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AL ; VPD V: i
100 / P 30 apour Pressure Deficit (kPa) b,
L A/ 7 4 ,“' Vapour Pressure Deficit is the difference between
’6?" o 7 A 7 the maximum possible vapour pressure VPsat at
; ""3_ =+ E the current temperature and the actual vapour
{m?’, il T F 25 pressure VP in kilo Pascal (kPa).
c o M °i 3 - :’; % Note that VPD can also mean: Vapour Pressure
. F. = Fi Difference between the Plant and the Inside air. This
Emhﬂ'm’ {kJJ'kg EII‘} ‘*f ___{{ i Eé,n ¥ ] v - = E Vapor Pressure Difference is shown in the column
7 ﬁ@z‘ - - 20 & ‘Difference” between the VP value "Inside” and VP
Absolute Humidity AH (g/kg) or (g/m3) X y 7 ) I F 71 T = value "Plant”. ‘
60 A 1 o uﬂdﬂn o ()
The Absolute Humidity AH is the number of grams Saturation curve (100% RH) A ALVLL VI LY -y b [=
of watervapour that is actual present per kilo of air — L - . !aalg“: — 15 8
or per m3 of air. "/ 7(_" o :: @
. 40 L = - AT E
) ) - - ] i 4 ] "
Humidity Deficit HD (g/kg) or (g/m3) x A 4 207% < 5
AF “TH A = 10 =
Humidity Deficit is the amount of water vapour in ] P [ P =
grams that is needed to achieve full saturation of 1 20 11 4 = - =d = - [
kilo of air or 1 m3 of air at the current temperature, ] ol e = 1 0%
s — — — — — — —t 5
111+ =1 | -~ |41 | —- = .
Enthalpy (kJ/kg) or (kJ/m3) x R R i iy S s e AN Pt P——— "
The Enthalpy in kJ/kg is the energy content of 1 kilo =L = 1 =t 0% The Dawnoint temperature of the air is that
of air in kiloJoule: the energy that is needed to heat  * B = = 0 Po P .
up 1 kilo of air to the current temperature ( sensible 0 5 10 15 20 25 30 35 40 45 50 55 LZTapliriﬁirfni:::.fmhdﬁ ;I;i:i?;a%?gﬁiri c||: rﬁlt:lm"
heat) plus the energy that is needed to evaporate ) ) air i3 becing oooted down below dewpoint .
the present watercontent (latent heat). The enthalpy Air pressure: 1013 hPa Dry bulb temperature (*C) condensation will occur
in kJ/m3 is the energy content of 1 cubic meter of '
air in kiloJoule. . .
“Zsychro diagram H © More info ‘ Air pressure e:"p 1013  |hF
Outside Difference  ADOVe screen  Difference Inside Difference Plant
Temp e °C 500 Temp  emmm( m— °C 1000 Temp ol °C ~ Temp e - °C
RH —emm(m (70 |% 1000 RH  emm——Cp (80 ]% 2500 RH e % - RH 100 %
Absolute Humidity AH  7.44 g/kg -3.95 Absolute Humidity AH  11.73 g/kg 3.20 Absolute Humidity AH  14.93 g/kg - Absolute Humidity AH  27.15 g/kg 0
Humidity Deficit HD 3.19 g/kg -2.32 Humidity Deficit HD 2.93 g/kg 9.28 Humidity Deficit HD 12.22 gfkg - Humidity Deficit HD 0.00 g/kg i
Enthalpy 33.63 kJ/kg -22.91 Enthalpy 49.33 kJ/kg 17.95 Enthalpy 67.29 kJ/kg - Enthalpy 97.67 kJ/kg O
VPD 0.51 kPa -0.37 VPD 0.47 kPa 1.44 VPD 1.91 kPa - VPD 0.00 kPa
VP 1.19 kPa -0.63 VP 1.87 kPa 0.46 VP 233 kPa - VP 4.25 kPa 0
VPsat 1.71 kPa -1.00 VPsat 2.34 kPa 1.91 VPsat 425kPa - VPsat 4.25 kPa (i R
Dewpoint 96°C -10.7 Dewpoint 16.4°C 3.5 Dewpoint 20,0 °C - Dewpoint 30.0°C
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Air pressure emmm( w1013 |hPa 1 ATM = sea level, altitude = 0 m

Inside Difference Plant

Temp c:o: °C —  Temp =U: °C

e s (55 % - e 11000 | %
o o - This is AH o RH inside stomata is 100%
Absolute Humidity AH  14.93 g/kg Absolute Humidity AH  27.15 g/kg L
Absolute Humidity AH  17.19 g/m? 13.84 Absolute Humidity AH  31.02 g/m? o
Humidity Deficit HD 12.22 g/kg -12.22 Humidity Deficit HD 0.00 g/kg i
Humidity Deficit HD ~ f14.( AH,,>0 to ensure water vapor ‘Deficit HD 0.00 g¢/m* ©
Enthalpy [Thisis AHD | 67.. jnside stomata can be escaped 97.67 kJ/kg O
Enthalpy orHD | 77. to outside 111.61 kJ/m®* @
VPD = VPsat - VP [ 1.91 kPa -1.91 VPD 0.00 kPa O
VP 2.33 kPa .1.91 VP 4.25 kPa (i )
VPsat 4.25 kPa 0.00 " VPsat 4.25 kPa o
Dewpoint 20.0 °C 10.0 Dewpoint 30.0 °C o
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Micro-climate

Inside Difference Plant

Temp 1g@5 "E -1.00 Temp # "E:

This is AH
Absolute Humidity AH  21.72 g/kg 1.29 Absolute Humidity AH  23.07 g/kg
Absolute Humidity AH  24.90 g/m?® 1.55 Absolute Humidity AH  26.44 g/m?®
Humidity Deficit HD 5.43 g/kg -2.87 Humidity Deficit HD 2.56 g/kg
Humidity Deficit HD 6.22 g/ AH ;>0 to ensure water vapor HD 2.94 g/m?®
Enthalpy 84.16 kJ. move away from crop canopy 86.38 kJ/kg
Enthalpy 96.49 kJ/m= 2.79 Enthalpy 99.28 kJ/m?®
VPD = VPsat - VP 0.85 kPa -0.45 VPD 0.40 kPa
VP 3.40 kPa 0.21 VP 3.61 kPa
hla E VP e
VPsat 4.25 kPa -0.24 9" WPsat 4.01 kPa
- Dewpoint 26.2 °C 1.0 Dewpoint 27.2°C

AHD is not equal to AH,;, AHD is the AH@Tsat — AH@Tdb
VPD is not equal to VP, VPD is the VP@Tsat — VP@Tdb

L, Lias
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Jararama ammranmEa
100 ATV .-' 30
LETS AT 7
,?&Ihh p P i X
3, FH
GROW —_——
co M 80 SF LV .'E‘
Enthalpy (kJ/kg air) 4 a /@61“4 1T . =
/’ 4 =y /“N’,.{, T T - 20 :ﬁ:
. e A anmiecl faneannaseacenns
Saturation curve (100% RH) A — e = - 5 g
A n RANDd il f? ri o
90 AT TR T A 2
. J,‘_f; 1 /: EdNE — o - o= 10 §
A e T ol F ==L il
Detail 20 AL = = SN N
P - = - = ERaN s u = ,_D_%__.r-—
. 0 e SERESERESAEEE RSN 1= ™ °
version SE e asmmancaaisest
e eEc e aEEEEEERCNEEE P 0% 0
-10 5 0 5 10 15 20 25 30 35 40 45 50 55
Air pressure: 1013 hPa Dry bulb temperature (*C)
|  Hide Psychro diagra Air pressure emm((es (1013 |hPa
Outside Difference  AbOVe screen  Difference Inside Difference Plant
Temp :;: “C 9.00 Temp :;n “C -A4.00 Temp 1:;: "C -1.00 Temp 1:;5 "C
IR —— % -10.00 I W— % 10.00 RH e % 10.00 RH o) %
Absolute Humidity AH  16.03 g/kg 8.06 Absolute Humidity AH 2410 g/kg -2.38 Absolute Humidity AH  21.72 g/kg 1.29 Absolute Humidity AH  23.01 g/kg o
Absolute Humidity AH  18.75 g/m?® 8.47 Absolute Humidity AH  27.23 g/m? -2.33 Absolute Humidity AH  24.90 g/m? 1.55 Absolute Humidity AH  26.44 g/m? i
Humidity Deficit HD 4.01 g/kg 6.32 Humidity Deficit HD 10.33 g/kg -4.90 Humidity Deficit HD 5.43 g/kg -2.87 Humidity Deficit HD 2.56 g/kg i)
Humidity Deficit HD 4.69 g/m* 6.98 Humidity Deficit HD 11.67 g/m? -5.44 Humidity Deficit HD 6.22 g/m? -3.29 Humidity Deficit HD 2.94 g/m* i)
Enthalpy 65.04 kd/kg 29.02 Enthalpy 94.05 kJ/kg -0.89 Enthalpy 84.16 kd/kg 271 Enthalpy 86.38 kJ/kg @
Enthalpy 76.07 kJ/m? 30.20 Enthalpy 106.27 kJ/m? -0.78 Enthalpy 96.49 kJ/m? 2.79 Enthalpy 99.28 kJ/m* @
v \ VPD 0.63 kPa 0.96 VPD 1.60 kPa -0.75 VPD 0.85 kPa -0.45 VPD 0.40 kPa (i ]
VP 2.53 kPa 1.19 VP 373 kPa -0.33 VP 3.40 kPa 0.21 VP 3.61 kPa (i ]
VPsat 3.17 kPa 215 VPsat 5.32 kPa -1.08 VPsat 4.25 kPa -0.24 VPsat 4.01 kPa i ]
Dewpoint 21.3°C 6.4 Dewpoint 27.8°C -1.6 Dewpoint 26.2 °C 1.0 Dewpaoint 27.2°C o
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@

