 compliance for all occupants, and the impact of 

interior wall opacity on circadian daylight performance 

and electric lighting demand between occupants. 

Impact of occupant behaviour and class on EML  

Figure 2 shows the results for eye-level EML for each 

occupant (1-10) from 8am – 5pm on June 21, September 

21, and December 21 under clear and overcast skies.  This 

data matrix reports hourly EML values, with light green 

indicating hourly timesteps thay exceed the 150 threshold, 

grey indicating timesteps that fell short, and lime green 

bands highlighting instances when an occupant achieved 

the WELL recommended 4-hours of continuous exposure 

starting by 12pm at the latest.  While these results do not 

integrate electric lighting (and it could be assumed that 

the addition of these light souces would supplement eye-

level EML to meet the recommended target), they reveal 

when and for whom that supplement is required.  

Occupants 1-2, who spend a majority of their day at desks 

in a perimeter private office, manage to meet the required 

4-hour dose window under clear skies in all four design 

scenarios.  Occupants 3-4 populate a set of private offices 

towards the building core and received adequate exposure 

in the courtyard variant, but fall short in the box variant 

where opaque walls cut off access to the East and West 

facades.  Occupants 5 and 6 also perform relatively well, 

where a seated desk position closer to the perimeter 

provides good circadian access in the open-office zones, 

although occupant 6 has a shifted performance window 

due to their position on the North-side of the building, 

where EML levels are lower in the mornings.  
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Figure 2: Shows EML for occupants 1-10 (y-axis) as they move around throughout their defined schedule on June 21, 

September 21, and December 21 between 8am – 5pm (x-axis) under clear and overcast skies.  Timesteps that meet or 

exceed the 150 EML threshold are shown in light green and 4 continuous morning hours of 150-or-greater EML 

exposure are highlighted in lime green to indicate that that occupant achieved the WELL-recommended criteria. 
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The WELL v2 standard considers 12-3pm a valid window 

of exposure to meet the standard, although more research 

is needed to validate this. The results reveal that occupants 

1-5 (in the courtyard variant) receive the highest EML 

exposure, starting by 8am or 9am at the latest under clear 

skies.  It is interesting to note that exposure levels are 

sufficient for many occupants when they are located in a 

private office space, but when their schedule takes them 

to light deprived meeting or lounge space, their exposure 

profile drops.  This same narrative is revealed in the box 

variants (both glass and opaque solid), where nearly all 

occupants experience a substantial drop in EML when 

eating lunch in the lounge room, which is located more 

than 14 meters from the façade.  For those occupants that 

lack adequate exposure at their desk beginning at 8am 

(everyone except for occupants 1-2 and 5-6), a drop in 

EML at lunchtime removes their ability to achieve a 4-

hour window of morning light exposure.  Increasing the 

intensity of light in areas that are frequently visited 

throughout the day – like the lounge (morning coffee 

breaks and lunch), could have a substantial impact on 

non-visual health across a population.  These spaces are 

sometimes located in the building core, adjacent to a 

plumbing wall, and have not been traditionally seen as 

spaces that promote health. 

A weighted approach to predict WELL performance  

This section introduces an approach for predicting the 

percentage of occupants that met the 150 EML threshold 

for at least 4 continuous hours (starting by noon at the 

latest).   To achieve this, we use a weighted approach, 

whereby the performance of each profile (and building 

type/partition type) is multiplied by the number of 

occupants that share the same class (as defined by their 

desk position).  Figure 1C shows a breakdown of those 

numbers on the right-side, revealing the exact number of 

occupants that share the same occupancy schedule as the 

sample profile.  Figure 3 shows the results of that 

weighted score for both clear and overcast skies.  This 

graph illustrates a clear narrative about the impact of 

interior wall transparency on the percentage of occupants 

that receive adequate eye-level exposure to promote non-

visual health.  The courtyard plan clearly outperforms the 

box plan, but the impact of adding glass partitions offers 

an additional boost in performance, allowing more 

occupants to achieve a 4-hour window of 150 EML 

exposure.  In the box plan, the glass partitions improved 

the number of occupants that met the WELL exposure 

criteria under clear skies, allowing daylight to travel 

farther from the façade to the building core.   Adding glass 

to the interior walls of the courtyard plan improves the 

performance under both clear and overcast sky conditions 

and provides the best equity of exposure across all four 

design variants.   

Circadian daylight potential and electric lighting 

demand 

Increasing access to daylight by adding more 

transparency between spaces can boost circadian potential 

across a population of users who spend time moving 

throughout a building interior over time. As occupants 

spend a large amount of time away from their desks 

during the workday, a dyamic approach to evaluating their 

position is needed. This final section reveals the 

percentage of time (daily hours from 8am-5pm) that each 
occupant meets the 150 EML threshold from daylight.   

