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Abstract

Th€hi nese solar greenhouse (CSG), known
greenhouse type in Northern China. Cli ma
production with high yield and quabrtenst
heuristic control schemesd nlgaveh el inmitt erde v
cultivation. Opti mal contr o mp ip oeefisfreigcoi e na
greenhouse puodeewi opti mal CSG cl ierdadpe .
On the anwekeddingined and thoroughl €S@al maat
and crop whioomt hserves as a basis for opt
hanad ,ufsreirendl vy o@l g onf ibcrlitimmattreo Imaan aggteanecar
without the | ocal controhierpisesjeutrranms
production process and generate an applic

CSGs. Firstly, this shumygdaleviehatpede aciie

broad range of greenhouse <climates, i ncl
humi disdcyonc@@trati on, and shortwave radi
variable, structural crop dry weight. Se
model to predict indoor r agbiaasteido m,n teexmpeear
greenhouse strarcducent rcaoloy. Thirdly, t h
synthesized O\St@ i amatemt ggowat edmodel , wh i
themoottmed contr ol pur poses. Fou€s6Il g| i ma

manageuneinng-deveahn receding hori zamrtdms i
feedback was designed and evaluated. Per
i deal opt omdm oo mtprt a Imad! comtt icredlt r ol psano
supervised by groweysmeddlismoagtdioys prrioon di

for i mplementing opti mal contr ol theory |
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Chap r

| ntroducti on

This Chaptergemdralduc@ascsk grheeund and motiv

research questions, and outline of the 1t/



1.1 General background and motivati on

The rapid population growth and <cli mate
challlemge®?»83nda733 nexpaeroime mpepeodp,l eequi v al
every el even(FRAOoplldeADP, o NI ICEF, ) )AWNECoTr &i NWWH
t hleni ted Nati oheg gRO0B4A) popul ation i s prec
2050, substantially increatsowegeeoteemdaimase
|l amdfers | imited potedud al o t oo meetertaitnhtiss
resowmrlowmigt,h the grewitmeg memmwpae@iP CER ). A2 Ondodrt es
promi si nlgi asmpurtadwoampg production efficiency
I n t his contlatt i cgurleteunrheoousteat uri nghatthe
signi fbioomesntglpyed Mike sows e eef tompanegadtid i ona
field ,femeiningggaref f est i afteceng ¥ i gcautrirnegnt and f

I $1e c ursistuye s .

Greenhouse hort,i ctud d himraeb-@ gynad a absietonslcee |
characterized by ($htigrhg hienfpluitnianadvamnuttp.uGos
| mpr ogrriengn poodaeaction efficiency has wahliwah
i nvolmeseasing crop yields whil e si mul t
consumpatcihema \y her nlehteesfe¢tout ss ul ti mately c
stabl e mivglipdelyd pf p,r oednuhcethseuisntga i anfa bti H @ ,t iya il di <
reducamlgon tflorodpghwmut the production proc

The Chinese sol awhigcrhe einsh ofueseet WrCesSdG)wi t h a
common greenhouse typaistabNerfberaop€hatac
enterprises and plays a plinvo2t0a2l2 ,r otlhee itno tc
used for vegetable pboBdcimebhiempse a@pPt 0K
of the total greenhouséAddartei@dohtbd higgc da e @ s t
were newly coffst Lu)Ats@@zidint t202h2u al pmrotdactt e

vegetabl es ei@6 OChminlal ircenmaectho 89 % wonh.tebuued
2



ia globally important horticultural crop
million tons, primarily produlERASTAT)ASs2 0a
China is the | argest producer of | ettuce,
Mor eover ,onleetotfucehei smai CSEGBop s e glanmpti eaa t B
regi on, | etdtourc €9 .6 ooufntt he t ot al vegetabl
cultivated,| eaafdg €CBdghectuatb 13e7. 6 % of t he tot
(Fan et )al ., 2021

As shown in FigurThel . 6l86anmnd ghiigurcean. X,t r |
comparison with greenhouses (Rar diohses i Ne tThoe
l ncroc¢eVanthOolpyr,egabbtiing envel ope and con
cambered south roof, north wall, and the

daylight access, heat storage, and insul ;

thermal blanket

south roof
N

roof vent

north wall

/ side vent

Fi gurGr oksestti on of the Chinese solar greeil

consists of a north wall, a north roof,
covered by transparent material. WNenbokl at
structur al components for climate contr ol



