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Plant Factory with Artificial Lighting (PFAL)

This is a tutorial for ‘E-learning System for Plant Factory’, a 

software developed by Chiba University, Japan. 

Chapters 1 to16 related to plant physiology 

(phytophysiology).

Chapters 17 to 22 related to PFAL.

To run the software, you need to purchase a license. 

An excel version was developed to cover the same 

information for education purpose without using the 

software.
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CHAPTER 1 

TEMPERATURE, HUMIDITY, AND 

SATURATION WATER VAPOR 

DENSITY

E-learning System for Plant Factory, Chiba University, Japan
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Two ways to describe the amount of water 

vapor in the air

1.Water vapor pressure (in Pa): 

the pressure exerted by water vapor

2.Water vapor density (in kg/m3): 

amount of water vapor per volume of air
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When air and water are sealed in a chamber, water 

evaporates into the air until a state of equilibrium is 

reached , which means the air in the chamber is 

saturated with water vapor. 

The water vapor pressure at the time is called the 

saturated water vapor pressure (Vps, in Pa), and the 

amount of water vapor per volume is called the 

saturated water vapor density (Vds, in kg/m3)
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Vps and Vds increase as the temperature (T) rises. That is, the amount of 

water vapor that can be contained in the air increases as the T rises. 

Transpiration rate is expressed as a water evaporation rate per unit of leaf area. It is 

more convenient to express the water status of the air in terms of density than pressure.
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Intro

Vds = AHs * ρ

Vd = AH * ρ

Abs. humidity (AH): g/kg 3.77 5.4 7.63 10.65

Density of dry air (ρ): kg/m3 1.28

9

1.265 1.24 1.217

When T=10, 
Vps= 0.61078 * exp(17.269*T/237.3+T)=1.22 kPa

Vds= 2166*1.2278/(273.16+10)=9.39 g/m3
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CHAPTER 2 

PSYCHROMETRIC CHART

E-learning System for Plant Factory, Chiba University, Japan
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The air is usually not saturated with the water vapor 

and it is also seldom completely dry. Most of the time 

it is in between. 

The relative humidity (RH) is the ratio of the water 

vapor density at the time to the saturation on water 

vapor density at the temperature of the time, 

expressed as a percentage. 

RH (Relative Humidity, in %) = Vp/Vps = Vd/Vds
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Vd

densityThe Table shows water vapor density (Vd) at 

various T (0~40 deg.C) and RH levels. Vd

increases as the T and/or RH rises.

T or RH alone can be determined value of Vd.

This table is the Psychrometric Chart.

There are several free APPs, such as: 

Psychrometric calculator, psychroApp, aRhoAir, 

Psychrometric, and freeware: psyc0226.

When T=20, 
Vps= 0.61078 * exp(17.269*T/(237.3+T))=2.338 kPa

Vds= 2166*2.338/(273.16+20)=17.274 g/m3

Vd= Vds * RH /100 = 6.909 g/m3
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http://ecaaser3.ecaa.ntu.edu.tw/weifang/psy/cea2-5.htm


FOUR TERMS RELATED TO THE WATER 

VAPOR IN THE AIR

1. Absolute Humidity (AH): The mass of water vapor in the air to 

the mass of the dry air, in g vapor/kg dry air.

2. Relative Humidity (RH)

3. Water vapor pressure (Vp, Vps) 

4. Water vapor density   (Vd, Vds) 

12



• The difference between actual water vapor pressure (Vp) 

and saturated water vapor pressure (Vps) is called (water) 

vapor pressure deficit or VPD. Difference between Vds and 

Vd is called VDD. 

• If leaf temperature equals air temperature, VPD and VDD 

also represents the driving force of leaf transpiration.

VPD =  Vps – Vp

VDD (Vapor Density Difference) = Vds - Vd .
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CHAPTER 3 

TRANSPIRATION

E-learning System for Plant Factory, Chiba University, Japan
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Evaporation, Transpiration, Evapotranspiration
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Water 

potential
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driving force

resistance

RH = 100%

Tr increases when driving force increase, 

T in leaf increase and RH in air decrease lead 

to higher Tr.