=

3

4

=

& = Zﬂ'.'»f "’T A L

- =i .a"'"-#:'”,‘ ff e ] L1 " 1'.] §

20 _,..1‘_':52 “ :.-r ] _,:3' = - = — n
0 fgi"” SN AN LN =T S s
1 =
- - [ '-:._...-i-"' — 1
Simplify S = S 0
-10 5 0 5 10 15 20 25 30 35 40 45 50 55
Vers i On Air pressure: 1013 hPa Dry bulb temperature (*C)
« Hide Psychro diagram Air pressure EGE 1013 |hPa
Outside Difference  AbOve screen  Difference Inside Difference Plant
Temp e E] C 0.00 Temp e in "C 400  Temp e C 0.00 Temp (- °C
RH e % 1000 RH  com— e % 1500 RH e E % 45.00 RH %

Absolute Humidity AH  16.03 ag/kg 8.06 Absolute Humidity AH  24.10 g/kg -9.16 Absolute Humidity AH  14.93 g/kg 12.22 Absolute Humidity AH  27.15 g/kg o
Humidity Deficit HD 4.01 g/kg 6.32 Humidity Deficit HD 10.33 g/kg 1.89 Humidity Deficit HD 12.22 g/kg -12.22 Humidity Deficit HD 0.00g/kg O
Enthalpy 65.04 kJ/kg 29.02 Enthalpy 04.05 kJ/kg -26.77 Enthalpy 67.29 kJ/kg 30.38 Enthalpy 97.67 kJ/kg ©
VPD 0.63 kPa 0.96 VPD 1.60 kPa 0.3 VPD 1.91 kPa -1.91 VPD 0.00 kPa (i ]
VP 2.53 kPa 1.19 VP 3.73 kPa -1.39 VP 2.33 kPa 1.91 VP 425kPa O
VPsat 3.17 kPa 2.15 VPsat 5.32 kPa -1.08 VPsat 4.25 kPa 0.00 VPsat 4.25 kPa (i ]
Dewpoint 21.3°C 6.4 Dewpoint 27.8°C -7.8 Dewpoint 20.0 °C 10.0 Dewpoint 30.0 °C 0
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Geo location

W ) .
|- Psychro diagram x . a
all € C & gpeletsgrow.com/psychro B QA @ « P :
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Bring in the outdoor T and RH info from
worldwide weather station into the

psychrometric software

‘mxf?- 1&1{: =



http://www.ntu.edu.tw/

1th &

wE

i

N
|

Home ##
End #
Page Up i#

Page Down ##

A% E
mA%E
El=css)
AT 58
BE 75%
[ATE 75%
[_E% 75%

@~ 75%

EHRES


http://www.ntu.edu.tw/

E  EERR | E ek
= E 3 _.1. 1—'?. i
@ i E ﬁ&i@?

E 2GR
DitE

SI:_;

nx#ﬁ 8

#TIH ‘_
e S am

e

e A B
=l ZE YN
3 Rl ] : e
= §ICH
; N
E 5
kiR
S = 5%
Ia ~ o
BRD FUERL E
: ' 28
’7‘: 5&1_t>‘7'
/. l

; v BE %

mfﬁfﬁ R J v

o

JS/help/terms_maps.h

217



http://www.ntu.edu.tw/

| - Psychro diagram X

& C
@ BETE-EISE.

il NTU cooL

Lo Meet - wxm-ykpx-zze @ X ‘ +

@& gpe.letsgrow.com/psychro

@ HeEzEnds @ HEeR . EUHE.. £740Z% - NTU... €Y Taiwan Flora Virtu...
Tallles Tj-'[f—?Pq &g P
_ -’E/J el 25E
aase TRE @ |
T i
..:‘ @
s m _

9 sus .

E2REE wEEH 02022 Google FRER 3R tEES

| £ esarowseacn | 8 | £ | Uiy

Height above sea level
Long term average at
Average air pressure
Average humidity
Average temperature
Sunrise

Sun set

Maximum radiation
Day length

Current location

(25.021645,121.549619)

Nearby weather station

‘ » Psychro |

Sungshan / Taipei (TW)
(25.066667,121.533333)

m Distance to location 5.3 km
-2 Height above sea level 6m
- hPa Most recent observation 2022-04-07 09:36:00
- % Actual air pressure 1016 hPa
-°C | Humidity 77 % I
- h:m Temperature 20 °C
- h:m Dewpoint 16 °C
- W/m? Wind speed 9m/s
- h:m Wind direction 90 °
Overcast few clouds

E L EERUAFRES

Click on this icon can bring
the weather condition to
the Psychro software
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LA Meet - wxm-ykpx-zze @ X | - Psychro diagram X + Lo Meet - wxm-ykpx-zze @ X | - Psychro diagram X
< C @& gpe.letsgrow.com/psychro < C @& gpe.letsgrow.com/psychro
@ mrzE-Eu=EE. dl NTucooL @ AEnEmEE ¢ aEsR . BHE. £AR40EF -NTU... @Y TaiwanFloraVirt @ BEEE-EI=Z. df NTucooL @ HeEsmEndsE @ 3new
S : — R—
ﬁ##ﬂ' Schoonhovs;j Saturation curve [
i | A15 | hjlﬁéﬁﬁgs %?\;Tﬁ' R 'ﬁ - d Groot-Ammers
hEH ' Vlaardingen ottérdam
Brielle ﬁ;
N
N57
.
ke S N 0 _~F
e 1B S e
Spijkenisse Barendrecht | MA@ Ei#1S -
ﬁf{)!ﬁ%m Papendrecht -+ 0 Rt
Hellevoetsluis ; =3 aaEE
Ns? Ougéii;lg?gnd SigEns i %E. m=cc
Ouddorp  stellendam N217 Dordrecht & .= — ke == YT
N3 . § g
% A29 10 5 0 5 10
Google %, @#mEEf MEZH 02022 GeoBasis-DE/BKG (02000) ERER DMumEES Air pressure: 982
| | @ LetsGrowsearch 2 2 @ Current GPS location
e b L ~ Hide Psychro diagram © Mor
Current location Nearby weather station : .
y Outside Difference  Above s
» Psychro
: Temp e s |10 °C 9.00 Temp ey
2 Rotterdam Airport Zestienhoven (NL) em— % 12.00 Em—
(51.915473,4.339428) (51.950000,4.450000) RH RH
Height above sea level m Distance to location 8.5 km e Humidity AH  5.19 g/kg 589 Absolute Humidity Al
Long term average at -2 Height above sea level Humidity Deficit HD 2.67 g/kg 0.45 Humidity Deficit HD
Average air pressure - hPa Most recent observation Enthalpy 23.00 kJ/kg 23.71 Enthalpy
Average humidity - % Actual air pressure VPD 0.42 kPa 0.07 VPD
Average temperature =20 Humidity 66 % VP 0.81 kPa 0.00 VP
Sunrise h:m Temperature 10 °C VPsat 1.23 kPa 0.97 VPsat
Sun set h:m Dewpoint 4°C Dewpoint 39°C 11.1 Dewpoint
Maximum radiation - W/m? Wind speed 24 m/s
Day length h:m Wind direction 250 °
Overcast scattered clouds

E P EEBUAXFRES

L EERBAXFRES
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Three Extra Analysis

v - O X
I | Psychro diagram X -+

& C @& gpeletsgrow.com/psychro B a 2 * B

-

| Psychro disgram | Gea location ‘

NE A

FTITATFITATTIFTITTFIFOITTTFR

v - a X
I |- Psychro diagram x <+

al € C' @& gpeletsgrow.com/psychro B Q 2 * *»
J

N Eou I

e A

| Psychro diagram | Geolocation [l Energy balance ” Moigture balance | Moisture control | ‘
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Energy Balance

|- Psychro diagram ® -+

& gpeletsgrow.com/psychro

Qutside Difference  AbOve screen  Difference Inside
Temp s (19 |°C 11.00 Temp emse@les |30 |C
RH ..—Q.. 70 | % 8.00 RH ,—Q |73 I»; 7.00 RH ey (85 %
Absolute Humidity AH  9.04 g/kg 1.70 Absolute Humidity AH  10.73 g/kg 12.34 Absolute Humidity AH  23.08 g/kg
Absolute Humidity AH 1087 g/m? 1.99 Absolute Humidity AH 12 85 g/m? 13.58 Absolute Humidity AH 2643 g/m?
Humidity Deficit HD 387 g/kq 0.85 Humidity Deficit HD 303 g/kg 104 Humidity Deficit HD 407 g/kg
Hurmidity Deficit HD 4.66 g/m? -1.03 Humidity Deficit HD

Energy balance of the greenhouse

Solar radiation

Radiation Inside
greenhouse

Calculated energy Input

e 500 [ W/m?

