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CLIMATE-BASED ANNUAL DAYLIGHT MODELLING FOR
GREENHOUSES WITH SUPPLEMENTAL ELECTRIC LIGHTING

lan Ashdown, P. Eng., FIES, Senior Scientist, SunTracker Technologies Ltd. Published: 19/06/01

This is a preprint of a paper presented by the author at the International Society for Horticultural
Lighting (ISHS)’s GREENSYS 2019 conference in Angers, France in June 2019, and scheduled for
publication in ACTA HORTICULTURAE.

ABSTRACT

Recent advances in LED-based luminaire design have enabled greenhouse operators to temporally
control both the photon flux density (PFD) and spectral irradiance incident upon the plant canopy.
However, it is difficult to predict the performance and benefits of these luminaires without
knowledge of the time-varying PFD and spectral irradiance due to daylight. We have addressed this
problem with the development of horticultural lighting design software that incorporates validated
climate-based annual daylighting calculations, physically-based modelling of glazing and light diffusion
materials, modelling of spectral reflectance from greenhouse crops and surrounding surfaces, and
accurate simulation of optical radiation distribution within the greenhouses from direct sunlight,
diffuse daylight, and supplemental electric light sources. These measurements can be used to
determine daylight availability, monthly Daily Light Integrals, automated shade and energy curtain
deployment schedules, and projected electrical energy costs, all in advance of building the physical
structures.

INTRODUCTION

Since their commercial introduction in 1964, high-pressure sodium (HPS) lamps have been a mainstay
of supplemental electric lighting in greenhouses. With their fixed light outputs and spectral power
distributions (SPDs), however, there has been little incentive or opportunity for commercial

greenhouse operators with experiment with different “light recipes” for optimum plant growth and
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health. Rather, the luminaires are typically turned on at dusk and operated until the desired Daily
Light Integral (DLI) for the crop or ornamental plants is achieved.

The introduction of light-emitting diodes (LEDs) for horticultural lighting has completely changed this
situation. Many luminaire manufacturers are now offering products with separate SPD settings for
promoting vegetative growth and blooming. Some manufacturers are going further by including, in
addition to the ubiquitous 450 nm blue and 660 nm red LEDs, ultraviolet-A, green and “white light”
LEDs with different correlated color temperatures (CCTs), and also 735 nm far-red LEDs. Going further
still, a few products can be dimmed in response to inputs from daylight sensors, and it likely that
future products will enable computer control of their SPDs beyond simple “veg” and “bloom” settings.
Together, these studies indicate that successful light recipes may involve daily dynamic changes in
both the photon flux density (PFD) and SPDs delivered to crops and ornamentals in greenhouses.

However, there is a problem. Most of these studies have been conducted in controlled environment
growth chambers. It is often difficult to translate such laboratory research to greenhouse
environments (e.g., Annunziata et al., 2017). Even if light recipes for a given crop or ornamental are
developed in a research greenhouse, it is difficult to ensure that all of the requirements are met in
commercial greenhouses. Certainly, such simple metrics as DLI are not enough.

GREENHOUSE MODELLING

Modelling a greenhouse begins with its most important element: glazing.

GLAZING

For the purposes of daylighting, glazing materials have three important optical properties:
FRESNEL TRANSMITTANCE.

The optical transmittance of transparent glass and rigid plastic panels

(collectively DIELECTRIC materials) depends on the angle of incidence Q of the incoming light (Figure
1). At normal incidence (i.e., Q = 0 degrees), each surface reflects about 4 percent of the light. A single
pane has two surfaces, and so the maximum possible transmittance is 92 percent. Double-pane and
triple-pane insulated glass panels correspondingly have maximum possible transmittances of 85
percent and 78 percent respectively

What is more important is that the transmittance decreases with increasing angle of incidence, as
determined by the “Fresnel equations” (e.g., Ashdown, 2019). This is clearly evident when reflections
of the Sun from windows are viewed at grazing angles. Anti-reflection (AR) coatings can improve the
transmittance somewhat at normal incidence, but the Fresnel transmittance still dominates at large
incidence angles.
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Figure 1. The transmittance of transparent glazing depends on the angle of incidence Q and the number of panes.