Also termed Leaf boundary layer resistance

19



Rlv (stomata resistance) increases at night because the stomata close (for C3, C4 plants)

Rlv influenced by CO2 concentration, it increases as CO2 conc. Increases. 

Rav (aerodynamic resistance) decreasing when wind velocity increases.
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CHAPTER 4 

PHOTOSYNTHETICALLY ACTIVE 

IRRADIANCE AND STOMATAL 

RESISTANCE

E-learning System for Plant Factory, Chiba University, Japan
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Rlv and Rav are resistance to water vapor diffusion

Rlv influenced by light intensity (l stands for leaf, v stands for vapor)

Rav influenced by wind velocity (a stands for aerodynamic, see next Chapter)

Rlv of common plant is 50 to 300 s/m when stomata are open.

Rlv is of 10 times, > 1000 s/m when stomata are closed in the dark period.

Amount of Energy per unit area per unit time (in W/m2)

Photosynthetically active irradiance

Photosynthetically Active Radiation, PAR (400~700 nm)

Number of Photons per unit area per unit time (in μmol/m2/s)

Photosynthetically active flux density (PPFD)
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300 s/m                        high

200 s/m  for plants w/  std.    Rlv

100 s/m                        low

1400 s/m                        high

1200 s/m for plants w/ std.      Rlv

1000 s/m                        low
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Intro
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CHAPTER 5 

WIND VELOCITY AND 

RESISTANCE

E-learning System for Plant Factory, Chiba University, Japan

25



• Aerodynamic resistance to water vapor (Rav)  is 

greatly influenced by wind velocity (W). As W 

increases, Rav decreases sharply at first, however 

when W > 0.6 m/s, Rav does not increase much more. 

• In this simulator, Rav.min = 100 s/m when W >1 m/s 

(expressed as Wr.min), Rav.max =  200 s/m when no 

wind.

• When W > 5 m/s, stomata may be closed under such 

high wind, but this will not occurred in PFAL or in 

greenhouses.
When W > 1 m/s, Rav = Rav.min

When W < 1 m/s,  Rav = (Rav.max – Rav.min) * W / Wr.min

= 100 * W / 1 26



Intro
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CHAPTER 6 

CO2 CONCENTRATION AND

STOMATAL RESISTANCE

E-learning System for Plant Factory, Chiba University, Japan
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• When CO2 conc. > ρcr.max (2352 mg/m3), stomata resistance 

increase (Rlv.inc) due to CO2 reaches its max and remain 

constant (200 or 400 s/m) even the CO2 conc. still increase.

Rlv.inc = Rlv.inc.max

• When CO2 conc. is lower than the value that gives the max 

stomata resistance increment, the following eq. is used.

Rlv.inc = ρca * (Rlv.max / ρcr.max) 

ρca: CO2 concentration, mg/m3

ρcr.max: CO2 concentration that gives the max stomata 

resistance increment, 2352 mg/m3 (1200 ppm).
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ρcr.max = 2352 mg/m3

(1200 ppm)

(CO2 density=1.96 kg/m3)

when plant type is Std.

Rlv.max = 400,  slope=400/2352 

CO2 conc. = 800 mg/m3

Rlv.inc=400/2352*800= 136.05

when plant type is low

Rlv.max = 200, slope=200/2352

CO2 conc. = 800 mg/m3

Rlv.inc = 200/2352*800 = 68 31



Discussion on the conversion factors related to 

ppm (vpm),  mg/m3 and mg/kg 

PV=nRT=(m/M) RT

When P=1, density = m/V = M/RT 

@0oC = 44/(0.0821*273.15) = 1.96 mg CO2/m
3 air

@20oC = 44/(0.0821*(273.15+20)) = 1.83 mg CO2/m
3 air

1 ppm = 1 m3 CO2/106 m3 air = 1.96 mg/m3 air @ 0oC

= 1.96/density of air = 1.96/1.29 = 1.519 mg/kg@ 0oC 
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CHAPTER 7 

TRANSPIRATION RATE

E-learning System for Plant Factory, Chiba University, Japan
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Stomatal resistance (affected by PAR)  includes an increase based on CO2 concentration.
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Assuming Tair equals Tleaf.

