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Like humans, plants also evolved under the natural cycle of light and dark, 

but they respond to light differently from human beings. 

PLANT PHOTOBIOLOGY

Photosynthesis Photo-morphosis Photoperiod 

The main photobiological responses of plants 
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Human and plant photobiological responses 

a. Photopic response curve (CIE V(λ); 

b. Melanopic response curve (CIE 2018); 

c. Photosynthetic Active Radiation (PAR) curve (McCree, 1972 and Sager, 1988)

d. PAR range as recommended by ANSI/ASABE (American National Standards Institute / American Society of Agricultural and Biological Engineers   



PPFD DLI
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Plants’ Lighting Metrics

Photosynthetic Photon Flux 
Density: the number of 
photons between 400 and 
700 nm reaching one square 
meter each second, 
expressed in µmol/m²/s.

Daily Light Integral: the 
accumulated PPFD over 24 
hours, expressed in 
mol/m²/day.

Energy use
3
Energy use with 
supplemental electric 
lighting, if needed, 
KWh/yr. 



What are we Simulating?
URBAN GREENHOUSES

Image credit: Ian Ashdown 



Rooftop greenhouse, detailed section, Agrotopia Research Center for Urban Food Production (van Bergen Kolpa architects + META architectuurbureau)



Plantagon Intenational AB, Sweden (Proksch, 2017)





Kybele (Cybele) is an Anatolian goddess whose worship 
spread to Greece and Rome

Symbolizes the abundance and fertility of the earth, with 
connections to agriculture.



Simulation Workflows
Workflow flow for the four simulation types
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Works with 3D modeling tool Rhinoceros, and its native visual 
programming environment Grasshopper

Uses the industry gold standard simulation engines: Radiance 
for solar radiations, Energy+ for thermal simulations

Components written in Python
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Hyperspectral Radiance
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Daily Data from Annual Simulation

PPFD
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Simulation Workflows
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Greenhouse and surrounding geometry, material properties, weather data, electric light source, simulation type



Simulation Workflows
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How are we calculating PPFD?
PPDF DLI Values

3-channel annual lighting simulations: user-specified light source type or user-specified light spectra
Spectral simulations: calculated directly from spectral radiance

Conversion from Lux to PAR: 
PPFD = Lux * coef

Conversion from Irradiance to PAR
PPFD = ∫400

700λ ∗𝐸𝐸(λ )
𝑁𝑁𝐴𝐴∗ℎ∗𝑐𝑐

d(λ)

λ: Wavelength of the light.
E(λ): Spectral irradiance (energy per wavelength).
Avogadro’s constant (6.022 × 10²³ mol⁻¹).
h: Planck’s constant (6.626 × 10⁻³⁴ J⋅s).
c: Speed of light (2.998 × 10⁸ m/s)



Spectral conversion — lux to PPFD and DLI
Radiance reports radiometric / photometric units. Plants count photons. 

Source spectrum
sky, sun or luminaire  ·  relative power at each wavelength

Illuminance
human vision

spectrum × photopic curve V(λ)
380 – 780 nm

µmol photons
plant response to light

photons counted in the PAR band
400 – 700 nm

coef =  µmol photons  ÷ lux
one number per light source  spectra·  µmol·m⁻²·s⁻¹ per lux

PPFD  =  coef × lux
lux comes straight from Radiance

result in µmol·m⁻²·s⁻¹

DLI  =  ∑124PPFD× 0.0036 
0.0036 = 3600 s per hour ÷ 1,000,000 = photoperiod

result in mol·m⁻²·day⁻¹

Conversion factors
cf in µmol·m⁻²·s⁻¹ per lux

D55  daylight 0.017833

D65  daylight 0.018043

D75  daylight 0.018345

HPS-1 0.011640

HPS-5 0.016180

LED-BH1 0.013633

D65 is the Kybele default

Typical crop targets
lettuce  ≈ 17 mol·m⁻²·day⁻¹
tomato  ≈ 30 mol·m⁻²·day⁻¹



How are we calculating DLI?

DLI Values - Generic
Vegetative Growth (Leafy Greens/Herbs): > 17 mol/m²/d
Flowering Crops (Peppers/Tomatoes): 20-40 mol/m²/d

Broccoli: 15-35 mol/m²/d
Tomatoes: 22-30 mol/m²/d
Cucumbers 20-30 mol/m²/d
Zucchini: 22-28 mol/m²/d
Peppers: 20-30 mol/m²/d
Butter Lettuce: 14-17 mol/m²/d
Cantelope: 25-30 mol/m²/d
Arugula: 15-20 mol/m²/d
Basil: 15-25 mol/m²/d
Bok Choy: 10-12 mol/m²/d
Avocado: 18-24 mol/m²/d

African Violet: 4-14 mol/m²/d
Cyclamen: 6-8 mol/m²/d
Succulents: 3-6 mol/m²/d
Chrysanthemums: 20-30 mol/m²/d

Integrating from PPDF over 24 hour period



Case Study: 
University of Washington Greenhouse



Case Study: 
University of Washington Greenhouse: Materials

Floor: Concrete

Structure: Aluminum

Ground 

void plastic ground
0
0
5  0.20 0.20 0.20   0.03   0.15

void metal aluminum
0
0
5 0.9 0.88 0.88 0.8 0.02

void plastic Concrete_grey
0
0
5  0.478431 0.490196 0.458824 0 0

void glass glazing_92
0
0
3 0.85 0.85 0.85

Glazing 

Wood

void plastic larch_wood
0
0
5 0.528 0.294 0.14 0.0 0.0



    
January 21, noon, avg: 164      February 21, noon, avg: 312           March 21, noon, avg: 811  

    
April 21, noon, avg: 1157      May 21, noon, avg: 561          June 21, noon, avg: 772  

    
July 21, noon, avg: 853       August 21, noon, avg: 1266          September  21, noon, avg: 1044  

    
October 21, noon, avg: 576      November 21, avg: 59          December 21, noon, avg: 255  

  

PPFD
One Point in Time Each Month



PPFD
At One Sensor Throughout the Year



DLI
At One Sensor Throughout the Year
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DLI Availability of the modeled Greenhouse

DLI deficiency for a crop requiring 22 mol.m2/day year-round

Daily supplemental electric lighting that provides an average of 238µmol/m2/s
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ENERGY
Energy required to meet 
the target DLI



Mills, E. (2025). “The emergence of indoor agriculture as a driver of global energy demand.” npj 
Sustainable Agriculture, 3, Article 52. https://doi.org/10.1038/s44264-025-00091-z

LESS THAN

<1%
of U.S. food crops
supplied by CEA

YET

MORE ENERGY
than all open-field agriculture

Meta-analysis scope: 116 studies, 40 countries, 23 crop types. Source: Mills, 2025.

ELECTRIC LIGHTING SHARE

0–95%
of total CEA energy use, 
depending on building type, 
location, crop, and light-source 
efficiency.

SUPPLEMENTAL LIGHTING OVERVIEW

Energy and sustainability 
concern in CEA



Available to download from Food4Rhino and Github

Previous release includes: 
Three Channel 

Next Update: Hyperspectral
Continuing Development: Thermal simulations

This work has been funded by the NSF project "Belmont Forum Collaborative Research: Aquaponics optimization in a local climatic,
economic, and cultural context", 2024-2027. 

We thank Prof. Gundula Proksch for her collaboration.

Forthcoming publication: Inanici M and Islam S. “Lighting simulations in greenhouses,” Oliver Körner and Gundula Proksch (Eds.), 
Advances in Controlled Environment Agriculture, Burleigh Dodds Science Publishing.
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