


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 01 - Temperature, Humidity, and Saturation Water Vapor Density

A

There are two wars to describe the amount of water vapor in the air: one 1= Temperature, Saturated water vaper pressure, and saturated water vapor density
water vapor pressure (unit: Pa), which is the pressure exerted by water vapor. Temperature C 0 9 10 15 20 25 30 35 40
and the other iz water vapor density (umit: kg'm3), which is the amount of Vps kPa| 0.8 0.9 1.21 1.7] 2.3 3.2 4.2 5.8 7.4
water vapor per volume of air. Vds g/m? 4.8 6.8 9.4 12.8 17.3 23.00 30.3 39.5 51.0

When air and water are zealed in a chamber, water evaporates into the air

until e state of equilibrinm 1= reached. which means the air in the chamber ——Vds (100 % relative humidity)
——Vdz at 50 % relative humidity

1z saturated with water vapor. The water vapor pressure at the time i1z called

the saturation water vapor pressure (Pa), and the amount of water vapor per 60
volume is called the saturation water vapor density (unit: kg/'m3). =0
: : : i
Both saturation water vapor density and saturation water VaApor pressure w40 /
increase as the temperature rizes. That 1. the amount of water vapor that :'f’“_ 30

can be contained in the air increases as the temperature rises.

) T
17.269 :—{T} / ﬂ/

Ves = 0.61078 xexpy ———— (Equation 1-1) 1o |
2373+T =
Note: exp means exponential function with base e 0 s 10 15 20 25 30 33 40
Vps : SBaturated water vapor pressure, EPa Te mperaturefﬂ
T :Temperature, T
In order to convert saturation water vapor pressure, which is caleulated by the Simulation
above equation, into saturation water vapor density, use the following equation. Input temperature, then saturated water vapor pressure and saturated water vapor
dens=ity are calculated.
2166 _ ¢
& = 27316+ T . (Equation 1-2) Temperature | 20| C Vps 2.3 kPa

17.3 3
Vds : Saturated water vapor density, g'm* Vds o/

T :Temperature, T




1.Water vapor pre
the pressure exerted by water vapol

2.Water vapor density (in kg/m?3): /

amount of water vapor per volumeg of air



reacneaq,
saturated with water vapor.

The water vapor pressure at the time is called the
saturated water vapor pressure (V, in Pa), and the
amount of water vapor per volume is called the

saturated water vapor density (V.. in kg/m?)



Vs and Vg, 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.

2313% 1

Ve: =0.61078 X cxp{

17.269 xT}

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 pressuy

2166

:—XV
273.16 +T

27316 4T
2166

* g




Temperature, Saturated water vapor pressure, and saturated water vapor density

Vds = AHs * p

* - - — — — *

Temperature C 0 2 10 15 20 25 30 33 40 Vd = AH P
Vps KPa| 0.8 0.9 1.2 1.7 2.3 3.2 4.2 s5.8 7.4 |

- 1 - | WhenT=10

' ‘m? . 3 G .5 9. 2.8 7. 23. : 9. : !
lbdsh —— 5/"% 3747 5: e : 110 " L7.30 2300 30.30 39.90 2l-00 o 0.41078 * exp(17.269*T/237.3+T)=1.22 kPa

s. humidity (AH): g/kg 3. : : : Vds= 2166%1.2278/(273.16+10)=9.39 g/m?
Density of dry air (p): kg/m3®  1.28  1.265 1.24 1.217 EE
? Simulation

——d= (100 % relative humidity)
—=—Vda at 50 % relative humidity

&0

50 1
8 a0
2 30

20 //ﬂ//”fﬁ

q . .
0 3 10 15 20 23 30

Temp erature. C

33

40

Input temperature, then saturated water vapor pressure and saturated water vapor
denszity are calculated.

Temperature ©

Vps 1.2 kPa

Vds 8.9 gimd

Simulation
Input temperature, then saturated water vapor pressure and saturated water vapor
dens=ity are calculated.

Temperature C Vps 2.3 KkPa
Vds 17.3 g/ms
| /(A

Simulation
Input temperature, then saturated water vapor pressure and saturated water vapor
density are calculated.

Temperature C Vps 2.2 kPa

Vds

30.3 g.n’llﬂ
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PSYCHROMN



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 fime to the saturation on water
vapor density at the tfemperature of the time,
expressed as a percentage.

RH (Relative Humidity, in %) =V /V = V/V




The Table shows water vapor density (V,) at Relative humidity and water vapor density at various temperature
various T (0~40 deg.C) and RH levels. Vd —
increases as the T and/or RH rises. 0 c| 10| 15| 20| 25| 30| 35| a0
T or RH alone can be determined value of Vd. 0| 0.00] o0.00] o0.00] 0.00] o0.00] o0.00] o0.00] 0.00 0.00
E 20 0.a7 1.36 1.88 2.50 3.45 4,80 o.06 T.90( 10.20
This table is the Psychrometric Chart. gl 4ol L.edl 2.72 9.7¢ 5.0 Cesd 5200 12.32] 15.01] 20.40
@ ol 2.591 4.08 D.0d T.09% 10.36] 13.81( 1&8.1% 23.71] 30.e0
E an 3.87 5.43 T.51] 10.25% 13.82| 1l2.41| 24.25] 3l.e6lf 40.80
i 100 4,84 g.74 .39 12.82| 17.27 23.01| 30.31) 3%.51f 51.01

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 = 4.909 g/m?3

Simulation
Input temperature and relative humidity, then water vapor density 1= calculated.

6.9 g/m?

Temperature | 20 C
Vd
RH 40| %

Saturated water vapor density, gm

There are several free APPs, such as:
Psychrometric calculator, psychroApp, aRhoAir,
Psychrometric, and freeware: psyc0226.

15

Temp erature. C



http://ecaaser3.ecaa.ntu.edu.tw/weifang/psy/cea2-5.htm

. Absolute Humidity (AH): The mass of water vapor in the air to
the mass of the dry air, in g vapor/kg dry air.

. Relative Humidity (RH)

. Water vapor pressure (V, V)

. Water vapor density (V. Vg4)

FOUR TERMS RELATED TO THE WATER
VAPOR IN THE AIR



- The difference between actual water vapor pressure (V)
and safurated water vapor pressure (V) is called (water)
vapor pressure deficit or VPD. Difference between V4 and
V4 is called VDD.

 |f leaf temperature equals air temperature, VPD and VDD

also represents the driving force of leaf transpiration.

VPD = V-V,
VDD (Vapor Density Difference) = V4 - V.

/
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1) Transpiration

Transpiration 15 a phenomenon 1n which water vapor 1= released from stomata. It 1=
a driving force for plants to absorb water 1n the so1l through their roots. Most of the
tame, the transpiration rate 12 almost equal to the water absorption rate. When the

transpiration rate 1= higher than the absorption rate, plants lose water . which can

cause a water-stressed condition.
Omn the other hand. evaporation 12 a process by which water 12 released from the =01l

or plant beds. Transpiration and evaporation are sometimes combined into one
concept called evapotranspiration. When we dizscuss the water balance 1n plant
factories. transpiration as well as evaporation needs to be considered. Here, we
focus on transpiration, which 18 one of plant physiology.




2) Water Potential

Water potential 1z the most important concept for movement of water 1n the
environment suwrrounding plants. The concept was suggested more than 40 vears ago
and came into general uze among plant phy=iologm=te about 20 years apo. Now 1t 12 a
common concept to express the water status of plants and the =o0il. In this chapter.

we discuss an important concept for transpiration and water absorption. although we
do not deal with equations to calculate water potential.

Water potential 1= thermodynamic potential energy, which 1= obtained by divading
chemical potential of water (J/mol) by the volume of a mol of water (m3/mol). In short,
1t 1= the energy of water per unit volume. Water movesz according to the gradient of
water potential.

For example, water flows down from mountains to plains becaunse i1t has more
potential enercy (higher wter potential) in the mountains than when it is on the plains.
Wet clothes dry while they are huneg becausze water potential of water 1n the clothes 1=
higher than that of water 1n the air. Water potential 1= not influenced by the state of
water. such as gas. hiqguid. and solid.

Transpiration occurs because the water potential in the cells of plant leaves iz higher
than that of the air surrounding the plant. In turn, plants absorb water from so1l
becau=e water potential of their roots 1= lower than that in the =0l

In botany, the water potential of free pure water at 0°C 1z defined as 0 Pa, which 1= set

as the position of origin. Therefore, the water potential of water 1n nature, including
water vapor, always has a negative value.



Inzide of a leaf

Inside of roots Insmde of a leaf

The difference of water potential m two pomts determanes the direction of the water flow.
Figure 3-1 Concept of water potential




In general. Pa 18 used a= a umt of water potential. Pa 12 a umt of pressure, but 1t has
the same meaning of J'mol. This 1= explained by the following lomc.

Enerey (unit: J) iz expressed by multiplying force and distance together. The unit of
force 18 N and that of distance 12 m. so that J =N m. The equation for energy per umt
volume can be wrtten as J/m3d = N m/m3, that 1z, Jm3 =N/m?2. In turn, N'm? can be
thought of as a force per unit area, or pressure, for which the umt 1= Pa.

The dafference 1n water potential 12 a drnving force of water movement, but there 1=
resistance to water movement. When the resistance remains constant. the rate of
water movement 1= proportional to the difference of water potential. When the
resistance increases, the rate of water movement decreases even if the difference 1n
water potential 1= the same.

The concept of water potential 1= nsed to explain the water movement in the soal. and

m=1de and ontside of cells as well. To explain transpiration, the concept of gas
diffu=ion 12 n=ed

Transpiration 18 caused by the difference 1n water potential between the air 1n the

mnterior of plant leaves and the awr outside the leaves. Because water 1n the air 18

takes form of vapor, the concept of gas diffusion 12 nsed to explain the phenomenon.



T, increases when driving force increase,
Tin leaf increase and RH in air decrease lead

>

Stomata G .
’—\ 2 to higherT..

=

B
: Ei—E. driving force

& iy = = resistance  (Equation 3-1)

.R.h' + an'
E Mesophyll cells Tr :Transpiration rate, mg/(nra)

E!l - Water vapor denzity 1n airspace within stomata mem®
Mesophyvll cells P - P =

Alrspace In stomata

W : T ; /
RH = 100% Fa :Water vapor density in the air, mg/m?

Rlr :Stomatal resistance. s'm

Rar : Aerodynamic resistance, s/m _
Also termed Leaf boundary layer resistance

/.
vapor density differencelbetween the interior and exterior of leaves 18 the drnving

force for transpiration. and opening and closing of stomatd canses varions
(

resistance. Also calm air prommmate to leaves, less than 10 mm, causes resistance

Figure 3-2 Conceptual diagram showing the water-vapor flow near stomata

becanse 1t takes the form of a flud. The phenomenon 12 generalized 1nto the
19

following equation.




R,, (stomata resistance) increases at night because the stomata close (for C3, C4 plants)
R,, Influenced by CO, concentration, it increases as CO2 conc. Increases.
R., (aerodynamic resistance) decreasing when wind velocity increases.