VDD = 17.27 – 6.91 = 10.36 g/m3 = 10360 mg/m3

R = 100+200+124.5 = 424.5 s/m

Tr = VDD/R   in mg*m/(m3.s) 

= 10360/424.5 = 24.40 mg/m2.s

density

36CO2 density at 20oC, d=M/RT = 44/(0.0821×(273.15+20)) = 1.83 kg/m3
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CHAPTER 8 

PHOTOSYNTHESIS AND 

RESPIRATION

E-learning System for Plant Factory, Chiba University, Japan
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CO2 + H2O             CH2O + O2

ATP

photosynthesis

respiration
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Crop Assimilation / Net PhotosynthesisSUP

Height of GH: 6 m, Max Assimilation rate: 72 kg ha-1h-1(2 mg m-2 s-1)

Outdoor CO2 concentration: 400 vpm

ACH=20 h-1 ACH=3 h-1

Without CO2 enrichment

ACH=20 is better

Due to higher indoor CO2

concentration and higher 

assimilation rate

with CO2 enrichment

ACH=3 is better

Due to higher indoor CO2

concentration and higher 

assimilation rate

400 vpm
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CO2 absorption = Photosynthesis – (Photorespiration + Dark respiration)

Net photosynthesis rate = photosynthesis rate – (Photorespiration rate + Dark respiration rate)
41



Type Dark respiration Photorespiration Photosynthesis

C3 plant yes yes yes

C4 plant yes No yes

CAM plant yes No Yes

Dark period yes No No
When in dark, Net photosynthesis rate = - Dark respiration rate

Net photosynthesis rate = photosynthesis rate – (Photorespiration rate + Dark respiration rate)
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Irradiance, in J/(m2.s) = W/m2

• Irradiance is light energy received by leaves per unit 

area per unit time.

• Only light within 400 ~ 700 nm is used for 

photosynthesis and is called photosynthetically 

active radiation (PAR). 

• PAR is only about half (0.46) of the total radiation in 

sunlight.  
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Influence of irradiance on net photosynthesis

• When in dark (x=0 @ Fig.8-2), net Pn (Y value) < 0

• Light compensation point: net Pn = 0

• In between: net Pn > 0, slope > 0

• Light saturation point: net Pn > 0 and slope = 0

• The light compensation/saturation  point vary with plants.

Light compensation point

Foliage plants which can be grown indoor Low

Many crop plant High

Vegetables such as lettuce, spinach Low

Vine crops such as Tomatoes, cucumbers High

Plants with low compensation point are more suitable for PFALs

Other 

environmental 

factors also have 

influence on 

photosynthesis.
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Influence of CO2 on net photosynthesis
• In general, net Pn increases when CO2 concentration 

increases in the range of 0 ~ 2000 ppm (0 to 3.92 g/m3)

• Fig. 8-3 is similar to Fig.8-2.

• No CO2, net Pn < 0

• CO2 compensation point: net Pn = 0

• In between: net Pn > 0, slope > 0

• CO2 saturation point: net Pn > 0 and slope = 0

• The light compensation/saturation  point vary with plants.

• C3 plants perform photorespiration and release CO2 when CO2 concentration is low.

• C4 plants do not perform photorespiration and do not release CO2 except when dark 

respiration takes place.

• The photorespiration of C3 plants is suppressed (decreased) under high CO2 concentration. 

This is the reason why the Pn of C3 plants increases when CO2 is high. 45



• CO2 concentration in the atmosphere is about 380 ppm. 

• The technique to artificially increase CO2 concentration in a 

closed environment (greenhouse, plant factory, etc.) is 

called CO2 enrichment.