FigurCutls.i2zde (l eft) and inside (middle an

Soil culture is common in practical CSG |

Due to its excellent thermal C8&6utahipno
vegetables and fru43AN)Y nmiNotrlt hewint ICiiainngaa d
Christophe).,, TéhelLiabi200% to produce does
Efficient production of crop products wi
o f t h W CSSuth Zhang, Yang., HKwuweve&k h Guad,i s2
unf avourable c¢climate conditions inside |
temperature and hcuom cde nttyr, atdiedn ,ciaemd iCOs uf

comes down to a |l ack of equipment and st

Recent devel opmearmptosei clgemadgrealcondi ti onin
adjust the CSG climate. Moreover(Lusygtham
Fang, Ke, & YaXug , Gu0L)7 &s yWwsat,e @s0 2Wsi ng gr e
he@&t He etWealt.uo 20u2ng edandlaot, he&rlbpeci al i s
approaches(Kfo€Cavbheh&®8E. be2fAlBbnvestigated
and emission reduction of pollution gas.
mai nly on actuator devel opment ; it rar el
operating tionfe tahned tphoesrimailonbsl anket on i nd
(Y. Liu, Ding;To&gZh&hgj] s200pherbutLit,he8y BRaoi
dynamic control. At present, most CSG cl
based on the experience of growers and s

They are i mpl ement edy bsyi nmpafnéu ad n do pRelc altnt o o

4



or doorb ttaheex pe€C$®dcl i masctean debdbwee and adjus
cont (Malnl éSrt r aten, Van Willigenbur)y, Hdave vid

these settings do not account for future

CSG climate control schemes when it corm
produ(Pti ¥ma, S. Du, & L. )G. Van Wi lligenbu
The optimisation of greenhouse climate ¢
mar ket able product in relation to the op

duri ng i tVsano pHeernateilnb n sl 9Vidtauat i on represen

opti mal conbirfoleriisnsguef rom conventional gr
control fully exploits scientific guant
equi pment , and crop. Such knowledge is ¢

anticipabobesreogpr eggyynami cs affected by con

predictions. Furthermore, the goal of the
comes down to maximising net profit, is
gr earsleo opti mal control theory emerged in
many relatively mature (Chaltabil, sBist @ msBa

Cockshulb2002W082al ovli clhg s I12d0Wi9c h, Gut Imam,

Zhang, & ; Xu ammi2;0razp0,2;2a0n0 OBev er en, Bont sem
Van Hent\¥an RONt5&0O OVAINO 9Heant en & ;Bamt Oe@tmag h
201Man Stratem.eXual S, D010& G.;DVam™XuWi IDui
Van Wil |l i ggnbahrigc,h 2n0alk% signi ficant gai n:
These current opti mal c ont rsopla ns ygsrteeenmsh onuasi

Vent wype greenhouse. Although the CSS&Spams

gr eenhpudgeanal contr ol systems have a | ar
performance and relieve growers from un
climate control systems have been devel
efficienciyt iompr@8@&meul tivation in terms

net revenue IS not cl ear.



The maj ority of present CSGs, t hat i s,
conditioning equipment (Qnd Weut optZihdhr@q ot

have roof and side vents for natur al VvV el
preservation, as the two kinds of essen
climate control in such a standnanddb&s6d |

grower 6s experience. On the eacrcthr a&&SyGs teoq
with multiple climate conditioning facil
oA ine controller, as tatge@tae¢d oinn otf h EaSii5p tc
Xu et gl do( 22@1t8)exi st .