When water 1n leaves evaporates by transpiration, leaves lose vaporization heat and

leaf temperature decreases. Transpired water vapor increases the amount of water
vapor 1n a fachity and, as a result, increazes the total amount of heat. Transpiration
influences energy balance 1n a facility, so that the concept of transpiration needs to be
understood to control the energy balance.

Laght energy 12 abzorbed by photosynthesis, but the influence 12 not s0 sigmficant that
1t affects the energy balance of a facility. In general. the influence of photosynthesis to
the energy balance 1= not considered.

20
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Amount of Energy per unit area per unit time (in W/m?)

Photosynthetically active irradiance
Photosynthetically Active Radiation, PAR (400~700 nm)

Number of Photons per unit area per unit time (in pmol/m?/s)

Photosynthetically active flux density (PPFD) V.
//

R,, and R, are resistance to water vapor diffusion

R,, influenced by light intensity (I stands for leaf, v stands for vapor)

R,, influenced by wind velocity (a stands for aerodynamic, see next Chapter)
R,, of common plant is 50 to 300 s/m when stomata are open.

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



When photosynthetically active irradiance 12 lareger than the value that causes
the minmimum =stomatal resistance, 80 W/m?2, stomatal resistance 12 considered
to be constant.

R = Rnmin (Equation 4-1)

Riv : Stomatal resiztance, s'm 300 s/m high

Rlv min : Minimum stomatal resistance, | 200 s/m for plantsw/ std. R,
100 s/m low

When photosynthetically active nrradiance 12 smaller than the value that
canzes the mimmimum stomatal resistance, 30 Wim?2. the following equation
13 used.

R min - K» max
Rn = : . * fp (Equation 4-2)
fp?‘ min 1400 s/m high

1200 s/m for plantsw/std. R,,
1000 s/m low

{pr min : Photosynthetically active rradiance That causes mimmum

Ry max: Maxmum stomatal resistance,

stomatal resiztance, 30 Wim?2
Ip : Photosynthetacally active rradiance, Wim?2




Photosynthetically active irradiance and Stomatal resistance

PAR

Wim| 0 g0 | 20 | 100

120

Rlv:High

s/m 300

Rlv:5td.

s/m 200

RlvLow

s/m 100

——Plants with high Rlv
——Plants with =td. Rlv
——Plants with low Rlv

<

Stoematal resiatancs, a/m

20 40 €0 80 100 120 140 1g0 130 200

Photozynthetically active irradiance, Wim

Simulation
Imput photosynthetically active irradiance and choose the reaction type to irradiance,
then stomatal resistance 12 calenlated.

PAR Wif  Rlv

Plant Type (Light) |High ~

PAR

Plant Type (Light)

o
Simulation
Input photosynthetically active irradiance and choose the reaction type to irradiance,
then stomatal resistance 1= caleulated.

PAR Wi  Rlv

Plant Type (Light) |Low ~
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RESISTANCE



- Aerodynamic resistance to water vapor (R,,) is
greatly influenced by wind velocity (W). As W
increases, R, 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

NN




Wind velocity and Aerodynamic resistance

Wind velo. | m/s 0.0 0.5 1.0 1.5 20 ) 3.0
Rav =/m 200 150 100 100 100 100 100
——Aerodynamic resistance
; 230 Simulation
m
E 200
& \ Wind
N
= 150 \
-% l[“:' L = = = |
a3 g
0 . . . . .
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Wind velecity, m/s

m/ =

Rav

Imput wind velocity. then aerodynamic resistance 1= calculated.

100.0 =/m
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STOMATALR




Stomatal resistance 1= greatly influenced by 1rradiance. The resistance 13 very
large when 1t 1= dark. and 1t decreases as wrradiance increases. In addition. 1t 1=
known that stomata tend to close az C0O2 concentration increases. There are
several theories to explain the mechamsam. This simulator adopts the theory

that stomatal reziztance increazes az C0Y concentration Increaszes.

NN

In thi= software, stomatal resistance 12 calculated by wrradiance. and then an
mcrease based on CO2 concentration 1= added to the calculated value. However.
1t 12 azsumed that stomatal resistance does not increase further when CO2
concentration reaches a certain amount.



« When CO, conc. > p,, . (2352 mg/m?3), stomata resistance
Increase (ryyinc) due to CO, reaches its max and remain
constant (200 or 400 s/m) even the CO, conc. still increase.

RIv.inc = RIv.inc.max
* When CO, conc. is lower than the value that gives the max
stomata resistance increment, the following eq. is used.
RIv.inc = pca* (Rlv.max / pcr.max)
P.. CO, concentration, mg/m3
Permax. CO» concentration that gives the max stomata
resistance increment, 2352 mg/m?3 (1200 ppm).



C0O2 concentration and Stomatal resiztance increase

mgm| O 400 | 800 | 1200 | 1800 | 2000 | 2400 | 2800 | 3200 || permax = 2352 mg/m?
CUZ concentration 0. 204.1] 408.2| €12.2 B81e.3] 1020.49) 1224_5| 1428_¢g 1€32.7 |
ppm : : Bl I = : : i i 1200 ppm
Blv ine. Std. i o.of e€8.0f 12e.1 2o4.1 =z272.1 240.1] 400.0f 400.0[ 400.0 ( PP )
Blv ine.: Low a'm o.of =24.0f e€8.0 1o2.0 126.1 170.1] 2oo.oQf 2oo.ol 200.0 (COZ den5|ty:1-96 kg/m3)
——Plant type (CO2):5td :
. Plant troe (COY) Low when plant type is Std.
150 Rivmax = 400, slope=400/2352
400 j,/‘ - 1 CO, conc. = 800 mg/m?
350 :
~ RIv.inc=400/2352*800= 136.05

200 7 o ) | when plant type is low

150
100 ,/f:// Ry, max = 200, slope=200/2352
50 _#{,,:f | | | | | | CO, conc. = 800 mg/m?

“0 400 =200 1200 1600 2000 2400 2800 3200 RIv.inc = 200/2352*8003% 68

C0OZ2 concentration. fme'm?®

Stomatal resiatance meorease, 3/m




Discussion on the conversion factors related to
opm (vpm), mg/m3 and mg/kg

PV=nRT=(m/M) RT
When P=1, density = m/V = M/RT
@0°C = 44/(0.0821*273.15) = 1.96 mg CO,/m? air

@20°C = 44/(0.0821*(273.15+20)) = 1.83 mg CO,/m? air

lppm=1m?3 002/106 m?3 air = 1.96 mg/m3 air @ 0°C
= 1.96/density of air = 1.96/1.29 = 1.519 mg/kg@ 0°C




Simulation

Input CO2 concentration and chooze the reaction type to CO2 concentration by plants,
then stomatal resiztance increase 12 calculated.

CO2 cone.

400

Plant type(C

Simulation

02)

Input COZ2 concentration and choose the reaction type to CO2 concentration by plants, Input CO2 concentration and choose the reaction type to CO2 concentration by plants,
then stomatal resistance increasze 12 calculated. then stomatal resiztance increase 12 calculated.

COZ2 cone.

800

Plant type(CO2) Rlv ine. 1266.7 s/m Plant type(CO2) Rlv ine. 133.3) s/m

Simulation Qimulation
Input COZ concentration and choose the reaction type to COZ2 concentration by plants, Input CO?2 concentration and choose the reaction type to CO2 concentration by plants,
then stomatal resistance increase 1s calculated. then stomatal resistance increase 1= caleulated. -
CO2conec| 1200 ppm 2352.0 mg/m3 CO2 cone,| 1200| ppm 2352.0 mg/m? 33
Plant type(CO2) Std. ~ Rlv inec. 1400.00 s/m Plant type(C0O2) Low ~ Rlv inc. 200.0 s/m

Std. -~ Rlv ine. 133.3 s/m

Simulation

ppm 1568.0 mpg/m3 CO2conc| 800 ppm 1568.0 mg/ms3

N O\ L

/




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

TRANSPIRA



_E F— E.u : Transpiration rate, mg/(m2s)
Tr — —— : Water vapor density in the airspace In stomata. mg/m?2

R _I_ R : Water vapor density in the air. mg/m?
v v . _ |
AT : Stomatal resistance, s/m

(Equation 7-1) (reappearance of Equation 3-1)  Aerodynamic resistance, s/m

Stomatal resistance (affected by PAR) includes an increase based on CO, concentration.
Ri = Rvs+ Rivine (Equation 7-2)

Krs : Stomatal resistance changed by rradiance. 3/m
Rlvine - lncrease based on CO2 concentration. s/m




Let's try to calculate transpiration rate by using the envronmental conditions
vou chose. You can cobserve how the transpiration rate changes when the
environmental conditions vary.

Relative humidity and water vapor density  at various temperature

Assuming T, equals To -

TEII[]:IEI'BJ:LJI'ETC
0 5 10 15 20 25 30 35 40
VDD =17.27 - 6.91 =10.36 g/m3 = 10360 mg/m?3 .| 0| o0.00] o0.00] o0.00] o0.00 o.00] o0.00] ©0.00] o0.00] o.00
R =100+200+124.5 = 424.5 s/m .ﬁ’ 20| w0.87 1.36] 1.88| 2.56| 3.45| 4.€0| €.08] 7.90| 1l0.20
Tr=VDD/R in mg'm/(m-s | | I I M e E e e e
— — 2 - [ . L0a .0 7.05 0.3g .8 8.1% . 0. ol
10360/424.5 = 24.40 mg/m .S I E go| 3.87] 5.43] 7.51| 10.25| 13.82| 18.41| 24.25| 31.61| 40.80

R.rr + R.;.n' E'

100 4.84] €.78] 9.39 12.52ﬂ 17.27] 23.01| 30.31| 39.51| 51.01

/

Simulation Inputtemperature and humidity, then transpiration rate is calculated. The value of the following environmental factors can be changed: photosynthetically
active irradiance. wind velocity, CO2 concentration. the reaction type to irradiance by plantz. and the reaction type to COZ2 concentration by plants.

Plant Type (Light) [Std. ~| Temp. 20|°¢ Ip 400 | Wit Rav 100.0 s/m

Plant Type (CO2) Std v W 1 co2 400| ppm Rlv 200.0 s/m

RH 40 co2 132.1 mg/m? Inc. of Rlv 124.3 s/m 24.492 mg/(nrs)

CO?2 density at 20°C, d=M/RT = 44/(0.0821 x (273.15+20)) = 1.83 kg/m3




Relative humidity and Transpiration rate at various temperatures
(Ip 400 Wim' ,Wind1 m/z . CO2 conc. 732 mgim? )

Temperature, C

10 15 20 25 40
22.13] 30.1% 40.6%9 120.15
17.70] 24.15[ 32.55 96.12

13.28 | 24.42 72.0%5

8.85 la.28

4,43 .14 24.03
0.00 Q.00 Q.00

Transpuwation Rate, me/lm a)




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

RESPIRATION



photosynthesis

CO, + H,0 CH,O + O,

respiration

ATP

It 13 important for crop producton to stimulate photosynthesis to ncrease the producton of
sugar and carbohydrate. On the other hand, sugar i3 decomposed and CO2 13 released n
respiration. 0 that respiration seems to be a negatve funcoon for crop producoon. However,

It 13 not good to suppress reapiration smee plants produce ATP through respiraton and use it
m all of their phy=siological acovity.