— 80 [5',
400.00 W/m?

Estimated U-value
greenhouse

wl_q ‘0

Wim2 K

Required ventilation rate to
compensate energy input

30.69 kg air/m? hour

nthalpy

VPsat
Dewpoint

5.23

| Psychro diagram | Geolocation J| Energy balance ] Moisture balance | Moisture control |
L VPD

Based on outside and inside conditions defined previously ‘ VP

=[500*0.8 - 0*
AEnthalpy
Ventilation=ExtraHeat/AEnthalpy
=400%*3.6/46.93=30.69 kg/m?.h

(30-18

ExtraHeat = (Radiation*Transmittance) — (U*dT)
*3600/1000 kJ/m?2.h

87.54-40.61=46.93 kl/kg

3.63g/m* 1.04 Humidity Deficit HD 4.66 g/m’
45.85 kJ/kg 41.69 Enthalp 87.54 kJ/kg

Enthalpy
85 kJ/m?® 6.05 Enthalpy 54.90 kJ/m? 4538 eEnthalpy 100.28 kJ/m?
0.62 kPa 0.14 VPD 0.48 kPa 015 VPD 0.64 kPa
1.44 kPa 0.27 VP 1.71 kPa 1.89 VP 3.61 kPa
2.06 kPa 013 VPsat 220 kPa 205 VPsat 425 kPa
124°C 2.6 Dewpolnt 151°C 121 Dewpoint 27.2°C
Energy balance of the greenhouse

Solar radiation ey il0 W/m*

Radiation inside

greenhouse e |80 %

Calculated energy input  400.00 W/m?

—

ExtraHeat=[500*0.8 - 10*(30-18)]

Ventilation=ExtraHeat/AEnthalpy=(400-120)/46.93=21

*3600/1000 kJ/m?.h

Estimated L-valus
greenhouss

e (10 |WimK

8:ulnpensa1e energy input 21.48 kg air/m?® hour

A Required ventilation rate to
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ro diagram | Geo location

olsture ba'ameM@'rSgt ure Ba Ia NCE based on ventilation rate derived from energy balance

— Oulside

Energy balance I|

Moisture balance

Temp

Abzolute Humidity AH

18 *C

g [0
1|

I Muoisture control l

— Inside
Temp 30 °C
RH e 85 %
Abszolute Humildity AH 23.08 g/kg

Ventilation rale

21.48 kg air/m?*.hour

Value from Energy balance

Fogging rate

D g/m?.hour

Psychro diagram | Geo location | Energy balance | Moisture balance

Moisture balance of the greenhouse

Crop evaparation

Min: 10 g/ m2.hour
Mazx: 1000 g/m.hour

| 5
-

q/m2 hour

Met moisture balance 251.58

Result:
The RH in the greenhouse will decrease.

— Outside
Temp 18 °C
RH —— |'r'EI %
Absalute Humidity AH 3.04 g/kg

g/mZ.hour

Muoigture control

— Inside
Temp 30
RH e | 85

Absolute Humidity AH 23.08

-

a/kg

Ventilation rate

21.48 kg air/m2.hour

Crop evaporalion
Min: 10 g/m?. hour
Max: 1000 g/me. hour

g Ega"n’.hﬂur

Fogging rate

Met moisture balance -151.58

Result:
The RH In tha greenhouse will decrease

ag/m2_hour

DL Laa

AH = 23.08 - 9.04 = 14.04 g/kg air
Moisture removed @given ventilation rate
=21.48 * 14.04 = 301.58 g/m?.h

Net moisture balance =
Moisture removed — Crop evaporation — fogging rate

=301.58 -50-0=251.58 g/ m?.h

Net moisture balance =
Moisture removed — Crop evaporation — fogging rate

mu)=301.58 - 50 - 100 = 151.58 g/ m*.h
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Moisture control by injection of outd

dT=T,

— Duitside
Temp e | 15
RH e |70 %
Absolute Humidity AH 2.04 gikg
10.87 _g/m3

— Fan outside air

nside = 'outside

— Maisture exhaust

T

Temp

e |30 |c

RH e (35 |%
Absolute Humidily AH 2308 g9/kg
26.43  g/m?

Moisture exhaust 160.8 g/m*hour

oisture

Moisture exhaust= Fan capacity x AH 4 (g8/m3)
=10 m3/m?.h * (26.43 - 10.87) g/m3 = 155.6 g/m?.
isture exhaust= Fan capacity x AH,; (g/kg) x density; .jenir

= 10 m3/m2.h x (23.08 — 9.04) g/kg x (26.43/23.08) kg/m3 = 160.778 g/m2.h

g

Greenhouse area ,'_- 100 |m2
Capacity D |10 |m3.«'rﬂ2.hour
Tatal flaw 100000 m3rhour
Electrical power
Pressure diffarenc d P .
duct =__. 1000 Pascal
Efficiency -—r__, 100 %
Fan power 27778 W

— Heat exchanger \
Power 3821 Wim?
Elactrical consumption 13.76 MU hour

Total meisture transport
gk

Diffusion
Alr movement

0.332 g/m*hour
0.28 cm/sec
27999 g/m2.hour

— Air conditions in the crop

e e Inside

" w20 - Temp el |30 C

Absolute Humidity AH 24.43 g/kg . - |ﬂh

"" ‘;" . .
Air density

— Muoisture transpaort through crop Absolute Humidity AH 23,08 g/kg

Crop height -:;,= 1 |m Absolute Humidity AH - 26,43 g/m?

Moisture control by injection of outdoor air

=

— Dutside

\

Fan power = dP x (total flow/3600) / Efficiency
= 1000 x (1000/3600) /1=277.78 W

Heat Exchanger (HX) Power = f(dT, fan capacity)
If dT or fan capacity =0, HXPower=0

HXPower=Cp*dT*(capacity/3.60)*density;,
=1.001 * 12 * 10 /3.6* (26.43/23.08)
=38.2 W/m?

Elec. Consumption = HXPower *GHarea
=38.21*100=3821 W
=3821*3600/10° MJ/h

=3.821*3.6 = 13.7556 MJ/h

Temp

(18 °C
RH e | 70 %

=(26.43/23.08) = 1.1451473

— Inside

Temp l'_k':'-‘ 30 C

30|
RH -_{"'1 85 | %

il

Fan power = = 100 x (1000/3600) /0.4 = 69.444 W I

Electrical consumption 13.76 MU hour

Absolute Humidity AH 9.04 g/kg Absolute Humidity AH 23.08 g'kg
— Fan outside air r— Muoisture exhaust
Greenhﬂu SE greg il — 1|:||:| m? MDIEIUFE EthIIJSt 1 E‘DB g."IT‘lz.hQIJr
-
Capacity :;_,= 10 m3/mZhour ) . }
Total flow 1000.00 m3/hour SremRmE e
Tem e | 30 | C
Electrical power . i
Pressure difforence RH o) |90 |?‘3
duct | 100 Pascal Absolute Humidity AH 2443 aofkg
Efficiency | 40 %
Fan pow 6044 W — Malsture transport through crop
Crop height qP 1 | mi
— Heal exchanger Diffusion 0.332 g/m?. hour
Power 38,21 W/m? Air moverment 0.28 cmy/sec

Total moisture transport 279.99 g/m.hour
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\

— Outside ~Inside
Temp e |18 | Temp e |19
RH e (70 |% RH e |70
Absolute Humidity AH 9.04 g/kg Absolute Hurnidity AH 0.
— Fan outside air ~— Muoisture exhaust
Greenhouse area (-= 1160 ]m* Moisture exhaust 0
Capacity P |1 m3/m2.hour _ T
Total flow 160.00 m3/hour [ Alr conditions in the crop B
A Tem '!_I-l-.l 30
Electrical power P [_
Pressure difference RH E— | 20
duct e-dL i ‘j 1000 |Pascal Absolute Humidity AH 24.4
Efficiency =;-i 100 %
Fan power a44.44 W — Moisture transport through crop

— Heal exchanger

Power
Electrical consumption

0.33 W/ng
0.19 MJ/Egu

Crop height 5-= 0.5
Diffusion 1.2!
Alr movement 0.c

Total moisture transport 35.:

Electrical power
Pressure difference

duct 200 Pascal

Efficiency 50 %

Fan power 0.00 W )
— Heat exchanger \ ‘

Power 0.00 W/m?