Using @amedelcontr ol mechani sm, the perf
system for greenhouse crop production | a
process model , although contr(dbui jape@ros., tA
van Mouri k, van Henten), &awmanmpeoWMe| engt
some At @grhte. pri mary contr ol objective is
greenhouselVamnu !l Ha nvtadra,o n1XU9 4eq), t e . sy 204d® mo

accurately predi cectr ogr egernohwtuhs e d ycrl @ nmact se &

adjustments and weather disturbances, ba:
can | ink energy consumption wntrolcrtompajre
Meanwhi vepnnaheudalkelreéai nties in the sgste
achieving a gl obal opti mum acr os sl ndtee aed

opti mal control dhoaoittidht Mfesreanodb ussyts tpergesc t i
fully comei cairrirreqn t Lpecitfriyc |l gmaesclapasna
user ex pleoc tagptpiloynsopt i mal control theory i
climate control system for standard CSGs

mod el and an applicable control algorithi

Theredmrtthe pneanhamntdegrated model of CSG
explicitly describes the entire CSG crop

This integrated model should be able to
6



on external weat her , greenhouse structu
accuracy, hi gh computati onalHoevMefvieai, e mauyc,h
designed and thoroughly -wradp dart ewit h nmede
not avail abl e. As modelling the greenho
mechani sm descriptions anidstane of of et m

horticulasrahecrapget crop, tbeelgewillatcc

|l ettuce growth mo d el Fngstmdi €CE& eXxi mame
frequently occur inside CSGs with | imite
control of humidity attribute is crucial

of a broad range cfl ugli mgnhous e eaipiemat aig e
humi dictgnc€®trati on, and short waSec gmidti ait
necessary t®alsaevde Cé® Gpnmoddéceehadt hat can i nteg

climate attributes inside CSGs, incorpor e
cultivar, i .e. the |l ettuce. This climate
CSG | ettcudeonprsccdelnari os, using measured c
two individual model s armen ndhte av dialna laa
control algorithm designed for standard
optailm contr ol problem definition and the
centred around the grower, fully consi dei
acceptable | abour input, and the atcuoab

designed and evaluated.

This optimal <c¢climate control system for C
By using the control strategies recommen
i anti ci@ahedve motdédanf fai ccioenrveeynt i on al COt
grower, and higher net revenue can be obt

1.2 Research objective

The objective of this project iIis to gene
7



for standard CSGs, including the develop
crop production process and an applicabl
maki ng for grower s. To apply opti mawe co
mai nly address the following research qu:
1. To what | evels can the accuracy of 't he
model based on explicit process descr.i
growth cycle, and how do these accur a
2. How much influence do current differei
have on net economic return in standalil
3. What i s tehfef ipcoimgemaw e@alrecg prfod wac tsitam dian
CSGBwsing optimal control over a conve
grower, and to what degree can it be ;
1.3 Outline
The organisational structure of this the:
Chapter 2: Met hodol ogy
This chaptemdwickel t he methodol ogi es, dat a
this project, focusing on experiment de
cultivation experiments were conducted t
consyetem evaluation. The setup for thes
preparation, and | ettuce planting to dat
processing for simulations and an aqwkevi
model |l ing methodol ogy, coupling strategy
wel | as the method for opnhi maldi toaoabr ol he
programming used for simulations wil|l be

Chapt elret3t:ucAe growth model responding to

8



No dynamic and mechani sm model for | ettuc
with extreme conditions and humidity. I n
the effects of a broad range ohagqresnlwol
devel oped, cali brated, and validated. Fi
t he model equations describing |l ettuce g
conditions, retcanceert hatwawdg yraandliOsthioan. T
calibration will -hedelerdmd maad alt |beow dl s,u
al | the parameters. Finally, the model

simulated crop dry weieghnosd.el|Wep ewiflolr niaunrcte
(LAI simul ations, analyse the role of the

the effects of humidity. I n addition, moc«

Chapter-s4calfmk fcdlilmate model of the Chines

A thoroughl ybaseesdt e@S G rcolciensast e model t hat
attributes of shortwave radiaddmmnentariart it
describes crop activities targeting | ett
and evalaadalee aC$S@Il ¢l i mate model that des

greenhouse structurehowsdtécomtredl Srompst h

standard CSG. Initiallypfthéaef mameWwo wk | &
Then, t he mod el wi || be explicitly de
parameterisation wil/ be conducted by cl

those dependent on the semudrmmanc €SIiGn fi e

climate factors wil |exbpel oervaatliucant eodf, cad notnrgi
mass fluxes to indoor <climates. Heat f 1 u
the ice | ayer bfeoramaatliyosne,d,wifloll laolwsead by di
l i mitations, and perspective of the model