SUP Crop Assimilation / Net Photosynthesis

Without CO, enrichment
ACH=20 is better
Due to higher indoor CO,
concentration and higher
assimilation rate

400 vpm

& M

g 40kgha'h

132 kg ha'h’ ACH=3 h"!

125 kg ha'h
'
3

I 1

-
vpm
! » LA M X w
ey —n W 4 / | o Y
igron |G TS 4 &S TED

ACH=20 h-!

with CO, enrichment
ACH=3 is better
Due to higher indoor CO,
concentration and higher
assimilation rate

-

Height of GH: 6 m, Max Assimilation rate: 72 kg ha-'h-'(2 mg m-#%-1)
Outdoor CO, concentration: 400 vpm



CO, absorption = Photosynthesis — (Photorespiration + Dark respiration)

COy release COz abzorption
ﬁ-

-—-_\__;‘___‘___ '

MNet photosynthesis

et photosynthesis 12 equal to the difference between CO2 releasze and CO2 abaorption

Figure B-1 Conceptual diagram to show CO2 balance m plants

Net photosynthesis rate = photosynthesis rate — (Photorespiration rate + Dark respiration rate)




SUP

Dark respiration Photorespiration Photosynthesis

C3 plant yes
C4 plant yes No

CAM plant yes No
Dark period yes No No

When in dark, Net photosynthesis rate = - Dark respiration rate

Net photosynthesis rate = photosynthesis rate — (Photorespiration rate + Dark respiration rate)




area per unit .
Only light within 400 ~ 700 nm 1s used fc
photosynthesis and Is called photosynthetically
active radiation (PAR).

PAR is only about half (0.46) of the total radiatio

sunlight.




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 aatupation point

~ et photosynthesis rate

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

Photosynthetically active radintion
Trradianoe)

""'-.

L
' Light compensation peint

The light compensation/saturation point vary with plants. Figure 82 Light - Net photosyathesis curve
Light compensation point Other
Foliage plants which can be grown indoor Low environmedta
Many crop plant High factors gl§o have
Vegetables such as lettuce, spinach Low influente on
Vine crops such as Tomatoes, cucumbers High ohotfosynthesis.

Plants with low compensation point are more suitable for PFALSs




 In general, net Pn increases when CO2 concentration
Increases in the range of 0 ~ 2000 ppm (0 to 3.92 g/m?)
* Fig. 8-3 is similar to Fig.8-2.
* NoCO2,netPn<0
« COZ2 compensation point: net Pn =0
. In between: net Pn > 0, slope >0 . CO2concentration in the air
» CO2 saturation point: net Pn > 0 and slope = 0 Y . o
. . . . - ' = eompensation ponl
« The light compensation/saturation point vary with plants. o s i RS

= Met photesynthesis rate

07 satugation point
|

» (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




» CO, concentration In the atmosphere Is about 380 ppm.

» The technique to artificially increase CO, concentration in a
closed environment (greenhouse, plant factory, etc.) Is
called CO, enrichment.

* In PFAL, CO, is not supply from the outside air, thus, CO,
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 CO, resource.

NN\




« Photosynthesis is a biochemical reaction Dark pmj
involved with many enzymes. Enzymes Cabsonption) ”&“"
are highly influenced by temperature. s|  OptTofnetPnis
- Fig.8-4 shows response of photosynthesis | | 'overthanoptTof Pn
to temperature (T). \
 Tincreases, Pnincreases due to elevation of enzyme .

Temperature { Leal temperature)

PFAL should be controlled at Opt.T of mp iﬂlﬁmd nthesis rate

Fipure B-4 The mfluence of temperature on photosynthesis and reapiration
(Conceptual diagram)

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 * Influence of temperature on net photosynthesis rate is
environmental factors. quite different from dark respiration rate.

. When dark respiration rate > Net Pn, if condition » Dark respiration rate increase by almost double as T

continue, plants will die rises 10 °C.
' P . ) . « The dark respiration rate increases exponentially as T
* In general, optimum T of corn, rice, melons, tomatoes, rises.

parprika and sunflowers is high, and that of lettuce, - The dark respiration rate consists of growth arid
radish and spinach is low. maintenance respiration.




Air humidity and soil water

Al humidity and so1l water potenoal have mfluence on the water status of plants. Decreasing
water potental m cells suppresses growth of cells and stems. In addinon, if stomata are closed
due to water stress, photosynthesis and transpiratnon are also mfluenced.

However, air humidity and so1l water potental do not have direct mfluence on stomatal

aperture hke nradiance or CO2 concentration do. Therefore, m this simulator, the water
condiion of plants 13 assumed to be normal and there 13 no Water stress.

10) Non-photosynthetic organ

Plants have organs, such as stems and roots, which perform hittle photosynthesis. These
organs do respire, 3o that they cannot be 1gnored when we dizcuss CO2 balance or net
photosynthesis of a whole plant. However, here we focus on only leaves and do not dizcuss
the CO2 balance of a whole plant.
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PHOTOSY



Photosynthesis Is a biochemical reaction. Light energy and CO, 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.

P=Pmax=xGex Gl <G (Equation 9-1)

P : Photosynthesis rate, mg/im2s)

: Maxymum photosynthesis rate, mg/im2s)
(re 202 coefficaent
el : Laght coefficient

: Temperature coefficient




Light coefficient, Gl

. |
{rf = ) % (Equation 9-2)

[

I

(o : Laght coefficaent
KT : Hate constant of wrradiance, WimZ Defines the slope of the curve
Ip : Photosynthetically actave irradiance. Wim?2

When irradiance is very strong, |, is big, Gl is 1

When I, equals KI, Gl is 0.5
Small KI steeper slope




Photosynthetically active radiation and Light coefficient

PAR 0 | 100] 200| 300] 400| 500| 600| 700]| 00| 900| 100(] 110Qy 1200
GI(KI=100) 0.00[0.50{ 0.€7] 0.75{ 0.80] 0.83] 0.8€] 0.88] 0.8% 0.50] 0.51] 0.52] 0.92
GI(KI=200) 0.00/0.230.50[{0.€0{0.€7| 0.71]0.75]0.78] 0.80] 0.82] 0.83] 0.85| 0.8¢
- Simulation
-:_-gi : g ; égg : ix;}:zthpg:zt:::'fnﬁtz:::?};g;et ei:adiance and choose rate constant of irradiance,
1.0
KI 100| GI 0.83
J(__,_,-ﬂ-‘."—'- M —— —
0.8 — ParR | 500| Winf
et P
AR / A Gl=1/(1+100/500)=1/1.2= 0.83
S 0.4
/ K1 200 GI 0.71
a2y par | 500| Winf
/ p
0.0 P i i ; i
0 200 400 600 800 o0 1200 GI=1/(1+200/500)=1/1.4 =0.71
PAR, Wini ‘ 52
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CO, coefficient, Gc

I

| + ke (Equation 10-1)
0nee

(re : CO2 coefficient

Five : Rate constant of COZ2 concentration. mg/ma3

Felvs : C02 concentration in chloroplast. mg/mad

(rc =

Like the rate constant of rradiance, K1 1n Chapter 9, the rate constant. K,
defines the slope of the curve. The equation shows that plants with small Ec
value can have a high photosynthesis rate even if the C0OZ2 concentration 18 low.

A=z COZ concentration, pcc, increaszes, the CO2 coefficient approaches 1. Like
photosynthetically active rradiance in Chapter 9, no matter how high the CO2
concentration 12, the photosynthesiz rate never exceeds the maximum
photosynthes=is rate.




CO2 concentration in chloroplast and CO2 coefficient

COZ2 conc. m chlovoply 0 | 200 400| 600 | B0O | 1000 1200] 1400] 1600] 1800) 2000] Z200| 2400

Cre Zmall g0 o 21| 0. 28| 0. 58| 0. €S| 0. ES| Q. T2 O.TE|O_TE|O_ B0 O 62| 0.B3| 0_85
Gﬂl.ﬂlgl!- .03 o 1% o 210 4|0 25| 0. 52| 0. 58| 0. €| O_ES| D ET| Q€S O TL| O_T72
_ Simulation
=== I: Ec =440 :] Input COZ concentration in chloroplast and rate constant of CO2 concentration,
——Gc( Ec=880) then CO?2 coefficient is calculated.
1.0
Ke 440 | mg/m? Ge 0.7
0.8 ——

/_:_:_r>_,—~'—’~_a COZ2 cone. in chloroplas 500| ppm = 980.0 mg/m?
o // Gc = 1/(1+440/980)=1/1.4489 = 0.70

0.4 // Gc =1/(1+880/980)=1/1.4489 = 0.53

0 400 200 1200 1a00 2000 2400

CO2 conc. 1n chloroplast, mg'm3 55
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TEMPERATUR OE
PHOTOSYNTHESIS



Temperature coefficient, G,

_ ATHa) (Ty+a)*—(Ti+a)*
GT! (Tm +.|:I}4

: Temperature coeflicient

(Equation 11-1)

¢ Leal temperature, °C
: Optimum leal temperature for photosynthesis, *C

: Temperature response constant, °C ‘@’ is large for T insensitive plants

nen Tl equals Tm, G, equals 1

nen Tl decreases from Tm, G+, decreases to 0

nen Tl increases more than Tm, enzyme activities
suddenly decrease and the slope of the curves
descends sharply.




Leaf temperature and Temperature coefficient Given Tm=25, TI=10,
a=5 (plant A)

Leaf temp. 0 3 10 15 20 25 30 35 40
GT1 (Plant A) 0.035 0.21] 0.44 0.91 1.00 0.87 0.40] 0.00 GTI =[2*(1 0+5)2*(25+5)2 -
GT1 (Plant B) 0.16) 0.33 0.55 0.23 1.00 0.91) 0.57 0.000 (10+5)4]/ (25+5)*=0.4375

i
=}
N

|
(=}

|
Simulation
Imput leaf temperature, then temperature coefficient iz calculated.

Cptimum leaf temperature for photosynthesizs and Temperature response constant
can be changed.

l- I:“:l /'\\ Tm QC
0.80 // \\ a Tl © GTI 1.0

;

g - -

% e affiizf E\ —=-Plant A

i 0.40 ~PlantB | | Given Tm=25, TI=10,

k; / \ a=10 (plant B)
o \\ G, =[2*(10+10)2*(25+10)2 -
pogl—— (10+10)%] / (25+10)* = 0.5464

0 S 10 15 20 25 30 39 40
Leaftemperamre.k 58
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PHOTOSYNTHE



Photosynthetic rate can be calculated using eq. 12-1. It Is the driving force
divided by the resistance to diffusion.