This value will be referred to as Circadian Daylight 

Potential and can help articulate the inequities between 

building occupants based on their class (Figure 4).  In 

contrast to what was presented in Figure 3, this 

representation includes data from across the 8am – 5pm 

workday  and moves beyond the WELL recommendation.  

We can think about each of these profiles as having a 

different degree of access to daylight based on their seated 

workspace positon and where activities take them 

throughout the day.  The more access they have to 

daylight throughout the day, the higher their potential to 

meet circadian exposure recommendations.

 

 

 

Figure 3: shows the % of occupants that achieve the WELL 150 EML threshold using a weighted approach under clear 

(blue) and overcast (grey) skies.  Each of the 10 profiles described in Figure 1 are associate with a class of similar 

occupants.  To compute this, the performance of each typological profile is multiplied by the number of similar 

occupants in that class.  This approximates performance for the full population of occupants in each building. 
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Figure 4: shows stacked bars for the % daily hours where EML 150 is met by daylight (in green) stacked below the % 

that would require supplemental electric light (grey) in the courtyard variant.  Results for clear skies are shown in A) 

and overcast skies shown in B). This simple graphic illustrates the percentage of time that each occupant would meet 

their circadian needs from daylight and begins to illustrate the light inequity experienced by those occupants who 

spend more time in light-deprived zones within the courtyard building.   

 

Lacking exposure to daylight during any portion of the 

day may result in deficiencies over time.  These occupants 

would be almost exclusively reliant on electric light 

sources, which as Safranek et al., 2023 discuss, often fall 

short of meeting the recommended EML target at eye-

level. Figure 4 attempts to illustrate that concept by 

breaking down the percentage of time when an occupant’s 

eye-level EML exposure exceeded 150 EML from 

daylight as they moved through the courtyard typology 

over time.  We can see a difference in the percentage of 

time when electric light would be needed to help 

supplement deficient timesteps under clear and overcast 

sky conditions, but we can also see the impact of glass 

interior partitions on some of those profiles.  Occupant 10 

showed the biggest improvement, but increases can also 

be seen for occupants 6-10, representing the performance 

of more than half the occupants in this building.  Under 

overcast sky conditions in both glass and opaque design 
conditions, occupants 6-10 would need to rely on electric 

lighting for some portion of the time.  

Conclusion 

The findings presented in this paper are meant to illustrate 

the impact of building form, interior material, and typical 

occupancy scenarios on non-visual health potential across 

a dynamic occupant population.  The authors have 

introduced a method of integrating dynamic occupant 

behavior to evaluate whether daylight can meet adequate 

light exposure recommendations across a population of 

occupants.  While this paper relied on 3 annual and 10 

hourly timesteps to illustrate performance under two sky 

conditions, future work is needed to expand this analysis 

to an annual climate-driven timeseries.  This would help 

contextualize the performance of any given building 

within its climate and account for daylight availability 

across the year. 

The use of a weighted scoring system allows us to define 

a sample of occupant behavior profiles and use it to 

predict the performance for a larger population of 

occupants.  While this approach is simple and fast for 

building designers, it lacks a high degree of accuracy and 

does not capture the range of possible outcomes that 

would be possible given a more stochastic approach.  To 

improve upon this, we are looking into agent-based 
computation to generate more stochastic behavioral 

profiles and evaluate performance as a probability rather 

than a singular result. 

The authors are also working on a forthcoming 

publication to integrate electric light sources and operated 

shading systems into this workflow and test control 

scenarios to predict energy savings over time.  This work 
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is a critical building block to expand our evaluation of 

occupant light exposure across space and over time.   

Future work is needed to apply this workflow to a larger 

catalog of building forms and electric lighting solutions 

and establish a baseline of performance for non-visual 

health potential.  This will help designers contextualize 

the impact of design decisions on circadian daylight 

potential and electric lighting demand.  In its current 

version, WELL v2 Feature L03 recommends a minimum 

EML (or m-EDI (D65) exposure at eye-level for seated 

work stations, but does not consider other spaces in the 

building where occupants spend time.  Portable laptops 

and smart phones have liberated many office workers 

from their desks, allowing them the flexibility to work in 

different spaces.  By not including meeting and social 

spaces in our evaluation of eye-level light exposure, we 

cannot accurately calculate the daily light dose of building 

occupants.   

This paper reveals the importance of including dynamic 

behavior in the evaluation of eye-level light exposure, as 

occupants move thoughout the day and may experience 

deficiencies (or benefits) in daily exposure when spending 

substantial time away from their desk.  Furthermore, it 

illustrates the impact of integrating daylight into social 

spaces (coffee stations and break rooms) where people 
spend time in the mornings.  This could improve non-

visual and social health across a population of occupants.  
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