Chapter 5: An integrated model of Chi neseé

control



A wdkbbBigned and thoroughly validated int
climate and crop growth for control 1is nc
such an integrat-edomgregrawibhhsmodeld mbbeorS
combining the two previous models devel ¢
synt hesi s wil/l be performed, foll owed by
smoothed equations and det er miergirmg eidn tmoalc
be validated in terms of both indoor clir
model will be used for exploratory model |
scenarios on crop pdodBSdGtsi.onFimnwatl pyt, itme
smoot hed modeblValwdtledhe frod | owed pWlyi cdaibsid

l i mitations, and i mprovement directions ¢
Chapter -déor:i vEemenrtecedi ng hori zon opti mal (
cli mate

Auseriendly opti mal climate control Ssyst
without the |l ocal controller is currentl
such an opti mal control system, Gvhapcthe rt a5

a basis and @mplveynws r&acedvagt hormeohedaeli

enhance system robusftmiesmsdlmhsddesy.,.entslue i o g

system formul ati on, focusingnobnolt hael daerie
i ncltuhdlees i ni ti on of opti mal contr ol probl
described. Neaxt, wsil mubat icomdwucted among
optimal control, and control supervised [
of crop production inside standard CSGs

feasi bileimeynwtdoddalgosmgpd | oop opti mal ,cahobongl \
ansiwethe extent t bd wiheh orhe adloipsteidmai nh@s®@ast 0
depl oying the pronpdetpcobahndat hedstfeoar s

opti mal contrdl spusbedm wi || be

10



Chapter 7: Conclusion

This chapter will present the

achievement of the research objective,

concl

usi on

a

i nsights fr oSubesaeaghueanhapyt en .t symahesires® ;

chapters to explore the contri

butions, p

project from both knowl eddhe aonud |l eomdgi mwe éd

from the following threedaosmectensimoaodel ys

tracking opti-mechce&€sGesol aoatl bpghmal

da-tmi ven met hod.

Chapter 2: Methodology

Method
Data
Code
rr-—r—="—/=-— - T =TT T T T T T s T T T T T T T |
| e e e e e = St m——————
| | C | #
: rop
| Chapter 3: Alettuce | =20 | Chapter 4: A full-scale |
\ growth model . |
: climate model of the Research
! responding to a broad - - —— = -
i Chinese solar question 1
range of greenhouse !
| climates greenhouse | I
! [ [
i | | | |
|
i Equations : :
| y Parameters | !
‘ I |
| Chapter 5: Anintegrated | ____________ Ao
: model of Chinese solar [
: greenhouse climate and crop ' Research
| growth for control ~ 77777 ———— T— > question 2
‘ I
| System [
\ model [
‘ [
: Chapter 6: Event-driven !
‘ receding horizon optimal ! Research
T +— .
i control of Chinese solar | question 3
‘ greenhouse climate |
! [
PSPPI
FigurQr glandi sational structure of the

11
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Ch a r

Met hodol ogy

Thi s dHhdptdahreatpersocess a@afnpdat abassidhct) entettihoonc

model |l ing and epdi ma@aldi agntf ool si muleasteiao ncsh
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2.1 Experiment design

I n order to obtain data for model cal i bi
evaluation of thet hopae el meons rweér syscao @ any
CSG6ystfearrsysn nlget t ucecev eeru ldiifvfaetrieomt peri ods.
carriferdkonoux April to 14 May 2020, from 24
from 25 January to 16 March EX(@22 i ded)i viedr
Experi ), 22Enx(per i Bexmp)l 33 heéy spamndad vaardm
warm weat her conditions, enabling the <co

l ow to extremely highwbemperanur €SGsand |

As indicated in Table 2dtiljfftoreart thur@o -
chapters. I n Chapter 3, the |l ettuce growt
The experi ment performed in the, caied otd érae
two in wawmrandwaesddssed forTmosel Expl 2 ds