The driving force i1s CO, difference between outside and inside of a leaf.
The resistance to diffusion is the sum of aerodynamic resistance, stomatal
resistance and mesophyll resistance to CO.,.

o _F} o T ,ﬂ s /
B R-r:""-l‘.Rl""l‘ Rm* Equaﬂuﬂ 12-1]

P : Photosynthesis rate. mg/im2s) Eac __ ]:!.25 XRRav

pca - COZ2 concentration in the air, mg/m3 lc = = X Ry

pcc - COZ concentration 1n chloroplast, mg/mad Rinc 1S very small, close to 0

Kac :Aerodynamic resistance to C0Z. or Boundary layer resistance, 3/m
Rle :5tomatal resistance to COZ, a3/m
: Mezophyll resistance to COZ, 3/m



Next equation 12-2 expresszes the 1dea that the photosynthesis rate can be
Iimited by rradiance, CO2 concentration, and temperature when they are not
at the optimum values to produce the maxmum photosynthesis rate.

£ K, (Equation 12-4)
[ — | +

FP=Pmax=<{T=

pl L pe

: Photosynthesis rate, mg/im?2s)
Maximum photosynthesis rate, mg/im2s]
: Temperature coefficent, 0 to 1
: Rate constant of rradiance. Wm2
: Photosynthetically active radiation, Wm2
: Rate constant of CO2 concentration. mg/ma
: G002 concentration 1in chloroplast. mg'm3




P= (Peg= Pe)/RC e, from eq.12-1

Define P, =P, * Gy * G,, require Value of P,

P=Pm * p../ (p,. + Kc) ..... from eq.12-4

P Unknown and can be cancelled by substituting eq.12-1 into eq.12-4
P=Pm>* (p,,— P* Rc)/(p,,— P* Rc + Kc)

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

P *pes— P2 * RC +P * Kc = Pm * p_,— P * Rc*Pm
RC * P2 -(p,, +Kc+ Rc*Pm) * P+ Pm * p.. =0

/

0 {u'::' cea 4 J:l-r-!' + R-E'PII-']- "Illlf{ﬂ cea ..Itn..r..' -+ Rd‘Pllr:}: — "I'll'] :.1Jr1_'l._.-_|i|:r|-.-_|

2R (Egquation 12-3)




Photo thesis rate with various irradiance and temperature
e Plant type (Light): std

Temperature.C Plant type (COz) std
0 5 10 15 20 25 30 35 40 CO,: 400 ppm
0| o0.o0] o0.00f o.00] 0.000 o0.00/ o0.00] 0.00 0.00] 0.00 KI =200
g| 200| o0.04f 0.16] 0.32] 0.46| 0.56 0.€0] 0.55| 0.29] 0.00 Kc =440
E| 400| o0.05| o0.200 0.37] 0.53] o0.€3] 0.67] 0.62 0.34] 0.00 Rc not constant
E 600| 0.06] ©0.21] 0.39] 0.56 0.€6) 0.70| 0.€4] 0.36 0.00
800| o0.06| ©0.22| 0.41] 0.57 0.€7] 0.71] 0.66 0.37 0.00
1000 0.06] 0.22] 0.41] o0.58 o0.68 0.72| 0.67] 0.38 0.00 PAR En@TEIU Pn@Ti=2)
1200 o0.06) 0.22] o0.42| o0.58 o0.68] 0.72| o0.67] 0.3 o0.00 200 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

NN

- 0
200
400
T B00
800
1000
1200

Photoaynthesis rate, mg/im’ a)

0.0 * * * - * -
0 5] 10 15 20 25 a0 35 40
Temperature, C



mailto:Pn@Tl=10
mailto:Pn@Tl=20

Simulation Inputtemperature and photosynthetically active irradiance, then photosynthesis rate 1s caleulated. The following values can be changed: the reaction type to
irradiance by plants. the reaction type to CO2 concentration by plants. wind velocity. and CO2 concentration.

Plant Type (Light) Temp. 20]"c PAR 400 | Wint Rav (CO2) 165.0) s/m
Plant Type (CO2) |Std. ~ Wind lim/s Cco2 400 ppm Rlv (CO2) 420.0 s/m

co2 132. 1 mg/ms Inc. of Rlv (CO2) | 174.3 s/m P 0.38 mg/(nrs)
Plant Type (Light) |Std. ~|| Temp. 20|°¢ PAR 200 | Wintd Rav (CO2) 165.0 s/m
Plant Type (CO2) Std. v  Wind lim/s co2 200 ppm Rlv (CO2) 280.0 s/m
- Cco2 132.1 mg/ms Inc. of Rlv (Co2) [ 174.3 s/m P 0.63 mgf.{ur"s].
Plant Type (Light) [low ~| Temp. 20|°c PAR 400 | Wint Rav (CO2) 165.0 s/m

Plant Type (CO2) Std. v  Wind COo2 400 | ppm Rlv (CO2) 140.0 =/m

P

co2 132.1 mg/ms Inc. of Rlv (CO2) [ 1749.3 s/m

0.6% mg/inrs)
7/ 7

Plant Type (Light) |High ~| Temp. °C PAR w.l"lll: Rav (CO2) 163.0 s/m
Plant Type (CO2) low ~]| Wind mfs CcOo2 ppm Rlv (CO2) 420.0 s/m

co2 7132.1 mg/ms Inc. of Rlv (CO2) | 87.2 s/m P 0.61 mg/(nrs)

Plant Type (Light) |Std. ~| Temp. | 20]C PAR | 400|wpr Rav (CO2) - -
Plant Type (C02) Jlow ~| wina [ 1]aws coz [ 490|ppm Riv (CO2) 28000 s /m
co2 132.1 mg/ms Ine. of Rlv (CO2) 87.2/s/m P 0.67 mgf(nrs)
Plant Type (Light) |low ~| Temp. ~~lf] PAR Wf’ltr" Rav (CO2) 163.0 s/m
Plant Type (C02 [low ~| Wina [ 1ass  co2 [ 400|ppm Riv (CO2) 14000 s /m

co2 132.1 mg/ms Inec. of Rlv (CO2) 87.2 s/m P 0.73 mg/(nrs)




due to Wind 1 due to light low std high

Rav 100 RIv RIv RIv
Rac 165 100 200 300
Ric Ric Ric
140 280 420
due fo 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
RIv.inc. Rv=sum of Rav, Rlv, RIv.inc, in s/m
std 124.51 324.5 424.5 524.5

62.25 262.25 362.25 462.25

= light
CO2 std 0.681 0.625

type low 0.718 0.659

P 1IE##

in mg/m2/s



A E C D E F G H [ ] E L I

1 |Fmax 2.35 memis = 846 kofhathr Eao.ca,ppm 4DD|Rao.ca,mgfm3 ?32.1'

2 due to temperature Tl, deg.C 20 Tm= 25 3 5

3 Tl+a 25 Tm+a 30 Gl 091

4 light type El low EI =td EI high due to Wind 1|due to light low atd hizgh

5 FAR A00 200 200 200 Eav 100 Elv Elv Elv

6 1 067 0.67 0.67 Eac 165 100 200 300

7 Pm=Pmax*Gtl* G, in mg/m2/s 142 f 1.42 1.42 Elc Elc Elc

5 140 250 420

9 |CO2tvpe Ec in mg/m3 |-BE=Rhoca+Ec+Ec*Pm, all in me/m?3 due to COZ Elcine. Ec=sum of Eac, Elc, Elc.dne, in sfm

10 large 440) std 18529 2051.8 22506 std 174.31 479,21 619.31 759.31

11 small 440 lowr 1729.1 1928.0 21268 lowr g87.15 392.15 532.15 672.15

12 Elv.ine. Ev=sum of Rav, Elv, Rlv.inc, in &fm

13 4=Fc std 479.31 619.31 75931 std 124 .51 3245 424.5 524.5

14 lowr 29215 93215 67215 lowr B2 202250 302,255 462,250

15 A¥A* (0 = 4¥REc*Rao.ca*Pm, in (me/m3 0¥ (e/m)* (me/m2s) = (me/m3h2

16 atd| 1993682.17 2076010 3158339 assuming EH=A0% VD _40%EH 6.91

17 low| 1631162.99 2213491 2795820 azsuming Tl=Tair VI 100%REH 17.27 Vs 2.34

18 sqrt(B*2 4 AC), in (me/m3 2 as shown in Chap.7 VDD= 10.26 g/m3

19 atd 11995 1278.2 13809 1036463 meim3

20 lowr 11656 12262 13144 low st high

21 Ti=¥DD/Ev in g/m3*ms atd 21.94 24 .42 19,76

2 Fo[-E-sqrti(BA2-4* A* CVJA2* &), in (medm3)*més = mefm2is S low 3952 2861 2242

23 P EHE st 06381 0.625 0.573 Chap. 7 to derive Tr, tranpiration rate

24 lowr 0.718 0.659 (0.604

25 Simulatiom Inputtemperature and humidity. then transpiration rate is c.aJr.JLn!ed The value of the following eovironmental factors
active irradiance, wind velocity, O07 concentration, the reaction type to irradiance by plants, and the reaction trpe to C

26 P BB light type lowr atd high Blant Type Cighe [P Temp. [ o 1 [ 150wee - ——

27 COZ type std 0,69 0.63 0.58 Plant Type (CO2)  |8td ~ W Uass  coz 400] ppm Riv 0000 /=

28 in mg/m2is Loy 073 067 061 RH | 49y coz [N mgme Inc of Rtv  [H2ANS] s/

Check the Pn_simulation.xlsx for details
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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
CO, is released.

K, is the proportion of photorespiration rate to photosynthesis
rate increases as CO, concentration decreases, and it
decreases as CO, increases as shown below:

Kor =0 when CO, > O, Or C4 plants ........ eq.13-1
I(pr = 'Kpr.max (pca - pcstOp) / pcstop °°°°°° eq°1 3-2

Assumed K, .., =0.5 and p_g,, = 2352 mg/m* (1200 ppm)




CO2 concentration and Photorespiration rate

Plant type is C4, Kpr=0
r. g5 o g€l 0. g1 0. 27| 0 22| o290 23| 0. 20 O_1E) 012 007 Q02| 000 qunt type iS C3' Kpr -
EpriC3) il Ul b el bt M Ml Mol Mol Tl bl Il 0.5%(2352-p.,)/2352

I':P1‘|C'-1} g_ogQ|o_oQlo.oojo.00) o 00| 000 OO0 OO0 O_00 O_00] d_00] 000 O.00 =(2352-pcq)/4704

COZ conc. mg/m? 0 | 200| 400| 00| B0OO | 1000] 1200( 1400] 1600] 1200| 2000{ 2200) 2400

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
400 00 1200 1600 2000 2400 2000 0.07

2200 69.03
0 o
CO2 concmg/m? 2352 0.00




Simulation
Input CO2 concentration after choosing a plant type, then photorespiration rate
1s calculated.

Plant types |C4 ~

CO02 conc.

Plant types C3 V

CO2 conec.

400 |ppm | 784.0 mg/m® Kpr

Simulation
Imput CO2 concentration after choosing a plant type| then photorespiration rate
iz calculated.

— Kpr * photosynthetic rate

Plant tvpes

..........................

800 |ppm 1568.0 mg/m?®

..........................

CO2 cone. KEpr

Simulation
Imput CO2 concentration after choosing a plant type, then photorespiration rate
iz caloulated.

Plant types |C4

Plant types C3 ~

1000 |ppm 1860.0 mg/m?

C0O2 conc.