It is also important to note that Figure 1 applies to daylight with a specific angle of incidence. Looking
at the graph, it is evident that the transmittance of direct sunlight through the greenhouse glazing
panels will depend on the solar position (azimuth and altitude), the building orientation, and the roof
panel slope. The solar position varies throughout the day and year, of course, and so any
transmittance calculations need to be performed on an hourly basis.

What is less evident is that daylight is comprised of both direct sunlight and diffuse daylight. On a
clear summer day at noon, the ratio of direct sunlight to diffuse daylight incident on a surface facing
the sun may be 20:1 or so; on an overcast day, there is no direct sunlight. In addition, the amount of
daylight diffusely reflected from the ground and incident on vertical surfaces is typically 20 percent or
so. The graph shown in Figure 1 is therefore instructive but not useful for calculation purposes.

DIFFUSION.

There is growing evidence that plants use diffuse light more effectively than direct sunlight (e.g., Li
and Yang, 2015). Particularly for shade-tolerant plants, translucent glazing results in more even spatial
distribution of photosynthetic photon flux (PPFD) within the greenhouse, and also reduces its
temporal variation on clear days.

Of course, the analytic modelling method for diffusion materials can also be used to represent
greenhouse shade cloth, paint materials, and condensation on otherwise non-diffusing glazing.

SPECTRAL TRANSMITTANCE.

The spectral range of photobiologically active radiation (PBAR) is generally assumed to be 280 nm to
800 nm (ASABE, 2017). This includes ultraviolet-B (280 nm to 315 nm) and ultraviolet-A (315 nm to
400 nm). However, soda-lime glass is opaque to ultraviolet radiation below approximately 320 nm,
and so UV-B radiation, while shown to be beneficial to field-grown plants, is not a consideration in
greenhouses. Similarly, low-density polyethylene (LDPE) used as an agricultural film for polytunnels, is
opaque below 350 nm (Cadena and Acosta, 2014), while polycarbonate is opaque below 390 nm.
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Given this, it is reasonable to model spectral irradiance inside greenhouses and polytunnels from 350
nm to 800 nm, where the spectral transmittance of soda-lime glass, LDPE, and polycarbonate is
basically constant.

GREENHOUSE STRUCTURE

For most greenhouse designs, the purpose of the greenhouse structure is to support the glazing and
possibly fan housings and motorized shades. From the perspective of climate-based daylight
modelling, it is the size, position, and orientation of the glazing panels (or film for polytunnels) that is
most important.

While there are many custom greenhouse designs, almost all commercial greenhouses can be
classified as having Arch, Gothic, Venlo, or Sawtooth roofs, while polytunnels can be classified as
having either Arch or Gothic hoops (Figure 2).

Sawtooth Arch Tunnel Gothic Tunnel

GOTHIC TUNNEL

Figure 2. Four different greenhouse roof styles and two different polytunnel hoop styles determine
how direct sunlight and diffuse daylight are transmitted through the roof panels.

While not directly related to daylight modelling, it would clearly be a time-consuming exercise for a
typical user (for example, a greenhouse or horticultural luminaire manufacturer) to design and model
an entire greenhouse with all the side posts, rafters, support columns, purlins, and cross ties.
Fortunately, the simplicity of the framework makes it possible to use parametric design techniques,
where the software generates the entire greenhouse structure from a few user-specified parameters.
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This can include the dimensions and spacing of tables, the placement of horticultural luminaires as
supplemental electric lighting, and the specification of motorized shades.

A computer-aided drafting (CAD) model as shown in Figure 3 and needed for the daylighting
calculations can be generated from the user-specified parameters in a fraction of a second. Due to the
modular nature of greenhouses, even greenhouses as large as hundreds of thousands of square
meters can be generated in the same amount of time.

HL

Figure 3. Automatically-generated CAD model of a Venlo greenhouse.

-

HORTICULTURAL LUMINAIRES

For over a century, architectural luminaires have been modeled as point light sources with angular
luminous intensity distributions (Figure 4). For more than thirty years, the laboratory measurements
have been reported using formatted text files that lighting design software programs can read.