t hceal i br ati dmrexperpi meomdte | Edkepv ell oapnste nErxepd WB:
the first and second valnd@hapnherex4$per\whmieca
CSG climate model, Exp_1 and Exp_3 were
dedi cated to crop model cal i bration, wh i
were directly sour Mededvem, t Brp alvodgonodhdnige
cold and war m weaatvh ere dc srudiftiicaresa,t repres
performance and facil i tpaotteedht ¢ @ainp aorpatiimies
Chapt erdadl |uetkhpreesee me mtvea | fuoaft itbhhee | nt egr at e
climate and Tloetexwd e dgr @« Wteh .potenti al i mpa
t he | ast efaiewep edraynse ndaf wer e Aichd iftoiranEayp [dd s
selected to svaurdiyd utshaet @ mparc ttCrSadf pprroadcutcit ¢ eos
thranogdglk !l | i ng lenx padhoaaphtt eort Wer,e ep aerxtpieaii preetne & |

data support for case studies on dalhgo rpietrtf

13



Tabl &Jsagk and naming conventions .of the

ExperiDate Chapte Chapter Chapter 5: Chapter

Crop mClimatemodel Control

Exp_1 9 Apr-12validatValidat Validation Simul at
May 202 trial

Exp_2 29 Nowvw Calibr el Val idation Simulat
18 Jan trial

Exp_3 30 Jan ValidatValidat Validation Simulat
16 Mar Model l ing etrial

2.1.1 Experimental greenhouses

The experimental CSGOiwerecltoc®Bteediinmg, Fai
E). They were oriented from east to west
roof, and the soluanweropfasade Difl ;i nghe ¢
opened from eastatotwesbottom and one at
bl anket at night einne-ccgoyl sducdieragmd res c oMa i & X ton

was used during the experiments.

The CSG in ExA) _ha@Faggreuddlare?a withpapr
of 7.50 m and a |l ength of 78. 0 m. BThla Sz
floor area of 3Jppwidaxi natwildyt h6502f nv. 55 m
i ndoor ground of CSGs f orb akg xpT ble,i IsEpxepc i2f,i
structure, dimensions, and materials are
dependent parameters required bylyher CE&r
To aid undearr2t2anids ngrroFwidged t o show the n
taking the CSG used for Exp_2 and Exp_3

During the theexp@3®& meht mate was reguil alt edl
observed in typical. Cblkehgroweutstopalape

and side and roof ventasndipo i aone gl pifeddro ki ¢
14



high yield and quality.

Fi gurkEex R2erli ment al Chinese sol aB: qrsedanfous

and Exp_3.

Tabl &t2uzture, di mensions, and material s
NO. I tem CSG for Exp_1 CSG for Exp_2

Azi muth angl 5 A west of s¢5 A west of s¢

Ri dlgesi gh't 3000 mm 4100 mm

Hori zont al p 690 mm 1320 mm

di stance bet

north wal/l

4 CSG height a 1630 mm 2000 mm
point of sou
projection

5 CSG height a 2581 mm 3300 mm
point of sou
projection

6 CSG height a 2975 mm 4010 mm
point of sou
projection
Average heig 2350 mm 3110 mm
Span 7500 mm 7550 mm
Lengt hwestea 78. 0 m 86. 3 m

direction
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Hei ght of no 2200 mm 3050 mm

North wall a 90 A 90 A

North wal|l i 10 mm cement r10 mm cement 1

North wal|l 0 10 mm cement 50 mm extrudec
board + 2 mm «

North wall i 410 mm holl ow 454 mm holl ow

Length of no 1055 mm 1690 mm

North roof a 49 A 39 A

50 mm extrudec50 mm extrudec

North roof
board + 2 mm ¢(board + 2 mm ¢
North roof o 50 mm epolrysdty50 mm extrudec
board + 2 mm (board + 2 mm ¢
North roof i 80 mm reinfor¢80 mm reinfor«

prefabricated prefabricated

Il ndoor groun Bare soil Bare soi
Ai sl e / 600 mm wide c¢
South roof a 7955 mm 8005 mm
South roof a 24 A 33 A
Transparent 0.08 mm PO fil0O.08 mm PO fi
Side wall in 10 mm cement r10 mm cement 1
Sideowakl su 10 mm cement r50 mm extrude:c
board + 2 mm <
Side wall in 370 mm holl ow 423 mm holl ow
Ther mal bl an / 0.5 mm PE wovVc¢
surface (white ouitrssidd
Ther mal bl an / 0.5 mm PE wovVc¢
surface (white outsi de¢
Ther mal bl an / 20 mm bl agclka srtt
i nsul ation mat
Roof wvent ty Pull film controlled by
Roof wv arn th 400 mm 400 mm
Il nsect scree 40 mesh with ¢40 mesh with ¢
of 0.17 mm of 0.17 mm
Side vent ty Pull film Roll film
Side vent wi 1000 mm 1000 mm