Electrical consumption 0.00 MJ/hour

\

Fan power = dP x (Total flow/3600)/ Efficiency
= 1000 x (160/3600) /1 =44.44 W

HXPower = Cp * dT * capacity/3.6 * density
=1.001 *1*1/3.6 * (11.54/9.63) = 0.333 W/m?
Elec.Consumption = HXPower *Gharea * 3.6/1000
=0.3184*160 = 50.944 W= 50.944*3600/10°

=0.18336 MJ/h

— Fan outside air

Greenhouse area (e | 160 |m'l

Fan power = 200 x (160/3600) /0.5=17.78 W

Capacity P | 113/ = heir
Tetal fAow 160.00 ma/hou — Air conditions in the crop

'I' et -
Electrical power emp - 0 | “
Pressure difference RH e |20 h-
duct mj——g | 200 |F'ascal Absolute Humidity AH 2443 gkg
EMliciency — 50 |’!:.
Fan power 1778 W — Maisture transport through crop

Crop height -= :EI.E |m

— Heat exchanger Diffusion 7.250 g/m=heur

Power 0.33 W/'m?® Alr rmoverneant 0.03 cm/sec
Electrical comsumpfion 0.19 M hour Total maisture transpor 35.22 gfm®hour

— Fan oansida air

— Outside —Inside
Temp e | 18 C Temp e |19 C
RH el (70 |% RH el (70 |%
Absaolute Humidity AH 0.04 o'k Absolute Humidity AH 9.63 a'kg

11.54 g/m3

~— Fan outside air — Muoizture exhaust
Greenhouse area 1.;1_! 160  |me Moisture exhaust 0.0 g/m2.hour
Capacity O |0 m3/m? hour _ -
Total flow 0.00 m3/hour \ [ TS i KM R

Temp t—{-]—r 30 ‘C
RH — 90 %
Absolute Humidity AH 24.43 g/kg

— Muoisture transport through crop
Crop height - 05 m
Diffusion 7.250 g/me.hour

D00 cmyfsec
7.25 g/m*hour

Air movement
Total moisture transport

Total flow = Capacity * GH area
Fan power = dP x (Total flow/3600)/ Efficiency

= 1000 x (0/3600) /1=0W

Greenhouse area (i m— 180
Capacily emge——_ 10 ma3/m* hour
Tatal flow 1600.00 m3/hour
Electrical power
Pregssure diflerence
duct I'l.-:l— p | 200 Pascal
Efficiancy e =
Fan power 177.78 W

— Heat exchanger
Poer 233 Wym?
Elecirical consumption 1.92 MJ/haur

Temp
RH

— Air condilions in the crop

nt_l"'n.‘!»ﬁ ‘e
.._‘-'_gn %

Diffusion

Absolurte Humidity AH 2443 g'kg
— Moisture transport through crop
Crap height L |05 m

Air moverment
Total moisture transport

7.250 g/m? hour
0.28 cmisec
28691 g/m*hour
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oisture control by injection of outdoor air

Electrical consumption 0.00 MJ/hour

— Outside — Inside
Temp e (18 |°C Temp e | 30 c
RH e (70 |"xc RH e |85 lo
Absolute Humidity AH 0.04 g/kg Absolute Humidity AH 23.08 g/kg
~ Fan outside air ~— Muoisture exhaust
Greenhouse area (| 160 |m? Moisture exhaust I 0.0 g/m2.hour I
-
Capacity g 0 ]m3fm“.l‘our _ _
Total flow 0.00 m3/hour = Air conditions in the crop _
. Temp e |30 C
Electrical power -
Pressure difference RH w | 80 -
duct s 150 |F'as<:al Absolute Humidity AH 24.43 g/kg
e density = 27,97/24.43 = i.l&ﬂﬂ
Efficiency WK %
Fan power o ooo w — Muoisture transport through crop
Crop height g 1 m
— Heat exchanger Diffusion
Power 0.00 Wsm? Air movement 0.00 cm/isec

l 0.33 -::fmi.hnurl

Total moisture transport

When fan capacity = 0 m3/m?.h,
There is no air exchange between in & outdoor,
thus, Moisture exhaust = 0

However, there still exist AH difference between indoor and
micro-climate around crop
AHg; = 24.43 — 23.08 = 1.35 g/kg

When Crop height =1 m, Air volume around crop per unit area (1 m2) = 1 m3

An empirical equation to derive Diffusion:
Diffusion = 0.214375 * AH ; * density /crop height
= 0.214375* 1.35 * 1.1449 /1 = 0.331 g/m2.h
Fan capacity = 0, air movement through crop = 0 cm/s
Total moisture transport (TMT) = Diffuse

— Fan outside air
160 m?

1 ma/m* hou

160.00 ma3/hour

Greenhouse area i

-

Capacity

-

Total flow

Electrical puwer

— Moisture exhaust

Maisture exhaust 16.1 g/m®hour

I iff
Mol e transport through crop
Crop height T 0.5 m
Diffusion 0.665 gr’r‘n‘ ht:uur
_ lefu3|on = 0 214375 * 1.35 * 1. 1449 /O 5 0.663
| PR b

Electrical consumption 2.20 MAthour

— Inside
Emp
RH

Absolute Humidity AH

Moisture exhaust

Moisture exhaust 16.1 g/m®hour

e | 30 g
p |85 %
2308 g/kg

—

— Air conditions in the crop

— Air conditions in the crop
Temp — .._—. 30 o TEmp "'_\-_l-‘I 30 |DC
RH () 90 |% RH () 95 |%
o 150 Pascal Absolute Humidity AH 9 g/kg
Absolute Humyidity A ___ o /24, 43°23 1449 . o x density =29.5/25.79 = 1.1438
- !
— Moisture transport through crop = Maisture transport through erap ugh crop
[ N7
Crop height @ 1 |m Crop height \_Jl_- v e |r'n v
Diffusion 0332 ge‘m _hour Diffusion 1.329 g,fr'n1 hour 0.664 g/m*hour
Diffusion = 0.214375 * 1.35* 1.1449 /1 =0.331 | Diffusion = 0.214375 * 2.71 * 1.1438 /0.5 = 1.329 s emisee
TLan 1N iJiSLu s ualilapuet Fa=aiN) SN PRGN BRSO o R AR B AL L
’ - “Diffusion = 0. 214375 *2.71*1.1438 /1= 0.664__

- 4
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— Fan outside air — Maoisture exhaust

Greenhouse area o e 160 m? MMoisture exhaust 16.1 g/m® hour

Capacity ‘;—l 1 m3/m2hour L o o 1 — -

S ANECCTEITH ——— Air movement = f(fan capacity)

Electrical power - E “ -

Proscuru difiorence R (o |+ Total moisture transport (TmT)

duet L 150 |Pasr:a| Absolute PWgidity AH 24.43 g/kg . .

Effciency P 0 |s - - = moistureTransport,, + moisture Transport i, ce

FEH DDWEF 1222 w = WIsture |FF|I'IF\.F.'!T| i !'."!'!r _ - * - =

rop heia = Fan capacity * AH + Diffusion

— Heal exchanger Diffusion In m3/m2h * g/m3 + g/m2h

Power 3.82 Wim? Air movement

Electrical consumption 2.20 MJ/hour Total moisture transport PI

ant

~— Fan oulside air = Moisture exhausl . —

Greenhouse area e 160 m? Maisture exhaust 160.8 g/m* hour \ femp ‘1-’ |30 | ¢

Capacity —V—I 10 ma3/mA.hour o \ RH v ;ﬁ‘

Total flow 1600.00 m3/haur \C Air conditions; in the crop i e . .

— 30 "C A te H ty AH 24.43 g/f

Slectrical power - o Absolu . Hum!d! }rAH 27.97 —

Pressure difference -_—— | B0 % solute Humidity 27 g/m |

duct oy | 150 Pascal 24.43 g/kg

Efficiency e | 30 % _

Fan power 22 W HZ?:::;:.WW 1 m3/m2.h = 10QerM/3600 s = air movement 0.0277 cm/s
— Heat exchanger Diffusion TmT =1*27.9658 +0.332 =28.2978 =~ 28.30 g/mz.h

Power ;1 Wrme Alr movement 0.28 cm/sec

Electrical consumption 2201 MJ/hour Total moisture transport 279.99 g/m* hour

10 m3/m?.h = 10 * 100/3600 = 1/3.6 = 0.2777 cm/s
— Fan outside air — Moisture exhaust
—_ * — 2
Greenhouse area o | 160 | m# Moisture exhaust 482.5 g/m2hour TmT - 10 279658 + 0332 - 27999 g/m h
Capacity ' 30 m3/m? hour . . )
— Air conditions in the crop

Tt fow T 00 oo — 30 m¥m2.h = 30 * 100/3600 = 0.8333 cm/s

Gectical power — TmT = 30 * 27.9658 + 0.332 = 839.306 ~ 839.31 g/m2h

duct o | 150 Pascal

Efficiency e (30 |%

Fan power GE6.67 W ~Moisture transport th

Crop height

— Heat exchanger Diffusion

Power 114.64 W/m? Al rmovement 0.83 cm/sec

Electrical consumption 66.03 MJ/hour Total moisture transport 839,31 g/mhour
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Psychro diagram © Explanation

I ( ( I |
\ Introduction 1 Moisture discharge 1 Moisture transport ; Energy consumption }1 Energy screens Ventilation rate

Growing by Plant Empowerment

Growing by Plant Empowerment focuses on achieving an optimal growth climate with low energy costs by using partly existing and partly new techniques based on the
energy and moisture balances of the greenhouse, using plant knowledge and physical principles. This website demonstrates some of these physical principles in the form of
simplified simulation / calculation models. By playing with these models, you get a better picture of the processes that play a role around the energy and moisture balance in
the greenhouse, a first step in applying the principles of Plant Empowerment in practice.