To address this issue, an international standard was developed with specific support for horticultural
lighting. Currently published in the United States (IES, 2018) and Italy (UNI, 2019), it is being
developed for publication as a worldwide ISO standard. Its features include:

1. Photon intensity distribution (measured in pmol " sr " sec?)
2. Total photon flux (measured in pmol “ sec?)

3. Spectral power distribution (measured in watts " nm™)

4

Channel multiplier
If the luminaire allows the LED color intensities to be individually controlled, these can be represented

by a “channel multiplier” for each color that represents the channel dimmer setting when the
luminaire’s optical characteristics were measured.
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Figure 4. Luminaire photon intensity distribution.

Horticultural luminaire manufacturers currently report photosynthetic photon intensity distributions
(or a multiplier to convert from lumens to photon flux). However, future light recipes will require
more information than this. Accordingly, the spectral range is specified for the photon measurements
(minimum and maximum wavelengths) so that it is possible to represent ultraviolet (280 nm — 400
nm), photosynthetic (400 nm — 700 nm), and far-red (700 nm — 800 nm) photon intensity and flux

values (ASABE, 2017).

WEATHER DATA

To calculate the daylight incident on a greenhouse, the software needs to know the building’s
latitude, longitude, and compass (orientation). With this, it is possible to locate the nearest weather
station for which a TYPICAL METEOROLOGICAL YEAR (TMY) weather dataset is available. One example
is the collection of EnergyPlus TMY3 datasets, representing over 2,500 locations worldwide, although
there are other datasets available that have been derived from combinations of historical weather

data and weather satellite observations.

VIRTUAL PAR SENSORS

To measure the spatial distribution of PPFD on the plant canopy in the greenhouse, it is necessary to
specify a horizontal array of virtual PAR (quantum) sensors. Each sensor will then receive direct
sunlight, diffuse daylight, and direct photon flux from the luminaires (if any).

There are no restrictions on the position and orientation of the PAR sensors, so they could also for
example be placed between the plant rows and oriented to measure vertical rather than horizontal

photon flux, including that reflected from the floor and plant leaves.
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DAYLIGHT CALCULATIONS

Once the greenhouse has been modeled and a weather dataset appropriate for the location obtained,
the climate-based annual daylight calculations can be performed. Each weather dataset typically has
8,760 hourly records, so there are 4,380 different daylighting scenarios that must be considered.

The daylight calculations occur in two phases. In the first phase, the daylight incident on the exterior
of the building is determined. This includes determining:

e The solar position (altitude and azimuth) for a given time and date;

e Thedirect solar irradiance;

o The spatial distribution of diffuse daylight radiance on the sky dome;
e The daylight diffusely reflected from the ground; and

e The daylight SPD.

where the spatial distribution of the diffuse daylight is calculated in accordance with the industry-
standard Perez sky model (Perez et al., 1993). The daylight calculation algorithms are detailed
elsewhere (Ashdown, 2017).

DAYLIGHT SPD

Both direct sunlight and diffuse daylight have SPDs that closely resemble that of a black-body
radiator, and so they can be uniquely described by their COLOR TEMPERATURE, expressed in kelvins
(K). Direct sunlight has a color temperature of approximately 5500K, while that of clear blue sky
typically ranges from approximately 7500K to 15,000K.

The SPD of daylight with color temperatures greater than 4000K can be calculated using the equations
presented in CIE 15:4, Colorimetry (CIE, 2004). For example, the combination of direct sunlight and
diffuse daylight on a clear day has a color temperature of approximately 6500K (which is the same
white color as a computer display); the corresponding SPD is shown in Figure 6.

For overcast skies, clouds are spectrally neutral and so scatter daylight without changing its SPD.
Consequently, a typical overcast sky has a color temperature between 6000K and 6600K (Lee and
Hernandez-Andréz, 2006). Given this, it is reasonable to assume a color temperature of 5500K for
direct sunlight, 10,000K for clear blue sky, and 6500K for overcast sky.