COZ2 cone. Epr

400 ([ppm

784.0 mg/ms

PPM

Rho.ca Kprof C3

0
100
200
300
400
500
600
/700
800
700

1000
1100
1200

1000 |ppm 1860.0 mg/m?

0.00

Epr

0.50
0.46
0.42
0.38
0.33
0.29
0.25
0.21
0.17
0.13
0.08
0.04
0.00

Epr
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DARK RESPIRA

\_/



« Dark respiration is a physiological function needed to
maintain living organisms. It is greatly influenced by
Temperature, but not CO, 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.

« Q10in here equals 2.

=20
11 )

[
Rd=Rd1|} X Q 10 (Equation 14-1)

Rd : Dark respiration rate, mg/m-s

Ry @ Dark respiration rate at 20°C, mg/m?s



Temperature and Dark respiration rate

(Rd20=0.07)

Temp. 0 B 10 15 20 25 30 35 40

Rd. mg/inrs) 0.02( 0.02 0.04 o0.09 o0.07 0.100 0.14) o0.200 0.28 |
Simulation

0.3

y

0.2

7

Bd, mgilm a)

0.

q. . . . . .
15 20 23 30 33

10

Te mperamreTE

40

Input dark respiration rate at 20 C and temperature, then dark respiration rate is calculat

Rd20 [ 007] mg/(nrs)

Temp.j' 20| ‘c

|
Given Rd20 = 0.07

Rd 0.07 mg/inrs)

Rd@40 C = 0.07*2A((40-20)/10) = 0.28
Rd@30 C = 0.07*2A1 =0.14

Rd@20 C = 0.07*2A0 = 0.07

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

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

Rd@ 0 C =0.07*2A-2 = 0.0175




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

AND PHOTOSYNTHE



By synthesizing what we have dizcussed. transpiraton rate. photosynthesis rate, photorespiraton rate, dark respiration rate, and net photosynthesis rate at 4 paricular iemperatire,
C02 concentranion, and nradiance can be calculated. In addinon. mn the calculation process, stomatal resisiance to water vapor and CO2, asrodynamic resisiance, temperature coefiicient of
photosynthesis, ight coefficient, and CO2 coefficient can be obtamed.

It i= very important to know the rate of transpiration and photosynthesiz performed by plants in a plant factory or a greenhouze. It i3 alzo important to understand the quantitative changes
I transpiration and photosynthesis when environmental conditions are changed.

MNow, let’s iry to simulate transpiraiion rate and net photosynthesis rate by mputime data of temperature, relatove humidity, wind velooty, nradiance, and COZ? conceniraiion.

Simulation

Temp. 20|°c Vpd 6.9 mg/m?
RH 401 0 Rlv 200.0 s/m Transpiration 24.42 mg/(nfs)
PAR 500 | Wint Rav 100.0 s/m
Wind 1] m/fs Inc. of Rlv 124.5 s/m
co2 mppm: 732.1 mg/m3
X 1.83 why not 1.96 Plant types [C3 v Kpr from Chdp.1 3
Plant type (light) Std. ¥ CO2cone. | 400|ppm 78400 mg/m®  Kpr 0.33
Plant type (CO2) Std. ~
Kl 100| wWint GI 0.83
Ke 440| mg/m? Ge 0.00
COZ2 in chloroplast 108.6 ppm= 212.8 mpg/m? Net = Photos. — Photor. — Dark R.
Tm 25| ‘¢ GTI 0.91 Photos. 0.65 mg/(nts)
a 3 Kpr 0.33 Photor. 0.22 mg/(nfs) Photor. =|:’hOTOS-Z;KIOF
Rd (20C) 0.07| mg/(nrs) Dark R. 0.07 mg/(nfs) Net Photos. 0.36 mg/(nfs)




|T1, deg.C 20 EH,% 4G.GG|PmaX 2.35 meim 84.6__|kg fhathr
Tm= 20 a= 5 Tl+a 25 Tm+a A0 due to tempe ol .91
Q0= 2 Rd(200C) 0.07| Dark.Resp.= BA20* Q10N TI-200/11 007
in ppm Eao.ca 400 Eho.co 1086 Epr 0.323|bazed on ppm
in mg/m3 73a.1 2129 ().34|bazed on mg/m3
\1atio 1.83025 196 F—%3% due to Wind 1]due to light low std high
light type  EI low EI =td EI high Eav 100 Elv 100 200 A00
FAR 500 El 200 200 200 Eac 165 Elc 140 280 420
Gl 0.71 0.71 0.71
Pm=Pmaxz*Gil* G, in mg/m2s 1.52 i 1.52 1.52|due tc  Elv.inc. Elcine  |Ev=sum of Rav, Elv, Elv.inc, in s/m
COZ2type |KEc, meg/myGe, for C3|-E=Rho.ca+Ec+Ec*Fm, all in me/m3 std 12451 174,31 std 3245 4245 5245
0326038 4410) O] 19015 21146 23277 low 6,25 87.15 low 262,25 262.25 462,25
0326035 440.00 0] 17689 19820 21950
largel 88(]' 0.19 Ec=sum of Rac, Elc, Elc.inc, in sfm for C3
A=Rc, in s/m std| 47931 £19.21 709,21 st 479,51 619.31 709,51
low| 392.15] 532.15]  672.15] | low 392.15 532.15 672.15 |
4% p¥ 0 =4*¥Bo*Raoca*Fm, in (mefm3)* (/m)* (me/meis) = (me/m3"2 Ve 234 Wds 1727 gfm3
std| 2136083 2760011 3353934 assuming T1=Tair vD_40%EH 6.91 z/m3
low| L74TEYS 2371508 2995521 as shown in Chap.? YVDD= 10,265 g/m?3 10265 mgim?3
sqrt(B*2 -4 AC), in (mg/m3)"2
std| 12165 13082 1426.2 Tr=¥DD/Ev in megfm3/sim) lovwr ated high
low| 1175.3 12476 13500 —mgfmafs std 31.94 24 .42 19.76
P=[-Baqrt (B2 -4* A*¥CO)2* 47, in (me/m3)¥mis = me/m2is lovwr 3952 EAal 22 A2
FEFE st 0.71 0.65 .59
lowr 0.76 069 063 Fhotos. 065 PhotoR .22 PhotoR. = Kpr*Photos.
Dark E. 007
Met PhotoS. 0.36 76

Check the Pn_simulation.xIsx for details
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TRANSPIRATION
PHOTOSYNTHESIS



We are going to simulate transpiration rate and photosynthesiz rate using 24 hour data of temperature. humidity, wind velocity, Irradiance, and CO2 concentration.
Setting environmental conditions for simulation

Read environmental data in G5V format, into the following table or input data manually.

HMote: PAR iz calourated by muloplying nradiance by 0.5. MJ/mZ/h - 10/\6/3600 J/m2/S =277.78 W/m2

Read C3V C3V template Go to JMA Vds Vda Transpiration Photosynthesis Save in C3V Save in C3V and Open
Temp RH Wind | PAR co2 PAR co2 Vpa Vds Rlv Rav Rlv inc. Tr El Ec GT1 Epr Rd Net photoa.
Home CC % m/spwimi| ppm wi | meme &M’ gm’ s/fm s/m s/m mglims) G Gc mpfim’s) mg/(m’s)

o1 [ 1120 1000 220 000 40000 ano 1ad.00 10620 9574 1200 100 133 INi3] anoon 06405 06B239 03333 a.03a¥  -00aay
02| 1140 42000 a0 ) 000§ 40000 ano ad.0n 10,260 94349 1200 100 133 nh7y anoon0 06405 0hOB4 03333 00386  -00386
03 | 1030 85000 130 000} 40000 0.00 784.00 9573 9.094 1200 100 123 0.33 0.0000 06405 04525 03333 0.0357  -0D0357
04 | 360 600 0RO 000 40000 ano 18400 91567 a.74a0 1200 140 133 025 anoon 06405 041FE 03333 0.0340  -00340
o5 | 1000 700 2RO} OM 40000 278 1ad.00 9452 9.164 1165 100 133 n.20 Q0137 06405 04425 03333 a.03gs2  -0o0ant
o6 | 1120 84000 120 029 400000 f111 78400 10.132 9524 436 100 123 0.91 0.2340 06405 04982 03323 0.0380 00547
o7 | 1310 8300 2.10| OAG | 40000 13333  734.00 11,406 9467 200 100 123 447 04783 06405 06966 0.3333 0.0434 01725
o8 [ 1530 GaO0) 220 166 | 400001 4F111 1ad.00 13037 9.20h 200 100 133 1000 06975 06406 07351 03333 00827 02943
o | 1820 GO0 140} 23T 40000 gRESS FR400 15629 9346 200 100 133 13.34 07670 06405 08426 03333 00622 03464
10| 1830 §800 ) 120 a3 | 40000 89389 78400 16.580 9616 200 100 123 1607 08027 06405 08317 03323 0.0667  0.2EER
11| 2030 43000 230 03| 400000 gR833  7R4.00 17680 a438 200 100 133 21.10 08110 06405 09166 03333 an¥1e  0ave1
12| 2140 43000 270 227 400000 4§33 7a4.00 18.740 a.058 200 100 133 M Gh 08195 06406 0949 03333 .07 n3s1a
13 2150 “rpoo) a0 30 40000 gREERG FR4.00 15.953 LR 200 100 133 2581 08105 06405 09543 03333 anvar  pave?
14 | 2140 38000 400 2Fe | 40000 37293 72400 18.740 7121 200 100 123 2681 0.7943 06405 09491 03333 00771 02733
15 | 2100 45000 440 205 | 40000 RROA4 TR400 18311 8.0 200 100 133 2324 07401 ne405 0433 03333 a.0ve0  0.3k30
16 | 2170 4200 3F00 1RO 40000 A4444  FE400 19.067 9152 200 100 133 2248 06897 06405 09RGE 03333 a0vas 03365
17 | 1960 G000 | 400 103 | 400000 22511 78400 16874 10125 200 100 123 15568 05886 06405 08927 03323 00681 02857
18 | 1830 G300 | 410 037 | 40000 10273  734.00 16620 10628 200 100 123 1164 0.3394 06405 08426 03383 00622 01544
13 | 1750 FA000 30 002 40000 il 1ad.00 14802 10.730 1131 100 133 306 Q0230 06405 08086 03333 0.0589  -00407
20| 1630 FeO0) TF0 ) 000§ 40000 ano ad.0n 14377 10926 1200 100 133 241 anoon  oe405 0818 03333 0.0565%  -006G5
21 | 1600 TTOOY a0 000 40000 0.00 784.00 13619 10487 1200 100 123 2.19 0.0000 06405 07399 03333 00531 ~pgss
22 [ 1500 81000 280 000 40000 ano 18400 12817 10382 1200 100 133 1.70 anoono 06405 0GE9T4 03333 a.0495  -00495
23 [ 1430 82000 220 000 40000 ano 1ad.00 12739 10446 1200 100 133 1.60 anoon 06405 DARE4 03333 0492 -00492
24 | 1420 8300 250 00O} 40000 000 784.00 12662 10509 1200 100 123 150 0.0000 06405  0GS1H 03323 0.0488  -00488