These simulation / calculation models are developed by LetsGrow.com.

Moisture discharge Moisture transport
> - »
~» |njection of outdoor air by fans is a controlled way of ventilation and thus To prevent moisture accumulation in the crop, water vapour must
-~ discharge of moisture. This model shows how much moisture can be be moved upwards from the plants to the roof of the greenhouse.

exhausted depending on outside conditions and fan capacity. This calculation model shows that diffusion of water vapor in still
air causes only very little moisture transport and that this is
strongly promoted by air movement.

Energy consumption Energy screens
NS o——0
‘! The energy consumption of a greenhouse depends on the outside Effective use of energy screens is an important means of reducing
conditions and the insulation factor (u-value) of the greenhouse. energy demand. This calculation model focuses on the energy

aspect. However, the use of single or multiple screens also
provides a better and more uniform greenhouse climate due to
less heal emission and cold fall.

Ventilation rate

Ventilation affects the energy balance, the moisture balances and the CO2
emissions of the greenhouse. This calculation model demonstrates the H Res g @
influence of greenhouse temperature and RH on the required ventilation o

=

H P ERAEMAFRIES
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"~ 60 4k - - 40% . .5__
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~ Hide Psychro diagram = € More info Air pressure sl |1013  |hPa

Ouitside Difference :
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| Greenhouse simulation models X
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These simulation / calculation models are designed to deepen or refresh your knowledge of the physical processes
in the greenhouse. This is useful to better understand the principles of Plant Empowerment and to apply these to
achieve an optimal growth climate with limited energy consumption and CO2 emission.

Each tab deals with a particular part of the climate control. By varying the conditions inside and outside the
greenhouse and the parameters of the model you can discover how the physical processes work and how they can
be optimized for your own situation.

You can change the setting values using the slide bars or enter a number with the keyboard.

The calculations are based on the Psycho metric chart and valid for air pressure at sea level. The models are
intended exclusively for educational purposes and not as engineering tools for the design of installations.
Letsgrow.com accepts no liability whatsoever for any deviations in the calculation methods used.

We wish you a lot of pleasure in discovering new insights and widening your knowledge of climate control by playing
with this simulation models.

w #» 0O
[l mBE
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Moisture diacharge Outside

Injection of outdoor air by fans is a controlled way of ventilation and thus

Inside

(C»)
M

discharge of moisture. This model shows how much moisture can be Temp ‘=Q=’ c i Temp ‘:U: =
exhausted depending on outside conditions and fan capacity. RH ,:Q: - % RH ,:(') - 9
P5E.. & 2740EE -NTU.. TN Taiwan Flora Virtu...

Absolute Humidity AH ~ 9.04 g/kg Absolute Humidity AH  12.47 g/kg
Absolute Humidity AH  10.87 g/m? Absolute Humidity AH  14.86 g/m?

Gm Humidity Deficit HD 3.87 g/kg Humidity Deficit HD 2.20 g/kg
M Humidity Deficit HD 4.66 g/m? Humidity Deficit HD 2.62 g/m?
Introduction H Muisture discharge H Moisture transport | Energy consumption ‘ Energy screens ‘ Ventilationr| | Enthalpy 40.61 kJ/kg || Enthalpy 51.16 kJ/kg
: : : Enthalpy 48.85 kJ/m?|| Enthalpy 60.99 kJ/m?
VPD 0.62 kPa VPD 0.35 kPa
Moisture control by injection of outdoor air. VP 144kPa || VP 1.99 kPa
VPsat 2.06 kPa VPsat 2.34 kPa
) ) Dewpoint 124 °C Dewpoint 17.4 °C
— Outside — Inside
Temp e 18 |C Temp e e 20 |C
RH e (70 |% RH o) 85 |%
Absolute Humidity AH 9.04 a/kg Absolute Humidity AH 12.47 a/kg
~ Injection fan — Moisture exhaust
Flow e['= |5 |m3,-’m1.hour Muoisture exhaust 204 g/m*hour

AH4=12.47-9.04=3.43 g/kg
= 3.43 * (10.87/9.04)= 4.12 g/m3

o i - *
Copyright @ 2010-2022, { LetsGrow.com, Version: 3.0 Moisture EXhaUSt— FIOW AHdif
= 5%4.12=20.6 g/m?.h
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TR [E————m,———— Ay s

S v =
¢ To prevent moisture accumulation in the crop, water vapour must
be moved upwards from the plants to the roof of the greenhouse. 3
This calculation model shows that diffusion of water vapor in still ® »© % * 0O -
air causes only very little moisture transport and that this is
strongly promoted by air movement. & - IETE... 274028 -NTU... T Taiwan Flora Virtu... nhBE
i ' ' ‘
GROW \ Psychro diagram \ © Explanation \
~ beom
' Introduction H Moisture discharge H Moisture transport Energy consumption ‘ Energy screens ‘ Ventilation rate
Influence of air movement on moisture transport in the greenhouse
~ Inside ~— Fan capacity
Temp el (20 g > Average flow o 5 |m3/m2.hour
- S
RH e ]85 l%
Absolute Humidity AH 12.47 g/kg — Moist transport through the crop
Plant height Gg— ] 1 ]m
~ Conditions in the crop Diffusion 0.346 g/m2.hour CheCk
Temp 20 °C Air movement 0.14 cm/sec Moisture Co ntrol
RH .—-rw| 95 |% Total moist transport 83.32 g/m*.hour
Absolute Humidity AH 13.93 g/kg Of
Psychro diagram

-’
Copyright © 2010-2022, ( LetsGrow.com, Version: 3.0

u 5% 35MzA 1 2 re*sTir4h =3
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Energy consumption

I'he energy consumption of a greenhouse depends on the outside
conditions and the insulation factor (u-value) of the greenhouse.

E GROW
cOM

Introduction

Moisture discharge |

Moisture transport

Energy consumption

£740EE -NTU... ©Y Taiwan Flora Virtu...

Energy screens Ventilation rate

Vs — 7 X
& =2 * » 0O
hEE
Psychro diagram © Explanation

The Influence of outdoor temperature and crop evaporation on the energy demand of the greenhouse (no radiation).

S

— Qutside — Inside
Temp — y— \718 7°C Temp — y— \720 *C
— Greenhouse —Crop
Estimated U-value o \7 | W/m2.K Crop evaporation Cm— L Je— \50 i g/mz.hour
Energy consumption 48.74 W/m?
Gas consumption 55.4 m3/ha.hour
Temp e s | 20 | “C] ooo  Temp || 20 Qg - - — ; —
- o x|l 10000 gy (00 | Heat of vaporization = Energy consumption = _
, - dEnthalpy / dAH U*dT + H,, * crop evaporation
Absolute Humidity AH 0.00 glkg 14.67 Absolute Humidity AH  14.67 g/kg g
Absolute Humidity AH 0,00 g/m? 17.46 Absclute Humidity AH 17,46 g/m? ihf - 3654 / 1467 — 249 k\]/g = 7*2+249 k\]/g * 50 g/mzh /36
Hurmnidity Deficit HD 14.67 g/kg -14.67 Hurnidity Deficit HD 0.00 g/kyg — + — 2
Humidity Deficit HD 17.62 g/m?® =LLE2 Humidity Deficit HD 0.00 g/m® 14 3458 4858 W/m
Enthalpy 20.10kJ/kg | 3654 | Enthalpy 56.64 kJ/kg Gas consumption (Nature gas) =
Enthalpy 2414 kd/m? 43.249 Enthalpy 67.44 kJ/m S - -
= 48.74 * 103 * 3600 / (37377 heat value#t i&. * 0.84 efficiency)

=48.74 * 36000 /(31672 kJ/m3) = 48.74/0.8797= 55.4 m3/ha.h

I & &

- ag o EA

2022/3/24

11:28
e
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Energy screens
h q

energy demand. This calculation model focuses on the energy
aspect. However, the use of single or multiple screens also jon
provides a better and more uniform greenhouse climate due to

q Effective use of energy screens is an important means of reducing

less heat emission and cold fall.