Il nsect scree 40 meshviwiet di¢40 mesh with ¢
of 0.17 mm of 0.17 mm
Equi pment co 2 fans (13701 :/
coupled with

16



Thermal blanket

Roof vent

\South roof

|
[
o |
S [ S
< II Side S| <
10 1 North vent ™
N I| wall - 5
| 2 &
| o =
[ e -
| |-\‘ Indoor ground
N
1320 O
ol6 7550 ‘

Fi gur®r emlhouse parameters of the G3&sus

sec{uoant: mm). The blue | ines are the au.

2.1.2 Lettuce planting

The cwlftitshtetLuacd uc ps eslaetcitvead f or t he exper
( 427) (produced by Rijk Zwaan, The Neth
greenhouse | ettuce production in China. |

Ssubstrate inside. aTberd!| it Mgy gwera htouans pl

I n Exp_1, the |l ettuce seedlings were tral
were cul t iweastte d oiws € a&dtg. 2.3a), which oc
area with a |l ength of 72.6 m aadtdopatl m
the row density Waer2. Werpel 42t s omms and 3
that is, P®{lgT7bdb)mpmldarmts mtudy, the develo
cultivation with abnaseefd,ecitmdvtea rc ud rt bh\aasrtesrdy

pl ant density. This makes the model praci

17



the simulated crop dry weight and ot her ¢

effective area depends on the wupper 1 m
Considering the |l ettucebds genemimer cihal agt
t he model l' i mits the maximum ground ar ea
sqguare centred on the planting site. Thi

effective cultivated ar eangantdooprleovve.ntlifngl

will easily overestimate crop growth and
model s, this model assumes that the cano
However, many blankharealt exastoonuased an

the greenhouse. offhet gd olbeatlt woad agwr tavi ti lbunime d
i mplicit plamtdediems i dgnodt i dictdgnyt al cul at
pl ant df pyr we e gtighreaniom hoot, rwdstirilbop md ad kerse d

gl oballi brati on are baseadr ecan. t he effecti ve
I n Exp_2, the |l ettuce seedlings were tra
were cul tiwestted oiws dd&dtg. 2. 3b), and the

and total width of 4.50 m. Thsereyweas 26°¢
ml. There were 15 rows and 3975 plants in
pl ani(syrm) n Exp _3, the | ettuce seedlings
| eaves. The pl ant ssowdrhe,rdwligteh vatreadws nof oc
(Fi g. 2.3c). The cultivated area had a t
were 18 plants per row; thlusThehe wewed?2!

4248 plants in the gré&egholuse, that is 1:

The greenhacwanddrualiingattehe gr onainm ¢ unpaentuead d
according utsog dit hereguwllaeers CSG horticulture
fertiliser was also in Iine with the gro
mo s t benefici al to crop growth. Note t he
externaand niput s assumed t hat wat er and

experiments.
18
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N L=

Fi gurkEx p2er3i ment al greenhouses and | ettuce

Data coll ection

effects

rema i

he three experiments, crop growt:t
recorded. To ensure uniform dat a, b
of CSG side walls and t hger cewntthr.a nT
was the sampling zone, where t

per fuoaPem&hde (sFampl i ng zone whibgs diewitd aic

me a,s uaredneain sequal numbertefl pbanhar w

tbo occoknsi der the i mpact. oThgpoeghbwi st

season

samples were collected every 5 d

Exp_2, and 6 plants in Exp_3. One ex

seed|l

i ngs for tr ampslpelda mgtiivregn, tahred u6Gnipfl

fresh weights of both root and s

cators wer e achdt. erDmiyn evee i fgdhrt evach oplt ai

n and then 70 until the sampl ¢
19



anal ytical balance (accuracy: 0.001 g).