RADIOSITY CALCULATIONS

The second phase of the daylight and electric lighting calculations determine the spatial distribution
and temporal changes in PPFD within the greenhouse. These calculations use a version of radiative
flux transfer equations referred to as the RADIOSITY METHOD, and have been detailed elsewhere
(e.g., Ashdown, 1994). Of significance for horticultural lighting design is that even though some 4,380
hourly daylight scenarios must be calculated, the calculation times are on the order of a few seconds
to a few minutes, depending on the size of the greenhouse (Ashdown, 2018a).
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AUTOMATED SHADES

Automated shades are a common approach to limit the amount of direct sunlight incident upon the
plant canopy. Given this, designated glazing panels in the greenhouse models can be modelled as
being both transparent and diffusing (or, for energy curtains, opaque). This has no effect on the
daylight or electric lighting calculation times, but it does mean that after the calculations have been
completed, the spatial distribution of PPFD within the greenhouse can be accessed on a per-hour
basis afterwards with the shades either open or closed.

VIRTUAL SPECTRORADIOMETER

Architectural lighting design software models light sources as being “white,” and all surface colors as
being combinations of red, green, and blue components. This works well for both lighting calculations
and architectural visualizations, but it means that the daylight and luminaire SPDs cannot be
represented. (They could, but it would require that the spectral reflectance distributions of all
surfaces would need to be known, and greatly increasing the calculation times and memory
requirements.)

Fortunately, there are mathematical techniques borrowed from remote satellite imaging that obviate
the need for spectral reflectance distributions (e.g., Fairman and Brill, 2004). Instead, given only the
red, green and blue components of a color, it is possible to reconstruct a physically plausible SPD.
With this, it is possible to implement a virtual spectroradiometer that can be positioned and oriented
anywhere in the greenhouse after the lighting calculations have been completed.

i

o Spectral iradiance

Figure 5. Virtual spectroradiometer measuring daylight SPD inside a greenhouse.
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RESULTS ANALYSIS

Once the daylight and electric lighting calculations have been completed, the most obvious analyses
include calculating the predicted monthly DLIs and predicted electrical energy costs for the proposed
buildings. However, new tools introduce new opportunities, and CBDM for greenhouses is no
exception.

As one example, shade fabrics are available with a wide range of absorption and diffusion
characteristics. By modelling different fabrics in software, it is possible to determine which will offer
the best performance for different crops, taking into account the monthly DLIs and peak PPFDs rather
than simply calculating an example time and date.

6 =20° m=50.0 0 =40° m=50.0 6 =60° m=50.0

Figure 6. Analytic bidirectional scattering distribution function (BSDF) of diffusion material.

Automated shades and energy curtains are another example. The calculation results can be used to
develop automatic shade deployment schedules in response to changing weather conditions. It may
be, for example, that the shades are ineffective — something that can be determined during the
design phase rather than after construction.

Yet another example is light pollution. Increasing attention is being paid to the negative aspects of
greenhouse lighting at night — light trespass onto neighbouring residential properties, increased sky
glow (especially on overcast nights with low cloud cover), and ecological disruption for both animals
and plants. Greenhouse lighting design software can be used to model and predict these problems.
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(As one particular example, roof-mounted energy curtains can potentially result in a 20 percent or
more reduction in electrical operating costs due to the light being reflected back down onto the plant
canopy.)

Finally, a virtual spectroradiometer is the ideal tool for predicting the spectral distribution of photon
flux anywhere in the greenhouse. As light recipes become more sophisticated, such a tool becomes
increasingly valuable.

CONCLUSIONS

As stated in the introduction, the goal of this paper has been to report on the development of
climate-based daylight modelling software specifically for greenhouses and polytunnels with optional
supplemental electric lighting. The focus has been on the horticultural aspects of the software from a
user’s perspective, with as few references to computer science and related topics as possible. To do
otherwise would have required at least several textbooks worth of material.

The real goal of this paper has been to introduce what is basically a new tool for greenhouse
designers, and to explore the issues that it addresses. This paper will hopefully provide the foundation
for further conversations between horticulturalists and software developers responsible for such
tools.
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CIRCADIAN LIGHTING — AN ENGINEER’S PERSPECTIVE

lan Ashdown, P. Eng, FIES, Senior Scientist, SunTracker Technologies Ltd. Published: 19/11/14.
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Whether you call it “circadian lighting,” “biologically effective lighting” or some other name, the
principle is the same: the color and intensity of light can be used to regulate the timing of our
biological clocks, or “circadian rhythms.” For architects and lighting designers, this is an opportunity
to provide healthy and comfortable environments for building occupants.