'he influence of energy screens on energy consumption

Energy screens H Ventilation rate

~— Qutside

Temp e |18 °C

~ Inside

Termp EF 20 l=c

— Greenhouse

Energy consumption

14.00 W/m?

froduction Moisture discharge Maolsture transport Energy consumption | Energy screens || Ventilathon rate

‘he influence of energy screens on energy consumption

Estimated U-value & e |7 WimaK

Gas consumplion

= Dutside Inside
[~ Greenhouse Energy consumption 315 wim*

36 mhahour

Estimated U-value e 7 W/mLK Gas consumption 15.9 m*/ha.hour [ Screen type 1 ¥ |Uvalue 6 W/mK
5w T N

No screen ~ | U-value 0 W/m2K Q=U*dT=7*%* (20_18) =14 W/m2 Resulting U-value 158 Wim=K esulting U =

No screen ~ | Uvalue 0 W/m2K . 1/(1/5+1/6+1/7+1/8
Resulting U-value 7.00 W/mK Gas Consumptlon = g_( 5/76 / / / )

14 * 10* 3600 /(31672 kd/m3) = 14/0.8797 = 15.9 m3/ha.h

Moisture discharge ” Moisture transport ‘ Energy consumption ‘ Energy screens h Ventilation rate

Introduction

| Q=U*dT =1.576 * (20-18)
=3.15 W/m?

The influence of energy screens on energy consumption
Gas consumption =

— Outside — Inside 3.15 / 0.8797 = 3.58
Temp — |18 ¢ Temp e |20 C
— Greenhouse N Energy consumption 3171 W/m?
Estimated U-value e e |7 W/m2K Gas consumption 3.5 m¥ha.hour
[Sl::rEEn type 1 ~ | U-value 6 W/m®K
| Screen type 1 v | U-value 6 W/mEK
| Screen type 1 ~ | U-value & WimLK Q=U *dT =1.56 * (20_18)
Resulting U-value 1.56 W/m2.K ’
=3.12 W/m

Gas consumption =
3.11/0.8797 = 3.53 m3/ha.h

- Resulting U =
. 1/(1/7+1/6+1/6+1/6)=42/27=1.56
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Introduction

Muoisture discharge | Mouoisture transport Energy consumption | Energy screens H Ventilation rate ‘

— Qutside

Temp
RH
COa

Enthalpy

Absolute Humidity AH

e |18 |*C
e (70 |%

#—I‘.-]_* 400 |ppm
9.04 gkg
40.61 kJikg

The influence of greenhouse temperature and RH on ventilation rate and CO; loss

— Inside
Temp "—']—! |EE| |°C
RH ‘_t_';t |B _'}a
COg o—;_'l—a |Eﬂu ppm
Absolute Humidity AH 12.47 g/kg
Enthalpy 51.16 kdrkg

QOutdoor

70%

— Solar radiation

e (700 |W/m?

Radiation inside the greenhouse

490.00 W/m?

Qin = (700 * 0.7 * 3.6) in ki/mZ.h
dEnthalpy = (51.16 — 40.61) in kJ/kg
Vent. rate = Qin / dEnthalpy

= (490 * 3.6) / (51.16-40.61) = 167.2 kg/m?.h ~ 166.17

Required ventilation rate for energy
exhaust

Calculated COo-loss

166.17 kg air/m?.hour
306.0 kg/ha.hour

Moisture exhaust
( Moisture exhaust

569.93 g/m*.hour

dCO2 = 600-400=200 ppm = 200 * 1.522 mg/kg

CO2 loss = Vent.rate * dCO2/(10%4)
. =166.17 * (200*1.522)/100=505.8 kg/ha.h

. Moisture exhaust = Vent.rate * dAH

= 166.17 * (12.47-9.04) = 569.96

"D T Ty Y. 1.7

Ventilation rate

‘ Q> Ventilation affects the energy balance, the moisture balances and the CO2

emissions of the greenhouse. This calculation model demonstrates the

influence of greenhouse temperature and RH on the required ventilation

rate and shows how a better choice of target values for temperature and
humidity can substantially improve CO2 efficiency.

he influence of greenhouse temperature and RH on ventilation rate and CO+ loss

— Outside — Inside
Temp e | 15 "C Temg -—‘__—» 0 | C
RH e (70 | RH g (85 |%
09 1—|_,—~ 400 porm cog -—_.—| B0 |ppm
Absolute Humidity AH .04 9/kg Abgsolute Humidity AH 1247 gikg
Enthalpy 40,67 kdikg Enthalpy 5116 k&g

 Solar radiaticn Requuired vertilation rate for enengy

Outdaar | G0 Wim? exhaust

.
Fadiatizn insida the greenhouse Calculated COzloss

T0% 420,00 Wem?

142.27 kg air/m®. howr
216.6 kg/ha.hour

— Maisture exhaust

Maisture exhaust 4B7.98 gim? holr

Qin = (600 * 0.7 * 3.6) in kJ/m2.h

dEnthalpy = (51.16 — 40.61) in ki/kg

Vent. Rate = Qin / dEnthalpy

= (420 * 3.6) / (51.16-40.61) = 143.31 kg/mz.h ~142.27

dCO2 = 500-400=100 ppm = 100 * 1.522 mg/kg
CO2 loss = Vent.rate * dC02/100
=142.27 * (100*1.522)/100=216.53 kg/ha.h

Moisture exhaust = Vent.rate * dAH
=142.27 * (12.47-9.04) = 488.00
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Cloudiness

Scattered w
Pyrgeometer | 60  |Wim?
DOutside Radiation |Wrm
Outside Temperature |5 cc
Wind speed 4 mis
Greanhouse air temperature |20 | C

Greenhouse air humidity | a5 |%

Greenhouse cover

[Standard horticultural glass ~

Screen...... Window aperture |g %
| Luxous 1347 FR v
O Obscura 10070 WB+B v

O Perf-Fclean (10x10) v

Crop

| Gerbera v

0 % heating above crop
(60 % heating between crop

]4’0" % heating below crop

Lighting [ 0 | pmol/im?s

(O HPS Lichting (1.75 umol/J)

E P THERRANFRIES

WAGENINGEN

VERSITY & RESE

LETS
GROW

Version:
Nov 2018 s 9 M
‘ Info | Run

More models from WUR

https://www.glastuinbouwmodellen.wur.nl/radiationmonitor/?user=Lg_ENC_ext

-27.5 Wim?

I -8.2 °C (skytemp) I

Cloudiness
Overcast v |
Pyrgeometer -20 |W/m2
utside Radiation 0 |W/mz
Outside Temperature 5 *C
Cloudiness
Clear v
Pyrgeometer | 9 Wim?
"] Oulside Radiation 0 wime
Outside Temperature | 5 °C
Wind speed |4 m/s
Greenhouse air temperature |20 °C
Greenhouse air humidity | 85 %
[~

144°C

-24.8 Wim?

-29.8 W/im?

, N
oI PHD %..__
i ) ‘ th . I‘ | ! o

I 0.8 °C (skytemp) I

156.0°C

I -15.7°C (sky19mp}|

139°C

189°C

19.2°C
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@ Radiation Maonitor x + e — ] by

» 0O

B
:}

€« _ # glastuinbouwmodellen.wur.nl/radiationmonitor/?user=1L.g_ENF_ext o9

[=
1H
£
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EN

Cloudiness
Scattered vi Enter ENF for degree F temperature input version
Pyrgeometer 60 |Wim? o ) )
, N 60| , Enter ENC for degree C temperature input version
Dutside Radiation |[; |W.’m2
Outside Temperature |41 °F
Wind speed |4 |ma‘5
Greenhouse air temperature | Ba “F

Greenhouse air humidity |55 |% o dw o .
o %% PI% oM BN

{ |l r

Greenhouse cover .,.J o Q O ’J

| Standard horticultural glass V| H ﬁ
Screen...... Window aperture |D | %%
o o o o

2T

| Luxous 1347 FR v o o
O : ' B+ -

(W

Crop

(Gerbera v QWAGENINGEN

0 % heating above crop

% heating between crop
PO TELEHEAFRIES
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WAGENINGEN

UMNMNWERSITY & RESEARCH

Disclaimer

o

The radiation monitor is a simulation tool that has been developed with care and dedication
by Wageningen UR Greenhouse horticulture.

The radiation monitor however stays to be only a model which never exactly reflects the real
world situation. Moreover, the model computes a stationary situation, whereas in reality a
greenhouse is governed by dynamical processes and can have large variations in the vertical

and horizontal dimension.

Wageningen UR Greenhouse Horticulture therefore does not accept liability for financial losses

that are attributed to desicions that were based on output shown by the model.

Hser !nter'ace

The left pane of the interface gives the inputs used for the computations whereas the
right pane shows the results of 8 computation.

Input pane
Cloudiness
|Sc.al.l.ered E
Pyrgeometer I_Gg Wim?

Quiside Radiation

In_ Wim?

Radiative energy loss of a greenhouse is strangly influenced
by the cloudinass of the sky.