• In PFAL, CO2 is not supply from the outside air, thus, CO2

enrichment is required. The environment need to be air-tight 

(ACH=0) or with very low (< 0.02 h-1) air change per hour 

(ACH) to save CO2 resource. 
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Influence of Temperature on net photosynthesis
• Photosynthesis is a biochemical reaction 

involved with many enzymes. Enzymes 

are highly influenced by temperature.

• Fig.8-4 shows response of photosynthesis 

to temperature (T).
• T increases, Pn increases due to elevation of enzyme 

activity.

• Pn starts to decrease sharply at a certain T due to 

enzymes are deactivated by high T. If T rises more, Pn

will cease.

• Optimum T of Pn varies with plants and other 

environmental factors.

• When dark respiration rate > Net Pn, if condition 

continue, plants will die. 

• In general, optimum T of  corn, rice, melons, tomatoes, 

parprika and sunflowers is high, and that of lettuce, 

radish and spinach is low.

• Influence of temperature on net photosynthesis rate is 

quite different from dark respiration rate.

• Dark respiration rate increase by almost double as T 

rises 10 oC.

• The dark respiration rate increases exponentially as T 

rises.

• The dark respiration rate consists of growth and 

maintenance respiration. 

Opt.T of net Pn is 

lower than opt.T of Pn.

PFAL should be controlled at Opt.T of
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Air humidity and soil water
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CHAPTER 9

LIGHT COEFFICIENT OF 

PHOTOSYNTHESIS

E-learning System for Plant Factory, Chiba University, Japan
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Photosynthesis is a biochemical reaction. Light energy and CO2 are 

considered substance and temperature has influence on reaction 

rate. These three are factors (value from 0 to 1) limiting the 

photosynthesis reaches its maximum as shown in eq.9-1.
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Light coefficient, GI

When Ip equals KI, GI is 0.5 

Small KI steeper slope
51

Defines the slope of the curve

When irradiance is very strong, Ip is big, GI is 1



GI = 1/(1+100/500)=1/1.2= 0.83

GI = 1/(1+200/500)=1/1.4 = 0.71

Ip

Ip
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CHAPTER 10 

CO2 COEFFICIENT OF 

PHOTOSYNTHESIS

E-learning System for Plant Factory, Chiba University, Japan
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CO2 coefficient, Gc
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Gc = 1/(1+440/980)=1/1.4489 = 0.70

Gc = 1/(1+880/980)=1/1.4489 = 0.53
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CHAPTER 11

TEMPERATURE COEFFICIENT OF 

PHOTOSYNTHESIS

E-learning System for Plant Factory, Chiba University, Japan
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Temperature coefficient, GTl

‘a’ is large for T insensitive plants

• When Tl equals Tm, GTl equals 1

• When Tl decreases from Tm, GTl decreases to 0

• When Tl increases more than Tm, enzyme activities 

suddenly decrease and the slope of the curves 

descends sharply.
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GTl =[2*(10+5)2*(25+5)2 –

(10+5)4 ] / (25+5)4 = 0.4375

Given Tm=25, Tl=10, 

a=5 (plant A)

GTl =[2*(10+10)2*(25+10)2 –

(10+10)4 ] / (25+10)4 = 0.5464

Given Tm=25, Tl=10, 

a=10 (plant B)
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CHAPTER 12 

PHOTOSYNTHESIS RATE

E-learning System for Plant Factory, Chiba University, Japan
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Photosynthetic rate can be calculated using eq. 12-1. It is the driving force 

divided by the resistance to diffusion. 

The driving force is CO2 difference between outside and inside of a leaf.

The resistance to diffusion is the sum of aerodynamic resistance, stomatal 

resistance and mesophyll resistance to CO2.