4 A B | ¢ | b | E | F | 6 | H | 1 | 1 | K |'L | M | N [ O | P | QO | R | § | T | U | V | W | X | Y | Z |_
1 |[Assumption Pmax=  3.12314 Ql0= 2 Rd20C)= 0.07 Ke= 440 PhotoRespeP} Dark.Resp AlsRe :
2 |hrmn Temp..”C RH%  Windm/s PAR MU CO2pem PAR Wit CO2 mgin Vps.gimd Vs, g3 Vd,gm3 Rlv, sim Ravsm  Rlvincsi Trimgimss Gl G GT1 Kpr Rdmgim3 Rac Rle Rleinc  Re Pm -B=Rho.c::
3| 1 11.8 91 2.3 0 400 0.00 784 1.3% 10,52 9.57 1200 100 133 0.60 0 06405 05280 03333 00397 165 1680 186.667 2031.67 0 1224
4| 2 114 92 2.1 0 400 0.00 784 1.35 10.26 9.44 1200 100 133 0.57 0 06405 05084 03333 00386 165 1680 186.667 2031.67 0 1224
5 | 3 10.3 93 1.9 0 400 0.00 784 1.25 9.57 9.09 1200 100 133 0.33 0 06405 04525 03333 00357 165 1680 186.667 2031.67 0 1224
6 | 4 9.6 96 0.6 0 400 0.00 784 1.20 9.16 8.79 1200 140 133 0.25 0 06405 04176 03333 00340 231 1680 186.667 2007.67 0 1224
7| 5 10.1 97 26 0.01 400 278 784 1.24 9.45 9.17 1165.28 100 133 020 0.0137 0.6405 04425 03333 00352 165 1631 186.667 198306 0.01213 1248.05
8 | 6 11.2 04 1.2 0.22 400 6111 784 1.33 10.13 932 436.111 100 133 091 023404 06405 04982 0.3333 0.0380 165 611 186.667 962222 0.23324 144843
9| 7 13.1 83 2.1 (.66 4000 183.33 784 1.51 11.41 947 200 100 133 447 0478260 06405 05955 03333 00434 165 2800 186.6607 631.667 056975 1583.89
10 | 8 15.9 68 2.2 1.66 400/ 46111 784 1.81 13.54 9.21 200 100 133 1000 0.69748 0.6405 07351 03333 00527 165 2800 186.607 631.667 10257 18719
11 | 9 18.3 63 14 2.37 400 638.33 784 2.10 15.63 9.85 200 100 133 1334 076699 06405 0.8426 03333 00622 165 280 186.667 631.667 1.29275 2040.59
12 | 10 19.3 38 1.2 293 400 813.80 784 2.24 16.58 9.62 200 100 133 1607 080274 06405 08817 03333 00067 165 2800 186.6607 631.667 141592 2118.39
13 | 11 20.3 48 2.3 3.00 400 838.33 784 2.38 17.58 844 200 100 133 21100 081102 06405 09166 03333 00715 163 280 186.6607 631.667 14871 2163.33
14| 12 21.4 43 2.7 3.27 400, 908.33 784 2.55 18.74 8.06 200 100 133 2465 0.81955 0.6405 09491 03333 00771 165 280 186.667 631.667 1.55602 2206.88
15 | 13 216 41 3.3 3.08 400, 835.50 784 2.58 18.96 7.7 200 100 133 2581 0.81033 0.6405 09543 03333 00782 165 280 186.607 631.667 1.54728 2201.36
16 | 14 214 38 4 278 400, 772.22 784 2.55 18.74 7.12 200 100 133 2081 0.79429  0.6405 09491 03333 00771 163 2800 186.667 631.667) 150805 2176.59
17 15 21 45 44 2.05 400 569.44 784 2.49 18.31 8.24 200 100 133 2324 0.74007 0.6405 09381 03333 00750 165 280 186.667 631.667 138876 2101.23
18 | 16 21.9 48 3.7 1.6 4000 444.44 784 2.60 19.07 9.15 200 100 133 2288 0.68066  0.6405 009568 0.3333  0.0788 165 280 186.667 631.667 131998 2057.79
19 | 17 19.6 60 4 1.03 400/ 286.11 784 2.28 16.87 10.12 200 100 133 1558 (.58857 0.6405  0.8927  0.3333 00681 165 2800 186.607 631.6607 103104 1887.91
20 | 18 18.3 68 4.1 0.37 4000 10278 784 2.10 15.63 10.63 200 100 133 1154 0.33945 0.6405  0.8426 03333 00622 165 280 186.607 0631.667 057214 15854
21 19 17.5 72 3.1 0.02 400 5.56 784 2.00 14.90 10,73 1130.56 100 133 .06 0.02703 0.6405  0.8086 03333 005890 165 158278 186.667 193444 0.04372) 1308.57
22 20 16.9 76 2.1 0 400 0.00 784 1.93 14.38 10.93 1200 100 133 241 0 06405 07818 03333 00565 165 1680 186.667 2031.67 0 1224
23| 21 16 71 2.1 0 400 0.00 784 1.82 13.62 10.49 1200 100 133 2.19 0 06405 07399 03333 00531 165 1680 186.667 2031.67 0 1224
24 | 22 15 81 2.6 0 400 0.00 784 1.71 12.82 10.38 1200 100 133 1.70 0 06405 06914 03333 00495 165 1680 186.667 2031.67 0 1224
25 | 23 14.9 82 2.2 0 400 0.00 784 1.69 12.74 10.45 1200 100 133 1.60 0 06405 06864 03333 004920 165 1680 186.667 2031.67 0 1224
26 | 24 14.8 83 2.5 0 400 0.00 784 1.68 12.66 10.51 1200 100 133 1.50 0 06405 06815 03333 00488 165 1680 186.667 2031.67 0 1224
| chap12 | chap15 | chap16.24hr | @ oy

Check the Pn_simulation.xlsx for details




A A AA AB AC Al AE | AF AG | AH | Al Al | AK | AL | AM | AN | AD AP AQ | AR AS | AT AU | AV | A
1 Assumplicd*A*C P=(B-saqr(B"2-4AC)VIA

2 hrmn 4*Re*Rhoca' BA2-4A0  PhotoS mefims: PhotoRes) Net PhoioS. Temp EH Wind PAR CO2 PAR CO2 Vp= Vs Elv Har Elv inc Tr El Ee aTl Epr BEd  Ket photos.
i 1| 0 1498176 0 0 00397 g *C % m/s Mish ppm W' mgme &M €M s/m s/m s/m mgflm) mgflm’s) mg/m’s)
4 2 0 1498176 0 0 00386 | o1 [1180] sio0[ 220] ooo| 40000) Qoo 7ee00 10520 9574 1200 100 123 066 00000 0405 05269 03933 00367 -00397
5] 3 0 1498176 0 0 Q0357 | o2 1140| s200| 290| ono| 40000| ggo 78400 10260 9439 1200 100 133 057 00000 06405 05084 03333 00386  -003%6
6 4 0 1498176 0 0 00340 | ca|t1o30| s=so0| 180 O0O| 40000 ggo 78400 9573 9094 1200 100 133 033  00OOD  DG&D5 04525 05333 00857  -00357
T 5 75411 1482210 0007712 | (.00257 00301 | o4 980 96D0| 060| 00O| 40000, Qo0 79600 9057 870 1200 140 193 025 00000 05405 04176 02333 00380 -0.0340
8 & 703799 1394138 01391 | (04637 00547 | os|1o10| s7oo| 20| oo1| 40000 27§ 78400 9452 9169 1165 100 139 020 00137 06405 04425 03333 00352  -00301
g 7 1128624 1380002 0323841 | 0.10795 (1725 | o8 [1120| 94p0| 120| 0ar| 40000 G111 76400 10122 9524 436 100 123 081 0230 05406 04982 02333 00380 00547
10 8 MIIEIT 1472196 (521788 L17%76 (.204% o7 | 1310 300 240 066 | 40000 15333 7RA00 1406 9467 200 100 133 147 DA4783 06405 05955 03333 n0a3s 01725
1 0 2560823 IEBIS0 0612998 | 0.20433 03461 | C8[15%0] seso] 220] 1ss] 40000 4111 78400 12537 9205 200 100 133 1000 06975 0405 07351 03333 00527 02948

o . os (1830 6300| 140 237 40000 g5g3s 78400 15620 9846 200 100 133 1334 07670 06405 08426 03333 00622 03464
ﬁ :[1] f:t;;:;? }';":ii? E;;ﬁ 3;5’?1 3;?2: 101830 5a00| 120| 283 | 40000 gizgy 78400 16580 9616 200 100 139 1607 08027 0S40 08817 (03392 00667 03666
E el SO AR e =i2s g f2030] 4300| 230| 309 40000 g54335 78400 17580  §438 200 100 133 2110 08110 06405 09166 03333 00715 03751
14 12) 3082326 1788013 (688431 | 0.22948 U318 | 4q[2140 4300| 270| 327 | 40000) gpgas 78400 18740 BOSE 200 100 138 2455 08195 06405 09431 03388 00771 038IE
15 13| 3065015 1780990 0.686143 | 0.22871 03921 | 3 [mie0| s100] 330 30e| 40000 gE556 78400 18958 7773 200 100 133 3581 02105 06405 09563 02333 007Er 03792
16 14 2987311 1750217 0675695 | 0.22523 03733 | 14| 21a0| 3300| 400 27| 40000 77232 73400 B0 7121 200 100 153 DER1 07943 06405 09491 039338 00771 03738
17 15 2751007 1664179 0.642114 | 0.21404 03531 | 192100 4500| 440| 205 40000 G044 TE400 18311 80 200 100 133 2324 07401 06405 09381 03333 00760 03530
18 16 2614765 1619734 0621453 | 020715 03355 | 18| 2170| as00| 370 160| 40000| 4e444 78400 19067 9152 200 100 133 2088 06BS7 06405 09568 03333 00788 03355
19 170 20R014 1482181 (0530706 01769 (2857 | 17[1980| 60DO| 400| 103 | 40000 2611 78400 16874 10125 200 100 123 1662 05886 08405 08407 02333 00681 02857
M0 1% 1133352 1380143 0325018 (L10834 (L1545 18 | 1830 G300 400 037 | 40000 027§ 7RA00 15629 10628 200 100 133 1154 03394 06405 D426 03333 00622 01544
a1 ™ 6508 1447145 0027294 0.0001 ooy | 1@ [780] 7200 310 ope| 40000] 656 78400 14902 10730 1131 100 123 206 00270 06406 08085 032333 00580  -0.0407
7 20 0 1498176 o 0 00565 | | ©|1620] 7eo0] 270] oco] <cooo] ggo 78400 14377 10926 1200 100 133 241 00000 06405 07818 03333 00565  -0.0565
= N o 1408176 " ) oosa| | 1 e%e] _7reo[aie| om0 | m0m0 | om0 78400 12619 10487 1200 100 123 219 00000 O0S406 07399 02333 00531  -00531
2] ;2 o 1408176 " ) 'U'{ :4;15 22 (1500 @100| 260| ooo| 40000| Qg0 78400 12817 10382 1200 100 133 170 00000 06405 06014 03333 00495  -0.0495
J - : - 221430 s200| 220 ooo| 40000 Qoo 78400 12730 10446 1200 100 193 160 00000 06405 06864 03333 00492 -00452
= = 0 1498176 0 O D492 | 94 [7es0| eao0| 250| 00O| 40000 g0 7R400 12662 10508 1200 100 133 150 00000 06405 06915 03333 00488 -0.0488
% 24 0 1498176 0 0 00488
| chap12 | chap15 | chap16.24hr | @

Check the Pn_simulation.xlsx for details
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PLANT FACTOR



Plant Factories with Arlificial 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 pmol/m?2/s or 40 to 70 W/m?2 of PAR is
provided for leafy vegetables such as lettuce agd
spinach.