Some greenhousas are equipped with a pyrgeometer, a devica
that tells this radiative heat loss so growers used to such a
device might fill in the Pyrgeometer reading to characterize
the sky conditions. People that do not know the typical values
of the radiation loss to the sky will prefer to use the
descriptive parametrisation of the sky conditions ("Clear’,
'Scattered” or "Overcast’). Naote that when changing the
description the Pyrgeometer value will change to
corresponding typical figures,

Cutside Temperatura |5 *C

Wind speed |¢ mis

Greenhouse air temperature |2|] *C

85 %

Graenhouse air hurmidity

I Greenhouse cover

I I

T

This is the solar radiation

The temperature can be expressed in Centigrade or in
Fahrenheit, To change to Fahrenheit you have to change the
last C in the address in your browser to an F {or vice versa)

Ié it fwearw. plastuinbouvwmodelen, wur .l Fradiationmonitor fuser =xoono;_ENC

Here you can define to which temperature the greenhouse Is
heated. In cold conditions the madel will compute the heating
neaded to reach this temperature. In warm conditions ar
canditions with a lot of solar radiation, the model will
determine a ventilation rate that establishes this temperature
{if possible}

Version: GROW GROWING
Nov 2018 COM
\ Info Run
WAGENINGEN
— Help document on the Radiation Monitor
https://www.glastuinbouwmodellen.wur.nl/radiationmonitor/Content/HIpEN.pdf
Home

greenhouse crop.

control.
This document gives an explanation on

Theoretical background.

The radiation monitor is an internet application that shows the effect of covering materials,
screens, heating and illumination on the temperature distribution in the crop region of a

help with the strategical and operational discussions in greenhouse climate

and presents the

88 pages in total

The software was developed by Wageningen UR Greenhouse horticulture

Cloudiness

Scattered

~ Overcast
Scattered
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Input pane (continued)

Greenhouse cover

|Standard horticultural glass

Screan

|Luxous 1347 FR

[ |foil screen

O IDhﬁc ura 10070 WB+B

=l =] =]

g7+

Here you can define the humidity in the greenhouse. The
model does not take the humidity balance into account (but
does account for transpiration, see explanation of the crop
selection box). The value filled in here is used to compute the
dew point temperature of the greenhouse air and in the crop
transpiration computation.

Here you can select an appropriate greenhouse cover. The list
contains a number of typical greenhouse coverings, ranging
from glass to poly coverings and can be single or double,

For each of the coverings the model uses typical properties for
its transmissivity for solar radiation, convective exchange and
its transmissivity for thermal radiation.

Greenhouse cover

[Standard horticultural glass V|

Standard horticultural glass

AR coated glass

Double AR coated glass
LE and AR coaled glass
Double ARAR LEAR glass
Poly 20% thermicity

Poly 40% thermicity

Here one can select to use none up till three screens. For each
screen used, the type of screen can be selected from a list. The
properties of each screen in the list were determined in the
Wageningen UR Greenhouse horticulture Lightlab.

The properties of the screens are described here.

Crop

|Tornatn

Input pane (continued)

—3

[0 % heating above crop
|2u % heating between crop
|3{] % heating below crop

AL A

l Lighting

[fop— pmolims

A [ |HPS Lighting

The radiation monitor has a number of crops for which the
optical properties and typical architecture was determined by
the Wageningen UR researchers.

For all crops the full grown crop is considered. Also, for each
crop the typical transpiration is taken into account, being a
constant base transpiration and a light dependent component.
The crop parameters that are used are listed here.

Heating systems in greenhouses can be located below the crop,
in between the crop or as an overhead heating system.

Here you can determine what percentage of the heating power
is released where in the greenhouse. Of course the sum of the
percentages should be 100.

Normally only one or two systems will be used.

When changing from one crop to another, the default heat
distribution over the different systems may be changed.

When using artificial illumination the type of illumination can be
selected (HPS or LED) and the intensity can be defined (in
pmal/{m? s) PAR radiation.

The parameters used for the different light-sources are
described here

Double inflated poly 60% thermicity -

Crop

Garbara b

Tomato
Gerbera
Rose
Pepper
Cucumber
_| TomatoHT L
CucumberHT

0 % heating above crop
[aa ‘% heating between crop

40 [ LED with 2.0 umol/J eff.
= LED with 2.7 umallJ eff.
Liqn LED with 3.0 umolJ eff.

8 HPS Lichting (1.75 umolid)

HPS Lichting (1.75 umoliJ) v
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Output pane The virtual sky temperature (computed from the
combination of pyrgeometer value and outside temperature)

Outside temperature \
(a copy of the filled in value) -8.2 °C (skytemp)

Cover temperature.
If a double layer cover is
used, the temperature of
each pane is shown.

Temperature above 142°C
the screen(s) (only . Computed screen
shown when at least

temperature(s).

One Screen: i usad) -27.8 Wim? If multiple screens are used each
screen temperature is shown.

Net radiation on the
top-of-crop level.

This is the sum of 185°C
shortwave radiation .
gain and long wave 19.1°C Crop temperatures
radiation loss 197 °C at four locations
202°C 88 pages in total
https://www.glastuinbouwmodellen.wur.nl/radiationmonitor/Content/HIpEN.pdf
Computed from the
combination of
temperature and RH\ int 17.4 °C Computed from the energy balance of the greenhouse,
Heao Bﬂhpngw 17 r 73 Wim? " including the latent heat for the crop transpiration
The light intensity at _—— Light intensity 0 umol -
e togp-of-crop el Effective u-value 4.9 Wi(m? K) The result of the division between the

Ventilation 1 2 mu,(ma hr) hgating power and t‘he_actual tempgrature
/ \ difference between inside and outside.

This computation includes the lowering effect
of light sources (lamps and/or sun) and the
increasing effect of crop evaporation on the
apparent u-value.

The computed ventilation.
In cold conditions it will be
the leakage ventilation
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Theoretical Background Sta rted at pa g e 5

The climate conditions in a greenhouse are the result of the interaction of the outside climate
with the enclosure and the canopy inside the enclosure. During daytime, solar energy is
trapped in the greenhouse. Shortwave solar radiation passes the transparent cover, but the
heat, generated by absorption in the crop and construction elements, is prohibited to escape
from the enclosure.

During night time, in modern greenhouses it is the heating system that assures a favourable
inside air temperature, although the energy stored in the soil might as well provide some
energy supply. For unheated greenhouses, this night time energy supply from the soil, or
sometimes also additional elements with a large thermal mass, is the only and therefore the
primary energy source. However, this dynamic behaviour of greenhouses is not taken into
account in the Radiation monitor. It uses a steady state approach, which means that the
temperatures computed are the temperatures that would be achieved when the
environmental conditions would remain constant for an infinite long time.

Of course this will not be the case in reality, but since the thermal mass of all components in
a greenhouse, except for the soil is small, the steady state approach is a sound way to
compute the effect of screens and covering material on the temperature profile in the
crop, which is the objective of this tool.

The model was designed to do simulations for low-light conditions (from darkness up to 150
W/m2 outdoor light) and for cold conditions. This means that the model assumes that crop
transpiration is not limited by drought or temperature stress and that, the ventilation capacity
of the vents is always enough to achieve the temperature that the user provides as an input.

In a steady state solution, where all temperatures are at an equilibrium value, the sum of the
energy fluxes from and to all the greenhouse elements is zero. When looking at the picture
below, this means that for instance the cover temperature is at such a value that the energy
gained by the absorption of light in the glass (typically 4% of the solar radiation) plus the

ﬂ
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Crop transpiration

When leaves of a crop evaporate water, energy is converted from sensible heat to latent heat.
At higher intensities of solar radiation or artificial illumination, this energy originates almost
all from the absorption of the shortwave radiation, but at night, this energy is derived from
the environment. This requires that the leaf temperature is below the ambient temperature.
At a certain point, an equilibrium temperature will be found where the energy needed for
transpiration equals the energy supply from the warm environment to the colder leaf.

The transpiration rate is driven by the difference between the vapour content of the air
volumes inside the leaves and the vapour content of the surrounding greenhouse air. The
vapour content in the leaf equals the saturated vapour content at the leaf temperature and
the greenhouse air vapour content follows from the user defined temperature and relative
humidity.

As a formula, the transpiration can be described as:
transpiration = A ¥ 2 % (Xiear - Xar ) / resistance [gram/s per leaf layer]

'A." denotes the total surface of leaves associated to a leaf layer in the model. The surface is
multiplied by 2 because a leaf has two sides. The fact that the upper side of leaves has less
stomata than the bottom side is incorporated by the value fitted as the stomatal resistance.

Xear is the moisture content of the air volumes inside the leaf and X, is the moisture content
of the greenhouse air, both in gram/m?3.

The saturated moisture content of air at a certain temperature can easily be computed by the
formula below.

X* = 1255 * 107(7.9 * Temp/(237 + Temp)) / (273 + Temp) [gram/m3]

The moisture content of the air inside the leaf follows by filling in the leaf temperature in the
formula. When using this formula after replacing ‘Temp’ with the greenhouse air temperature
and multiplication by the relative humidity, the absolute moisture content of the greenhouse
air is obtained.

The resistance for moisture transport from leaf to air is the sum of the boundary layer
resistance and the stomatal resistance.

Resistance = boundary layer resistance + stomatal resistance [s m]
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distinguishes only one forced convective flux and that is the air exchange between the outside
air and the inside air below the roof, which can be the top-compartment (Ttop) or the main
greenhouse air compartment (Tair), depending on whether or not a screen is deployed.

So with at least one screen deployed, the energy exchange by forced convection between the
outside air and the top compartment follows:

HTopOut = fVent/3600 * 1200 * (Ttop - Tout) [W/m?2]
HTopAir = 0;

When all screens are stowed the temperature of the top-compartment is left out of the
computations and the ventilation acts on the greenhouse air temperature.