Rac = 1.65 x Rav

Rlc = 1.4  x Rlv

Rmc is very small, close to 0 
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P= (ρca- ρcc)/Rc …………... from eq.12-1

Define Pm = Pmax * GTl * GI ,  require Value of Pmax

P=Pm * ρcc / (ρcc + Kc)  ….. from eq.12-4

ρcc unknown and can be cancelled by substituting eq.12-1 into eq.12-4

P = Pm * (ρca – P * Rc)/(ρca – P * Rc + Kc)

a 2nd order polynomial equation of P is formed, thus P can be derived.

P *ρca – P2 * Rc +P * Kc = Pm * ρca – P * Rc*Pm

Rc * P2 -(ρca +Kc+ Rc*Pm) * P +  Pm * ρca = 0 
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Plant type (Light): std 

Plant type (CO2): std

CO2: 400 ppm

KI = 200

Kc = 440

Rc not constant

PAR Pn@Tl=10 Pn@Tl=20

200 0.287 0.52

400 0.366 0.63

600 0.403 0.67

800 0.424 0.694

1000 0.438 0.709

1200 0.448 0.72
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P

P

P

P

P

P
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P 計算 light Type low std high

CO2 std 0.681 0.625 0.573

type low 0.718 0.659 0.604

P 正解

Std 0.69 0.63 0.58

in mg/m2/s low 0.73 0.67 0.61

due to Wind 1 due to light low std high

Rav 100 Rlv Rlv Rlv

Rac 165 100 200 300

Rlc Rlc Rlc

140 280 420

due to CO2 Rlc.inc. Rc=sum of Rac, Rlc, Rlc.inc, in s/m

std 174.31 479.31 619.31 759.31 

low 87.15 392.15 532.15 672.15 

Rlv.inc. Rv=sum of Rav, Rlv, Rlv.inc, in s/m

std 124.51 324.5 424.5 524.5 

low 62.25 262.25 362.25 462.25 

65

Rac = 1.65 x Rav

Rlc = 1.4  x Rlv



Check the Pn_simulation.xlsx for details
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CHAPTER 13 

PHOTORESPIRATION RATE

E-learning System for Plant Factory, Chiba University, Japan
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• Photorespiration occurred in photosynthesis of C3 plants, 

rarely occurred in C4 plants.

• It is a phenomenon in which RuBP is oxidized by RuBisco, and 

CO2 is released.

• Kpr is the proportion of photorespiration rate to photosynthesis 

rate increases as CO2 concentration decreases, and it 

decreases as CO2 increases as shown below:

Kpr = 0  when CO2 > ρcstop or C4 plants ……..eq.13-1

Kpr = -Kpr.max (ρca – ρcstop) / ρcstop……eq.13-2

• Assumed Kpr.max =0.5 and ρcstop = 2352 mg/m3 (1200 ppm) 
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Plant type is C4, Kpr = 0

Plant type is C3, Kpr = 

0.5*(2352-ρca)/2352 

= (2352-ρca)/4704

mg/m3

Rho.ca Kpr of C3

0 0.50

200 0.46

400 0.41

600 0.37

800 0.33

1000 0.29

1200 0.24

1400 0.20

1600 0.16

1800 0.12

2000 0.07

2200 0.03

2352 0.00
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= Kpr * photosynthetic rate

ppm

Rho.ca Kpr of C3

0 0.50

100 0.46

200 0.42

300 0.38

400 0.33

500 0.29

600 0.25

700 0.21

800 0.17

900 0.13

1000 0.08

1100 0.04

1200 0.00
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CHAPTER 14 

DARK RESPIRATION RATE

E-learning System for Plant Factory, Chiba University, Japan
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• Dark respiration is a physiological function needed to 

maintain living organisms. It is greatly influenced by 

Temperature, but not CO2 concentration and irradiance.

• The change of dark respiration rate (Rd) is expressed by a 

coefficient Q10, which shows how many times larger the 

value becomes with each 10 C change. 