From an academic perspective, circadian lighting represents the culmination of over two decades of
research into the effects of light on circadian rhythms. While there remain a number of open
guestions and ongoing research to address them, it has been argued that we now know enough to
translate this knowledge into practice with building code standards and recommended practices for
architectural lighting design. From an engineering perspective ... not so fast. A look at three metrics
shows why.

WELL BUILDING STANDARD
The WELL Building Standard v2 with Q1 Addenda is dedicated to the concept of building designs that
promote healthy environments for living, working, learning and play. One of its hundreds of design

guidelines is Feature 54, Circadian Lighting Design (HTTPS://STANDARD.
WELLCERTIFIED.COM/LIGHT/CIRCADIAN-LIGHTING-DESIGN).
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The underlying concept is simple: predict or measure the Equivalent Melanopic Lux (EML) incident on
the vertical plane at the eye level of the occupant. For work areas, the design requirements are then:

1. At 75% or more of workstations, provide at least 200 EML (including daylight if present) at four
ft above the floor facing forward (to simulate the view of the occupant) between the hours of
9:00 am and 1:00 pm for every day of the year; or

2. For all workstations, provide maintained illuminance of at least 150 EML on the vertical plane

facing forward.

There are similar requirements for living environments, breakrooms and learning areas.
Unfortunately, architectural lighting design programs such as Lighting Analysts’ AG/32 and DIAL's DIAL
EVO do not predict EML. They do, however, predict photopic vertical illuminance, Ey. All the designer
has to do then is to calculate or measure Ey values and multiply them by the melanopic ratio, R.

How do you calculate this ratio? These are the instructions from Table L2 of Feature 54:
“TO CALCULATE THE MELANOPIC RATIO OF LIGHT, START BY OBTAINING THE LIGHT OUTPUT
OF THE LAMP AT EACH 5 NM INCREMENT, EITHER FROM [THE] MANUFACTURER OR BY USING
A SPECTRORADIOMETER. THEN, MULTIPLY THE OUTPUT BY THE MELANOPIC AND VISUAL
CURVES GIVEN BELOW TO GET THE MELANOPIC AND VISUAL RESPONSES. FINALLY, DIVIDE THE
TOTAL MELANOPIC RESPONSE BY THE TOTAL VISUAL RESPONSE AND MULTIPLY THE QUOTIENT
BY 1.218.”

The International WELL Building Institute helpfully provides a downloadable Excel spreadsheet to
perform these calculations, which includes six sample spectra for common light sources—easy. Once
again, from an engineering perspective, however ... not so fast.

Questions, Questions ...

Questions regarding the WELL Building Standard, or at least Feature 54, arise when considering how
architectural lighting design is performed in practice. For example:

1. Unlike measurements of horizontal illuminance (EH), vertical illuminance (Ey) measurements
require both a specified position and a direction for the meter sensor. Four ft above the floor
to “simulate the view of the occupant” makes sense, but it overlooks the reality that
information on workstation locations and their associated furniture is often unavailable during
the design phase.

2. Obtaining the spectral power distributions (SPDs) of luminaires from the manufacturer is in
most cases all but impossible. This may change in the future as lighting design and analysis
software programs become capable of utilizing this information directly, but for now it is
mostly necessary to either manually digitize the manufacturers’ printed datasheets (if

available) or measure representative products with a spectroradiometer. This is rarely
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practical during the design phase, when it is unlikely that specific products will have been
identified.

Handheld spectroradiometers for field measurements are readily available, but they typically
have a spectral resolution of 8 to 10 nm. They may report spectral power distributions in 5-nm
or even 1-nm increments, but these are interpreted values. Depending on the light source
(including particular fluorescent lamps and LED modules with “spiky” distributions), the
calculation of equivalent melanopic lux from Ev measurements may be insufficiently accurate.
Following CIE recommendations for spectral metric calculations, a spectral resolution of at
least 5 nm is required.