HTopOut = 0;
HTopAir = fVent/3600 * 1200 * (Tair - Tout) [W/m?2]

In both equations, fvent is the air exchange rate between the greenhouse and the outside air
in m3/hr and 1200 is the volumetric specific heat of air in J/(m?3 K).

Because every greenhouse has some leakage, fVent has a minimum value. This value is
linearly dependent on the wind speed and is 0.3 m3/(m2 hr) per m/s of wind speed, with a
minimum of 1.2 m3/(m2 hr). This means that only when the wind speed exceeds 4 m/s (a
small breeze), the leakage of the greenhouse is supposed to grow with this 0.3 m3/(m2 hr)
per m/s of wind speed increment.

In the above mentioned forced convection, the actual heat exchange is a linear relation
between the temperature difference between the state variables. For free convection, the
relation between the actual heat exchange and the temperature difference is in general not
constant, but a function of the temperature difference itself. The general formula for heat
exchange between a horizontal warm surface and a colder air volume above it reads:

HWarmCold = 1.7 * (Twarm - Tcold)~1.33 [W/m2]

This formula holds for large surfaces, like screens and covers, where the convective heat
exchange around the cover is enlarged by the 1.2, due to the larger surface of the tilted pane

For warm heating pipes the relation shows a very similar non-linearity. For round pipes, the
sensible heat loss is described by

HPipeAir = Dpipe * Lpipe * 6.25 * (Tpipe - Tair)*~1.32 [W/m?2]

where Dpipe is the diameter of the pipe and Lpipe is the number of meters of pipe per m2
greenhouse surface. For common greenhouses, the bottom heating system consists of pipes
with a 51 mm diameter and there are commonly 10 of these pipes in an 8 meter trellis,
meaning an average length of 1.25 m of pipes in the pipe rail circuit per m2 greenhouse.

For the sensible heat release from the luminaires of artificial illumination, if applied in the
computation, the same type of relation is used, and the term that takes account for the
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surface (Dpipe * Lpipe) is set to a value dependent on the electrical lamp power. For a 100
W/m?2 HPS luminaire this surface is 0.02 m? per m? greenhouse and from that the model uses
a linear relation between electric power and surface of luminaires.

Of course in reality, the efficiency and type of lamps will also determine the surface per W of
installed lighting power. However, since this will only give some change in the equilibrium
temperature at which the lamps release their heat and not in the total amount of heat
released (because that is defined by the lamp characteristics such a fixed power-to-surface
relation gives only a very small inaccuracy.

For small distributed surfaces, like the leaves of a crop, the free convective heat exchange
coefficient is hardly affected by the temperature difference. This follows from the work of
Stanghellini (1987). According to her work, the convective heat exchange from canopy leaves
is more determined by local air velocities than by temperature differences. When the local air
velocity around the leaves of for instance a tomato crop is supposed to be 0.1 m/s, the heat
exchange from a leaf to the air is described by

HecLeafAir = 10 * LAI * (1+ (TLeaf-Tair)/140) [W/(m?2 K)]

This dependency of the heat exchange is that small (1/140 times the temperature difference)
that it is simply neglected.

In this formula LAI denotes the leaf surface in a specific crop layer per m2 greenhouse
surface.

Finally there is one more convectieve heat exchange that is not computed by the standard
formulas for free convective heat exchange, which is the heat loss from the cover. This is
strongly influenced by the wind speed. According to the work of Bot! this convective exchange
is described by:

HecCovOut = 3.1 + 1.31 * Windsp for wind speeds < 4 m/s [W/(m2 K)]

and
HecCovOut = 2.72 * Windsp0.8 for wind speeds > 4 m/s [W/(m2 K)]

With the three types of convective heat fluxes, sensible heat exchange processes from surface
to air in the present model can be computed, after having used the appropriate parameters.

L U B B UGCT BB omm. " B O L TRRW T 0 0 F O OO O i

through leakage and vents.
So, for example, when using a single screen, the heat exchange from air to top through the
screen can be computed by

HAirTop = 2.3e3 * (Tair - Ttop) * permeability * 1200 * (Tair - Ttop) [W/m?2]

It is easy to see that this results in a quadratic relation between temperature difference and
heat exchange through the screen. However, since the permeability is in general a small
number for tight screens, the resulting energy flux is quite small as well.
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Long wave radiative exchange

Besides the external fluxes and the free and forced convective heat fluxes, the model
calculates radiative heat exchange in the wavelength region between 5 and 50 pm.

This long-wave radiative heat is exchanged between opaque surfaces in the greenhouse and
between the greenhouse cover and the sky. In the current model, the number of opaque
surfaces is maximal 15, namely the 14 real surfaces that can be distinguished plus the sky,
which acts as a virtual surface. Since all surfaces in principle can radiate to each other, there
are maximal 105 radiative heat fluxes to be determined (144134 .. 2+4+1). However, in
practical situations, the number of radiative fluxes will be a lot smaller. Double coverings are
not widespread used, just like using all three screen layers. Moreover, surfaces at a certain
point in the stack can be non-transparent for longwave radiation, which means that lower
layer cannot 'see’ all layers above them.

The general description of radiative heat transfer reads:

Es1 Es2 Fs1s2 Asy
Rs1s2 = o (Ts1* = Ts2?) [W]

1-psipsz Fsis2Fs2s1

This equation, computing the energy exchanged from surface S1 to surface S2, is governed
by the optical material properties of both surfaces and the geometrical configuration. The
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Fs2s1 = Fsis2 Asi / Asz [-]

With this formula it can also be seen that Rszs: is equal to Rsisz2, except for the sign, which will
be opposite.

Going from the top of the greenhouse model downwards through the layers of the
greenhouse, the radiative heat exchange between the cover and the sky is the first to be
defined.

The sky by definition as a black body with a temperature Tsky, an emission coeeficient 1 and
a reflection coefficient 0.

Therefore the radiative heat exchange between the cover and the sky is simply
RCquk_v = Ecovap FCm-'Sk}r Acov O (Tcuv4' Tsky4) [W]

The surface of the cover of a greenhouse is larger than the floor surface of the cover, but due
to the repetitive tilted surfaces, the cover partly sees itself. This makes that the product
FCovSky Acov equals 1 and the radiative exchange from the upper cover per m2 of
greenhouse surface is simply

RCquky = Ecovup T (Tcuv4- Tsky4:| [mez]

The term €cov,up O Will be called the radiative exchange coefficient (REC) and refers to the
typical multiplication factor in a the computation of a radiative exchange.

Where the upper cover layer has only one upward flux, the second cover layer (if the
greenhouse has a double cover) may have two upward fluxes. This depends on the
transparency of the upper cover for infrared radiation. If the upper cover blocks all infrared
radiation, the full hemisphere of the lower cover is occupied by the upper cover. Then the
viewfactor of the lower cover to the sky becomes zero. However, in case the upper cover
transmits, say, 40% of the infrared radiation, 60% of the hemisphere of the lower cover is
occupied by the upper cover and 40% of the hemisphere is virtually occupied by the sky.
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Crop parameters

The user can choose for a simulation with different crops. The crops differ with respect to their
transpiration rate and with respect to the division of leaf surface into the 4 crop layers described by the
model, In all cases, the crop transpiration Is computed from relations that describe the behaviour of the
stomatal resistance for moisture transport and that compute the driving force for the moisture transport.
This driving force is the difference in moisture content in the leaf cavities and the moisture content of the
greenhouse air,

The stomatal behaviour is modelled by a simple formula that yet gives a very close match between
observed and computed transpiration rates in tomato, especially during the low-light conditions for which
the Radiation monitor was designed.

Unfortunately, Wageningen UR does not have ready to use detailed data on the transpiration rate of
other crops so, for the other crops, simple multiplication factors compared to tomato are used. These
multiplication factors are listed below.

Crop Transpiration as a factor compared to tomato
Tomaat 1

Komkommer 0.85

Paprika 0.75

R0O0S 0.95

Gerbera 0.9

The different crops do not only have different transpiration factors compared to tomato, but aiso all have
their typical Leaf area index. The table below shows which leaf surfaces in each layer per m2 greenhouse
area are being used

Crop LAI per layer
Tomato 0.75 - 0.75 -0.75 -0.75
TomatoHT 0.15 - 0.95 -0.95 -0.95
Cucumber 0.75 - 0.75 -0.75 -0.75
CucumberHT 0.15 - 0.95 -0.95 -0.95
Sweet pepper 1-1-1-1
Rose 0.1-09-09-0.9
Gerbera 0.1-08-08-08

For the two flower crops, the top layer has only a small surface. This top layer represents the flowers and
flower buds. These parts of the crop transpire much less than leaves so for the top layer of these crops,
the resistance to transpiration is increased by a factor 2.5 compared to the transpiration resistance of
leaves.

The crop-descriptions TomatoHT and CucumberHT refer to Tomato and Cucumber crops with a different
distribution of the leaf surface over the 4 layers. In the ‘HT'-cases the top layer describes the
temperature of the top 0.15 m2 of the crop which is considered to be the head of the crop.
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