• Q10 in here equals 2. 
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Given Rd20 = 0.07

Rd@40 C = 0.07*2^((40-20)/10) = 0.28

Rd@30 C = 0.07*2^1 = 0.14

Rd@20 C = 0.07*2^0 = 0.07

Rd@10 C = 0.07*2^-1 = 0.035

Rd@  5 C = 0.07*2^-1.5 = 0.0247

Rd@  0 C = 0.07*2^-2 = 0.0175
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CHAPTER 15 

SIMULATION OF TRANSPIRATION 

AND PHOTOSYNTHESIS
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X 1.83 why not 1.96

Photor. =Photos. X Kpr

Net = Photos. – Photor. – Dark R.

Kpr from Chap.13 
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Check the Pn_simulation.xlsx for details



CHAPTER 16 

24 HOURS SIMULATION OF 

TRANSPIRATION AND 

PHOTOSYNTHESIS
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MJ/m2/h = 10^6/3600 J/m2/s = 277.78 W/m2

Vds Vda

GI Gc
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Check the Pn_simulation.xlsx for details
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Check the Pn_simulation.xlsx for details
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CHAPTER 17 

ARTIFICIAL LIGHT TYPE 

PLANT FACTORIES
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• Plant Factories with Artificial Light (PFAL) are facilities to

grow plants in a closed space where plants have little

influenced from the outside environment.

• No sunlight required in PFAL and walls covered by

insulation.

• Almost air-tight (ACH < 0.01) to block air going in and

block CO2 and cool air from going out.

• Need to supply light, CO2, water, nutrients, etc. in PFAL.

• Light source (mainly fluorescent lamps and LEDs) with

high ratio of PAR to power consumption is desired

• PPFD of 200 to 300 μmol/m2/s or 40 to 70 W/m2 of PAR is

provided for leafy vegetables such as lettuce and

spinach.
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• In PFAL, CO2 enrichment is required. CO2 is 

supplied as liquefied CO2, controlled with a 

solenoid valve while monitoring CO2 concentration.

• PFALs normally much smaller than greenhouses, 

CO2 is not provided by burning gas or kerosene.
• Usually CO2 in PFALs is controlled at 1000 ppm 

(1.96 g/m3) +20%.

• In PFAL, most of the temperature (T) is through AC 

system. T needs to be controlled optimally for 

photosynthesis and plant growth.

• Normally T is kept constants with Light/Dark 

temperature difference.
88



• In PFAL, nutrient solution is provided in the 

rhizosphere through circulating system. 

• The water with dissolved nutrients is absorbed by 

plants and then transpired from leaves to the air.

• Consequently, indoor relative humidity/water 

vapor density/absolute humidity/water vapor 

pressure goes up. 

• Dehumidification (De-hum.) may be required. De-

hum is performed with cooling, i.e. air conditioning.

• In PFALs, plants are grown on shelves in 5 to 10 

layers to maximize production per unit floor area. 

There are culture solution flows on each shelf and 

the light sources above each shelf.  
89



Dehumidifier and/or
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CHAPTER 18 

LIGHTING AND IRRADIANCE

E-learning System for Plant Factory, Chiba University, Japan
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• It is always important to know what kind of lights will be used and how many of them 

are necessary.

• What are the light quality, duration and intensity required?

• Factors affecting light intensity on the surface of plants:
1. Distance between lights and plants.

2. Presence of light reflectors.

3. Performance of light reflectors

4. Surrounding environment, such as spacing among plants, color of walls or ceilings, 

distance of plants and walls, etc.
• An empirical equation is used in the area of architecture or lighting which calculate 

the light intensity with various light sources or room shapes.

RL, RW, RH: Room length, width, height, m
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WL (total W of lamps)= W/lamp*n 

=  40 *200=8000 W

E  = (F U M n)/RA

= 3500*0.8*0.8*200/200

= 2240  lm/m2 = 2240 lux

PPF = E/87 = 25.7  μmol/m2/s

PAR=PPF/4.589 = 5.6 W/m2

2240  lux = PPFD

Fluorescent lamp 5000K 30.22

Natural daylight 39.65

Halogen lamp 3000K 77.47

High CRI LED 6500K 38.6

High CRI LED 4000K 39.92

HPS 2000K 29.06

Red LED 650 nm 172.14

Blue LED 450 nm 258.84

Red+Blue LED 198.76

Red+Blue+White LED

450+650nm+3500K
57.54

Fluorescent lamp only

The coefficient of utilization (U): The % of light irradiated from light sources reaches the 

surface of plants. It is estimated 70% in efficient PAL.