For workstations, what about the computer display monitors that the occupants will
presumably be facing for most of the workday? With luminance values in the range of 250 to
350 candelas per sq meter, display monitors provide considerably more vertical illumination
than the surrounding cubicle walls do, and they further have SPDs similar to white light LEDs
of 6500K. If anything, they likely contribute more to the circadian lighting as perceived by the
workstation occupants than the room lighting does. If they are to be considered, how should
they be modeled? More important, what is their angular subtense in the occupant’s field of
view? A dual 27-in. display fills much more of the occupant’s field of view than does a 17-in.
display, for example.

Should daylight be included in the predictions or measurements of vertical illuminance? The
amount of daylight entering an interior work space depends on the time and date, the building
orientation and windows configuration, the sky condition (clear to overcast), the glazing
transmittance, whether the blinds are open or closed, and the office partitions and furniture
layout. Moreover, what is the SPD of the daylight on clear and overcast days? (The CCT of
daylight can vary from 5500K for direct sunlight to more than 25000K for clear blue poleward
sky.) Also, in modeling daylight, this should include the daylight diffusely reflected from the
exterior ground, as it typically comprises some 10-20% of the daylight entering the space on
overcast days.

How should multiple light sources, each with their own SPDs, be modeled? The occupant’s

III

position and orientation at a “typical” workstation might include, depending on the time of
day, direct sunlight, diffuse daylight, direct illumination from overhead luminaires, and indirect
light from possibly strongly colored surfaces that are illuminated by both overhead luminaires
and a desk lamp. It is all but impossible to predict the contributions of these light sources to
the vertical illuminance, let alone calculate the resultant composite SPD as seen by the

observer.
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To put these questions into context, imagine the WELL design requirements being incorporated into
Section 16500 clauses of a building specification contract document. It is one thing for an engineer or
lighting designer to follow the WELL requirements as guidelines and feel comfortable in saying that
the design is compliant; it is quite another when a contractual dispute arises or a building inspector
decides to take in situ measurements. From a legal perspective, such ambiguities in the specifications
are definitely not a good thing.

CIRCADIAN STIMULUS

UL is currently preparing UL 24480, RECOMMENDED PRACTICE AND DESIGN FOR PROMOTING
CIRCADIAN ENTRAINMENT WITH LIGHT FOR DAY-ACTIVE PEOPLE, a document that is based on the
Circadian Stimulus (CS) metric developed by Rensselaer Polytechnic Institute’s Lighting Research
Center. One of the key features of this document is that it relies on the user accessing the LRC’s CS
Calculator (LRC.RPI.EDU/CSCALCULATORY/), a web-based tool for converting predicted or measured
vertical illuminance values into CS metric values.

Unlike the WELL spreadsheet, the CS Calculator offers close to 200 different lamp SPDs for the
designer to choose from. If, for example, you are interested in 3500K LED light sources, there are 19
SPDs to choose from, while for 4000K LEDs there are 20, and eight for 5000K ... and therein lies a
problem. For the designer, how do you choose?

Like the WELL’s EML metric, the CS metric is calculated from predicted or measured vertical
illuminances, with minimum recommended CS values for different situations. If, for example, the
design requires a CS value of 0.30, the designer chooses a light source from the list of options (or
provides a custom SPD with 5-nm resolution); the calculator then determines the vertical illuminance
needed to achieve this value.

The problem is that even with the same correlated color temperature, the range of required vertical
illuminances for the different LEDs is shocking (Figure 1). To be fair, some of these LED light sources
are unconventional, including violet-pump LEDs (approximately 415 nm) with triphosphor coatings,
and hybrid white-light LEDs combined with deep-red LEDs to boost the CRI R9 values. However, there
is nothing to stop the designer from randomly choosing one of these products as a “typical” LED light
source for calculation purposes.
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3 SPDs to choose from, while for 4000-K LEDs there are twenty, and eight for 5000 K ... and therein
lies a problem. For the designer, how do you choose? Like the WELL's EML metric, the CS metric is
calculated from predicted or measured vertical illuminances, with minimum recommended CS values
for different situations. If, for example, the design requires a CS value of 0.30, the designer chooses a
light source from the list of options (or provides a custom SPD with 5-nm resolution); the calculator
then determines the vertical illuminance needed to achieve this value. The problem is that even with
the same correlated color temperature, the range of required vertical illuminances for the different
LEDs is shocking (see Figure 1). FIG. 1. Vertical illuminance required to achieve CS = 0.30 for different
LED sources.