N




* In PFAL, CO, enrichment is required. CO, is
supplied as liquefied CO,, controlled with a
solenoid valve while monitoring CO, concentration.

* PFALs normally much smaller than greenhouses,

CO2 is not provided by burning gas or kerosene.

« Usually CO2in 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.




In PFAL, nuirient solution is provided in the
rhizosphere through circulating system.

The water with dissolved nutrients is absorbed by
plants and then franspired 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 shelvesin 5to 10
layers to maximize production per unit floor area.
There are culture solution flows on each shelf and
the light sources above each shelf.

NV
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LIGHTINC



« ltis always important o 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:

Distance between lights and plants.

Presence of light reflectors.

Performance of light reflectors

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.

A

X

/7

FxlUxMxn Coefficient of utalization can be obtained froma chart of coefficent of
= (Equation 18-1)
R4

: Average light intensity. Ix R [oX RH’
! Luminous outputs per lamp, Im R s 7

utihization with miven room 1ndex and reflection ratio.

: Coefficient of utilization Ra x (R.i:, + Rﬁ) (Equation 18-

: Maintenance factor R : Room 1ndex
: Number of lamps. number

: Culture area, m? R, Ry Ry: Room length, width, height, m

92



(%]
-
(-
[
=

WL ; :
2240 lux= PPFD Simulation
T 40 | vy
Fluorescent lamp 5000K  30.22 . WV per lamp = Hiamp
: F 3200 1mNamp
Natural daylight 39.65 r -
Num. of lamps 200 | lamps/room
Halogen lamp 3000K 77.47 Lamps S 2
T 0.8
High CRI LED 6500K 38.6 @ - 9.2
i PPF 25,7 temoldrf s = -
High CRI LED 4000K 39.92 .
J PAR 5.6 WA Culture area 200 m2
HPS 2000K 29.06 .
PPF 20.1 pmolim? s)
Red LED 650 nm 172.14 DAR & & Wimo
A A2 hlts s Total W of lamps 8000 Wiroom
Red+Blue LED 198.76 Q%
|| 7 7
Red+Blue+White LED .~ W - WL (total W of lamps)= W/lamp*n
450+650nm+3500K | «
Th fficient of utilization (U): The % of light irradiated from light hes th = 40 #200=8000 W
e coefficient of utilization (U): The % of light irradiated from light sources reaches the _
surface of plants. It is estimated 70% in efficient PAL. E = (F UM n)/RA
The maintenance factor (M) accounts for deterioration of light sources by aging. A = 3500*0.8*0.8*200/200
number of 60% for fluorescent lamps that have been used for a few year.

= 2240 Im/m?= 2240 lux

PPF = E/87 = 25.7 umol/m?2/s°
assumed that 87 Ixi1sequal to 1 gmolim2 s)or 0.218 Wm2. § PAR=PPF/4.589 = 5.6 W/m?

Fluorescent lamp only
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Cv

Cs=Cv+Cr

r {
€S :Rate of CO2 addition toaroom mglsroom) | 2= 0 mglts room

CN  :Net photosynthesis rate In a room, mg/(z ruuui.l Cs
CV  :Rate of CO2 releaze by ventilation, mg/(s ruumJ

Yodudndede

3.0 mgis room

===

5.0 mgiis room




Net Pn in a room (C.) is calculated by
multiplying the net Pn per leaf area (P, in
mg/m?2/s) by total leaf area of plants in the
room (L, m2/room).

Cp=Py*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.

Y



Cv=PyvxL =P, xLA.plt x Num.plt

PN :Net photosynthesis rate per leave area, mg/im?2z)
L : Total leaf area in a room, m2/room

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

CI’ZHH(ﬂrm—,ﬂmu}KE

A : Ventilation rate, 1/h

Vr : Interior Volume

peain - Inside COZ concentration. mg'ma3
pcaout - Qutside CO2 concentration. megmd

I Cv =0.02*(1799.5-733)*500 / 3600
= 2.9625 mg/s

C,=C,+ Cy=2+ 2.96=4.96 mg/s

Lamps Cr 3.0 meis room
[P -.:}
a
e gap
:':"-.r 2 . 0 m=is room)
Cs 5.0 m=is room
Humidifier Sl
| Q
Simulation
LA per plant 0.02 | mZ/plant Num. of plants | 100| plants/room
Room length 10)m Roomwidth| 10|m Room height 9m
Room volume 200. 0 miroom A 0.02]| 1/h
1) Room net photos. rate(CN) 2.0 mg/(= room)
Net photos. rate per unit leaf area 1.0| mg/im? s)
2) CO?2 loss by ventiration(CV) 3.0 mg/(s room)
CO2 conc. in 1000 | ppm 178959.5 mg'm3
97
CO2 conc. out 380 | ppm 133.0 mgm3
3) CO?2 supply to reom(CS) 5.0 mg/(s room)
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Lamps Fw| 43.6mg/(s r

I+ H=D+FVw

D 0.0mg/ (3 room) I 2.0 mg/ (3 room)

Tr=TrxL
Ir : Transpiration rate per leaf area. mg/im? )
H dl.e mg/ (3 room) L : Total leaf area of a room, m2/room

I F = ot f— .4
. , Vir = Ax (Vdw—Vdue) x Vs
Humidifier A : Ventilation Rate, Ih
Vadin  :Inside water vapor density. mgmd
|_ Vdout :QOutside water vapor density. mg/m3d

Vr : Interior volume, m3




S1mulation

Temp. in 23|C RHin 80(% Vdsin 18.4 gm3 =23.01 *0.8
_ I
Temp. out (G RHout 40|y  Vds out 2.7 gmd =479 *0.4
LA per plant 0.02| m2/plant MNum. of plantz| 100 plants/room
Room length 10/m Roomwidth| 10/m Room height 2| m
Room volume 200.0 m2room A 0.02(1/h
1) Transpiration rate of room(TR) 2.0 mg'(= room) :
Temperature,C
TR per unit leaf area 1.0| mg/(m? =) 0 s| 1o0] 15| 20| 25
" 0 .00 0.00 0.00 .00 0.00 0.00
2} Water loss by ventiration! VW) 43.8 mg/is room) £ 20| o0.97 1.3¢] 1.88] 2.56] 3.45 4.60
a 40 1.594 2.72 3.76 5.13 0.91 9.20
3) Humidfication(H) 41 .6 mg/(= room) a| 60| 2.91] a.08 5.64] 7.69 10.36] 13.81
o i E a0 3.87 5.43 T.5l] 10.25%] 13.82] 13.41
4) Dehumidification(D) 0.0 mg/(s room) % | j00| 4.84] 6.79] a.39] 12.82] 17.27

To.=Tr*L=1%*2=2mg/(s.room)

V, = 0.02%(18.4-2.7)*500/3600 = 0.0436 g/(s.room) = 43.6 mg/(s.rooffi)

TR+H=D+Vw, 2+ H=D +43.4, D=0 (no dehumidification), H =43.6 -2 =41.6
I
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== Chiba University e-learning System — e

Chapter 21 - Energy Balance

The figure on the right side of thiz page shows the energy balance in a plant
factory. There are two kinds of heat. sensible heat and latent heat, and
together they are called enthalpy. Senzible heat iz proportional to the
temperature, and latent heat is proportional to the water vapor density. The
enthalpy of dry air iz equal to the zenzible heat of the dry air, and the reference
point of the temperature 13 0 C. Therefore, the enthalpy of dry air at 0 C 13 zero.
The zensible heat of 1kg air i= obtained by Equation 21-1. The latent heat of
1kg air iz calculated by Equation 21-2.

' ‘ Lamps
Qv aap

Qse QLp Qo
==
Hs=Txep (Equation 21-1)

Humidifier

*+ 1
HS  :Sensible Heat, Jikg i,
T : Temperature, C Wk %;E We
* Conversion from Jig to Jkeg 1z 1000 kg B - - i 1
e | Qe
1

N

Hr =Wy =xVax

. (Equation 21-2)
0 air . Simulation

HT. : Latent Heat, Jkg Temp. in C BHin % LA per plant mZ/plant
Wx - Vaporization Heat of Water. J/kg Temp. out C RHout % Num. of plants plants/room
INF

Vd :Water Vapor Denszity, ke'ma

i i . Lamp type w Total W of lamps | 2000 | Wircom
pamr t Adr Den=ity, kp'm3 =
Foom length 10lm Room width m Room height m
It 1= azsumed that both the temperature and the water vapor density inside of Boom volume S00.0 md froom A 1h
a pla_.ut factory are higher than that of the outside. Under such uunl:hn_uns-_. both Heat production by lamps(Q@SL) 511847 J/(s room)
zensihle heat and latent heat escape from walls and gaps to the outside.
Therefore, Influx of heat to a room 1s electrical energy alone. There are three Short wave radiation(S) 1231.1 J/(s room)
Ekinds of heat loss to the outside: conduction heat which is proportional to the Long wave radiation(L) 1650.2 J/(s room)
temperature difference hetween the ms_.:tde a.ud _mJ.ts:Lde_. heat _b:.' ?rennlanun eat loss by ventiration(@V) 17620 J/(s room)
through gaps. and exhaust heat from air conditioners. When n=ide
temperature iz maintained constant, equation 21-3 expresses the heat balance Heat loss by conduction(QC) 800.0 J/(s room)
et o Heat carried away by ACIQA) 7024.0 J/(= room)

PP - s e




There are two kinds of heat, together they are WL - Electrical energy supphed to lamps, Jis

called enthalpy' e : Electrical energy supplied to other equipment 1n a room. J/s
. ) . : Heat by ventilation, J/s
1. Sensible heat of 1 kg air Qv :Heat by venhlation
. (s : Conduction heat. J/s
Hs (in J/kg) =T x Cp | : .
. &= : Exhaust heat from air conditioners, J/s
2. Latent heat of 1 kg air:
I'IL (m J/kg) =Wx xVd /pqir = Wx * AH Heat produced by lamps 12 equal to the power consumption of the lampsz. The
HS - Sensible Heat. Jike heat consists of light energy and the sensible heat produced by the heated
T : Temperature, C lamps. Light energy 12 composed of shortwave radiation. with shorter than

* Conversion from Jig to J/kg 1= 1000 glkg 2000 to 3000 nm wave length. and long-wave radiation. with longer wave

length than that.

HL :Latent Heat, Jke
= : Vaporization Heat of Water, Jkg Light illuminatesz leaves and walls, 12 abzorbed by them, and finally releazed
d : Water Vapor Density, kg/m3 az zenzible heat.