The maintenance factor (M) accounts for deterioration of light sources by aging. A 

number of 60% for fluorescent lamps that have been used for a few year.  
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CHAPTER 19 

CO2 BALANCE
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Net Pn in a room (CN) is calculated by

multiplying the net Pn per leaf area (PN, in

mg/m2/s) by total leaf area of plants in the

room (L, m2/room).

CN = PN * L

This is for the sake of simplicity, net Pn of a

plant or a plant community is estimated using

net Pn per leaf area.
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Cv = 0.02*(1799.5-733)*500 / 3600 

= 2.9625 mg/s

Cs = Cv + CN = 2 + 2.96=4.96 mg/s

CN = 1 * (0.02*100) = 2 mg/(s.room)

= PN x LA.plt x Num.plt
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CHAPTER 20 

WATER BALANCE
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TR = Tr * L = 1 * 2 = 2 mg/(s.room)
Vw = 0.02*(18.4-2.7)*500/3600 = 0.0436 g/(s.room) = 43.6 mg/(s.room)

TR + H = D + Vw,  2 + H = D + 43.6, D=0 (no dehumidification), H = 43.6 – 2 = 41.6 

= 23.01 * 0.8

= 6.79 * 0.4
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CHAPTER 21 

ENERGY BALANCE
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There are two kinds of heat, together they are 

called enthalpy:

1. Sensible heat of 1 kg air

Hs (in J/kg) = T x Cp 

2. Latent heat of 1 kg air:

HL (in J/kg) = Wx x Vd /ρair = Wx * AH

Assumed T and Vd in a PFAL are higher than 

outside, thus Hs and HL escape from walls 

and gaps to outside.

Influx of the heat to PFAL is electrical energy 

alone (WL and We).

When indoor T keep constant, the heat 

balance can be expressed as follows:
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H ventilation

Inside enthalpy = 65.81

Outside = 10.42 kJ/kg

Qv = (65.81-

10.42)*1.17*500*0.02/3.6 = 

178 J/(s room)

Qc=(25-5)*Kw*(400) = 800

Assuming Kw=0.1

QA=8000-178-800 = 7022
106



CHAPTER 22 

SIMULATION OF A PLANT 

FACTORY
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Density of CO2

At   0 oC: 1.977
at 5 C: 1.928947

At 25 oC: 1.795

108
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Check the Pn_simulation.xlsx for details



THE END
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Transpiration / Assimilation RateSUP

The crop is a source of water vapor and a sink of carbon dioxide.

Left: water vapor balance, ventilation (V) and condensation (C) can remove 

water vapor generated by transpiration (E).

Right: carbon dioxide balance, CO2 assimilated (A) is added from outside by 

ventilation (V) and by injection/enrichment (S).

E-V-C=0 and V+S-A=0 when at steady state.
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Energy budget (MJ m-2 y-1)

plastic greenhouse in Central Italyreasonably insulated glasshouse in the Netherlands

SUP

Qisun+Qiheater = QS + QL
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• (left) RH in The Netherlands is low, thus latent heat (QL) 

occupied 1000/1900 = 52.63%, sensible heat (Qs) 

occupied 900/1900 (47.37%). 

• (right) RH in central Spain is high, thus Qs only occupied 

350/2000 (17.5%), most of the energy entering GH turns 

into QL, 1650/2000 (82.5%),  for the evapotranspiration 

(evaporation of free water and transpiration from plants in 

GH). 

• Weather of Taiwan is similar to the south of Spain. RH is 

high in GH, if without heating, the RH will be quite high 

especially during the night.
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SUP