If nothing else, Figure 1 makes one point perfectly clear: there is no reasonable relationship between
CCT and the CS metric, at least for 3500K and 4000K LEDs. The range of vertical illuminances for
3500K LEDs is 3:1, while that for 4000K LEDs is 2:1. Randomly choosing an LED product as
representative of all LEDs with the same or similar CCT could lead to problematic consequences.

Compared to the 3500K and 4000K LEDs, the range of vertical illuminances for 5000K LEDs is quite
small—only +/- 9%. The reason for this is that the eight LEDs appear to have almost identical SPDs
above 500 nm, which is entirely due to the yellow-emitting phosphor blend. The only significant
differences are the peak wavelengths of the blue-pump LEDs, which vary from 440 to 450 nm. This
situation could, however, change with future developments in LED and phosphor technologies.
Additionally, what if the building specification permits “or equal” substitutions for luminaires? The CS
metric value depends on the absolute spectral irradiance incident on the observer’s corneae, and so
the luminaire product specification sheet would have to provide a graph of Ev versus CS. Further,
depending on the Evtolerance the designer is willing to accept, many more products may be
disqualified compared to evaluation on luminous flux alone. As any experienced commercial electrical
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engineer will attest, this can lead to rather heated discussions between the engineering and
architectural firms or with the electrical contractor.

Furthermore, the CS Calculator allows the designer to specify multiple light sources and combines
their SPDs into a composite SPD as seen by the occupant. However, it is left as an exercise for the
designer to calculate the relative contribution of each light source—including indirect light from
possibly colored surfaces in the office space or wherever (and not to mention daylight with its range
of possible CCTs)—to any predicted vertical illuminance. It is possible to do this with existing
architectural lighting design programs, but only if the designer is willing to model and calculate the
spatial light distribution in the environment separately for each type of light source. In addition, these
programs do not take light source SPDs into account apart from their CCTs, so the results would be at
best approximate.

EML versus CS
This is for the CS metric — what about the EML metric? Fortunately, the CS Calculator provides

relative SPDs for each of its light sources, with resolution of 2 nm. Rescaling these SPDs to 5-nm
resolution and using the WELL spreadsheet produces the melanopic ratios (R) shown in Figure 2.
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FIG. 2. Melanopic ratio (R) for LEDs of 3500 K, 4000 K, and 5000 K.

There is still a 60% variation in the EML values for a given vertical illuminance value for LEDs of 4000K.
This may be preferable (from an engineering perspective) to the 3:1 variation for the CS metric, but it
is still an unreasonably wide range for lighting design purposes. It also begs the question: what are the
criteria for choosing either the WELL or CS metrics apart from tolerances? Which circadian lighting
metric better represents the effect of the lighting on circadian rhythm entrainment? Simply choosing
the metric that offers the best results borders on unethical engineering practices.
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In summary, we may now “know enough” about the effects of light on our circadian rhythms to
design circadian lighting. Whether this is true is debatable, but it is also beside the point. From an
engineering perspective, it is abundantly clear that we do not have the calculation tools needed to
predict or measure circadian lighting metrics, including EML and CS, to acceptable engineering
standards.

For reference, it is generally accepted that architectural lighting design software is capable of
predicting horizontal and vertical illuminance values to within +/-10%, given reasonably accurate
surface colors and reflectance values. With circadian lighting metrics, however, we are confounded by
the variations between different LED products with the same CCT.

We are further confounded by what exactly it is we are expected to predict with our lighting design
software or measure in the field. Simply saying “workstations” and “vertical illuminance” belies the
complexity of both our architectural environments and our behaviors in them. This is not something
that any standard or recommended practice can ever hope to reasonably address—there are simply
too many variables for the designer to consider.

Regardless of what we may know about the effects of circadian lighting on human health and
wellbeing, we may never be able to codify this knowledge in building design practices. It is reasonable
for standards organizations to offer design guidelines based on what we know, and it is highly
recommended that lighting designers learn the principles and benefits of circadian lighting. These
should not, however, be codified as inflexible design requirements.
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