SN

pair » Adr Density, kg'm3

Wt = QE.[ +S5+ L (Equation 21-4)

Assumed T and Vd in a PFAL are higher than

outside, thus Hs and HL escape from walls QST  :Amount of heat production by lamps, J/s
and gaps to outside. L : Amount of energy of shortwave radiation, J/s
Influx of the heat to PFAL is electrical energy L : Amount of energy of long-wave radiation, J/s

alone (W, and W,).
When indoor T keep constant, the heat
balance can be expressed as follows:

‘ Wi +We=0vr+0:+Qa

Electrical equipment other than lamps alzo produces heat. which 1= equal to

the power consumption of the equapment. Electrical equipment such as indoor

equipment of air conditioners and 1rrigation pumps 1n & room can be ]hggtt

SOUICES.



Water vapor in the air has heat. which 13 called latent heat. The heat 1= drawn
from leaves as vaporization heat by tranzpiration. It can be con=idered that a
part of the sensible heat 1= converted into latent heat through transpiration.
Therefore, the total amount of heat in a room 13 not affected by the amount of
transpiration by plantz. On the other hand. when there 12 no plant and no
transpiration in & room. 2ensible heat should be less than it would be wath
plants becanse a part of light energy absorbed by leaves changes into latent
heat. Lezs zensible heat causes lower temperature. That 1=. franspiration
works to decrease the temperature through transforming sensible heat into
latent heat.

Conduction heat flux iz proportional to wall area and heat conduction
coefficient. As sensible heat. ventilation heat flux 1= proportional to the
temperature dafference between mm=side and out=ide. A= latent heat, 1t 1=
proportional to the difference of water vapor density between inside and
outzide. Conzidering both zenzible and latent heat. it can be zaid that the
amount of ventilation heat iz proportional to the enthalpy difference between
mz1de and outside.

(Equation 21-5)

Q¢=(Tm—TMI)}{KFFHAr

Tin :Inside temperature, C

Tout : Outside temperature, C

Kw : Heat conduction coefficient. J/iz m2 C)
Ar zwall, ceiling, and floor area. m?2

Heat conduction coefficient, which 1= the proportional constant of conduction
heat flux, exprezses heat conductivaty through walls.

Conduction heat flux per 1 m2 wall 12 calenlated by multiplying the
temperature difference between inside and outside by the heat conduction
coefficnent. Conduction heat flux of a whole plant factory 1= obtained by
multipliing the calculated flux by the wall area of the factory.

In order to calculate ventilation heat flux. first multiply the enthalpy difference
between 1n=i1de and out=ide by the density of air. This calculation provides the
enthalpy difference per volume of air. By multaplying the caleulated value and
the volume of a whole plant factory together, the ventilation heat flux
associated with ventilating a room thoroughly 1= obtained. However, in reality.
only a part of the air 1n a room can be ventilated in a certain period of time. so
the ventilation heat flux per hour i1z obtained by multiplying the calculated
value by the number of times the room air 18 exchanged each hour.

QF:(Em—EME)HﬂmrKAKE

(Equation 21-6)

Ein :Inside enthalpy. J'ke
Eout : Outside enthalpy. J'ke
A : Ventalation rate. 1/h
Vr : Volume of a room, m3

Energy provided to a room 12 lost to the outside by conduction and ventilation.
If there 12 energy remaining after conduction and ventilation. 1t muat be
exhanated by air conditioners. The remaining energy, 1.€. ENeroy tPGt must be

) . ] ] 4
released by air conditioners. i= calculated by subtracting energy lost by
conduction and ventilation from provided energy.







S1mulation

Temp. 1n 22|C RHin 80| %5 LA per plant 0.02| m%plant
Temp. out 2|C RHout 40| % Num. of plants 100 | plants/room
Lamp type INF o Total W of lamps | 2000 | Wircom
Room length 10|m Room width 10| m Room height 2| m

Room volume 500.0 mi /room A 0.02(1/h

Heat production by lamps(QSL) 3118.7 Jis room)  ngige enthalpy = 65.81

Short wave radiation(S) 1231.1 J/(= room) Outside = 10.42 kJ/kg
Long wave radiati 1650.2 J/ Q, = (65.81-
ST T s room) VT 174500%0.02/3.6 =
Heat losz by ventilation (§V) 176.0 J/=z room) 178 J/(sroom)
Qc=(25-5)*Kw*(400) = 800
Heat loss by conduction(@C) 200.0 Ji=zroom)  Assuming Kw=0.1

) Q,=8000-178-800 = 7022
Heat carried away by ACIQA) 7024.0 J/(= room) 106
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— Plant — COZ Balance
Plant type (light) Std. ~ Plant type (CO2) |Std. w Density of CO, CO?2 supply to room(CS) 3.0 mg/(= room)
Kl 100 GI 0.10 At 0°C:1.977 Net photos. rate in a room(CN) | 0.1 mg/(s room)
Ee 0| mgm® Ge 0.79 at 5 C: 1.928947 CO2 loss by ventiration(CV) 3.0 mg/is room)
CO? in chloroplast | 848.7 ppm =1663.4 mgm? At 25°C: 1.795 Cs=Cn+Cr
Tm 25| °C GT1 1.00 Photosynthesiz = 0.16 mg/(n’s) _
- 5 Kpr 0.12 Photorespiration . 0.02 mg/(nr's)
Rd (20C) 0.07| mglinrs)Rd 0.10 mg/(nrs) Net Photos. 0.04 mg/(nrs) — Water Balance

— Environment Transpiration rate of room(TR) 6.3 mg/(s room)
Temp. 1n 25| ' EHin 80| 9 Vdsin 18.4 g'm3 Humidification(H) 37.3 mg/(= room)
Temp. out 53 'C RH out 40| o5 Vds= out 2.7 gm3 Water loss by ventiration( VW) 43.6 me(= room)
CO2in 1000| ppm 71798.5 mg/m® Rlv 1059.7 s/m Dehumidification(D) 0.0 mg/(s room)
CO2 out 380 ppm 7 733.0 mg/m® Rav 100.0 sim TR+ H=D+Vw
Wind 1] mis Inc. of Rlv 306.0 s'm _ _

TR 3.14 mg/(nr's)

— Culture room — Energy Balance
Room length 10| m Room width 10| m Room height o m Total W of lamps 8000 W/room
Room volume 200.0 m3/room Culture area 200( me? A 002 1h Total W of other equipment g0 Wiroom
LA per plant 0.02| m?plantNum. of plantz | 100| plantsiroom Heat loss by ventiration(@V) 176 J/(z room)

— Lighting Heat loss by conduction(@C) 200 J/(s room)
Lamp type INF e Num. of lamps | 200| lampsroom PPF 51.5 pmolim? =) Heat carried away by ACIQA) 7104 J/(= room)
W per lamp 40| Wilamp U 0.8 PAR 11.2 Wim' Wi+ We= QF i Q,_- + Qﬂ
F 3500| Im/lamp M 0.8 Total W of lamp 8000 Wiroom _ I 108
We 80| Wircom
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Simulation of a Plant Factory with Artificial Lighting (PFAL)

CO2 balance

CO2 supply to room (Cg)
Net photos. rate in room (Cy)
CO2 loss by ventilation (Cy)
Co=Cy+Cy

Water balance

Transpiration rate of room (Tg)
Humidification ()

Water loss by ventilation (V)
Dehumidification (D)

TptH=D + Vy

Energy balance assuming k (conductivity of walls) = 0.1
Total W of lamps (W) 8000 Wiroom
Total W of other equipment (Wy) 80 Wiroom
Heat loss by ventilation (Qv) 176.0 Whoom
Heat loss by conduction (Qc) 800 W/room
Heat carry away by AC (Qa) 7104.0 Wiroom

W+ We=0v4Qc+Qu

Plant Pmax= 2.3 Pm= (0.183 -B=Rho.ca+Kc+Rc*Pm 821.73

plant type (light) std Re= 207745 4*Re*Rho.ca*Pm 1741.87

plant type (CO2) std

KI 100 Gl 0.10 0.0003

Ke 440 Ge 0.79

CO2 in chloroplast ~ 848.7 ppm 1663.45 mg/m3 1.96

Tm 25 GTI 1 Photosynthesis (.16 mg/(m2.5)

a 5 Kpr 0.12 Photorespiration 0.02 mg/m2.s)

Rd(20C) 0.07 Rd 0.10 mg/m?2s) Net Photos. 0.04 mg/(m2.5)
Environment density kgenthalpy.d  Vps

Temp. in (0C) 25 RHin (% 80 1.14421 658128 3.17 |Vdin 18.4 g/m3

Temp. out (°C) 5 RH out (¢ 40 1.26744 1042611 0.87 |Vdout 2.7 gim3

CO2 in (ppm) 0 = 1799.5 mg/m3 1.7995 Rlv 1060.0 s/m

CO2 out (ppm) 3B/ = 733.0 mg/m3 | 1.92895 Rav 100.0 s/m

Wind (m/s) 1 mfs [nc. of Rlv 306.0 s/m

TR 3.14 mg/(m2.5)

Culture room

Room length 10 m Room volume 500 m3

Room width 10 m Culture area 200 m2 Leal area per pla 0.02 m2/plt

Room height 5m ACH 002 1h MNumber of plants 100 plt/room

Jamp type INF Number of lamps 200 PPFD 51.50 pmolfm*/s

W per lamp 40 Wiroom U value 0.3 PAR 11.20 Wim?2

F value 35300 Imflamp M value (.3 Total W of lamp: 8000 Wiroom

W of other equip.

80 Wiroom

Conversion ratio [ux/m2 == Wim2

To; eliced by
INF 00 43350
FL 400 K116

Check the Pn_simulation.xlsx for details

3.05 mg/(s.room)
(.08 mg/(s.room)
2.96 mg/(s.room)

6.3 mg/(s.room)
37.3 mg/(s.room)
43.6 mg/(s.room)

() mg/(s.room)

= umolim2fs
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SUP

General equation

E=V=C=hPe
dt

Ventilation V

Humidity inside x .

Condensation C

et G i

P& TranspiationE__

—ap

s.l-‘s-

Transpiration / Assimilation Rate

General equation

V

h

+ S .A:Iv(£—

Ventilation V G:Q

Concentration inside C._

L o
9i:® :CO inj@Lon S

-
g
o 9,

v
f ‘s
.

Assumulatlon A

5 A A
_‘w as 3>~ 2

[

—

Left: water vapor balance, ventilation (V) and condensation (C) can remove
water vapor generated by transpiration (E).
Right: carbon dioxide balance, CO, assimilated (A) is added from outside by

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

111

E-V-C=0 and V+S-A=0 when at steady state.



SUP Energy budget (MJ m-2 y-1)

2.100 through cover

1.10C

2,000 through cover

900 sensible heat 350 sewm\
1000 latept heat 1,650 latgnt heat Lo \

FESE ERES

1,500 heater 1000 heater

reasonably insulated glasshouse in the Netherlands plastic greenhouse in Central ltaly

leun+QIheater = QS T QL e




* (left) RH In The Netherlands is low, thus latent heat (Q, )
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. -

NN