(3000C, USA, accuracy: w)thin N 2% for s

Greenhouse climate includes solar radiat/|
humi di t ycommelntCrOati on at a height of 1.5
temperatur e, rel awdrvee nrheuars Wdrigdy amdd rCelc or
| ogger (ESPEC THCOXZN 5apampm)awi t3t0a2c0g n sIG@®
accuracy: temperature NO. 3 , relative hi
pyranometers (Ki pp&Zonen CMPG626VTWEmR|ING t h
recorded by Campbell CR1000 (USA) data |

o

step f 5 minutes. The specific | ay@aitd.of

/// oD //

% o A 0B oC %

oE /

% 2

—_ 20 , 20 ' 20 9
Fiug2.l4et tuce sampling area and | ayout of
Exp_1 for example). Measur ement:apei hbs ab
A-E points. Measurement points-Cofpos mdrst we
areas denote buffer zones where | ettuce i

the average values of these measuring poi

The outdoor weat her data include horizo
humi diotcyoonc@@trati on, and wind spaeede mbllhe
weat her station installed on top of a CS«
were conducted. Solar radiation was meas:!

Net hnedrsl,a s eRr2sevt Wy mf y: Air temperature and

20



an HMP155A air temperature and relative
air temperat@r@028 IN t(@dmpRermBat 80e) o 2i0n t
(0.055 + 0.0057 I temperature) vienhume di
is N (1.0 + 0.008 I read2Ongt)o %4 0at )t.heOuted
was measured using a 034B wind!'wkasos 1 0M
s, N1.1% of tr te. whheen ab olve eld antb gs ®ampb ekt
(USA) data bogmeent rTatei cCrO of outdoor air
portable data |l ogger (ESHMEGOTHO@®™M), HANapawo,

data were -mohbteetiedt env &l s .

The grmoawdarpsul atedrdad controls of the thi
vennthe comemmegi 9f ded into five |l evels: fu

open, andTHheltlhye roqpaetnegbankdtt wabe either

The moments of greenhouse control acti on:
The coll ected weather, c¢climate, crop, an:t
di ffering in the CSGs wused, cultivation
in digital form, were used asdatnipmug st hoe

growth model , the CSG climate model |, and
experiments were designed with diverse g
broad range of dat a; i f t hei sdedraetl @ pwear imo
confirm their robust generalisation capa

respond t o di fferent CSG cultivation S C

definitions. For examplteo, esatcrhu cGQ3uG ad n dp asre
conditions were inputs for heychigmaneoal
provided inputs for the crop model . l n v

but served as amndeilnpuve afnomhitllee a@rsamgma ¢
on effective cultivation area, t he mo d
Additionally, ddadtves enteftraaosed amy itnlge i n

configured as input settings during si mul
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2.1.5 Outdoor climate overview

The primary funttcai pnoaddceCSGesgeitsabl es oV

experifmenttshe cl i mat e faoncdu siendt eognr att heeds emopdec
war m, col ewarandveadoher conditions, ma k i n
representative. Table 2.4 summarises the

values and standar d dredviitaitonosnsdi fCuetrd gior t
pr ovinag more diverse environment and mor e
As previous!| gx menidmnaea md dala etdhkd@ $ @ ¢ lhiemat e ma
consi stteméorwitthhe crop model , which coul
performance of the crop model, climate
measurements was ®ucaetddioardh@@nt hatemoIn ‘wals

(ppat zin, van Mouri k, Kempkes, & van He

Tabl &A&veréd4ges of the outdoor weather cond

CS@limate and inNegmbaetedi modbkesbrackets

EXpeI’I Date n |out Tout RHut CO(Zut Ve
[-] [ Mav?d [ ] (-] [ppm] [ ms
]
Exp_1 9 Apr- 2100 21.1 (18.0 0.50 410 ( 1.60

14 May 135 (0.30 (1.16
Exp_2 29 Nov 334 8.7 (:5.5 (0.58 458 ( 0.81
18 Jan 18 (0.25 (0.92
Exp_3 30 Jan 3&5 13.1 (1.2 (0.48 400 ( 0.85
16 Mar (0.22 (1.01

2 .Ba smed h o dnso dfed rl iop g i eoantt r o |

2. Modelling methodol ogy and coupling str

A variety of models have been developed f
23



dynamics. Thesd mpdce Isd dien slt sdtemh as t he |
(Tei, Ai kman,) ng chcaaniifsel,ii KleOnbahel g r eenhouse
devel oYaenrdt hboyor arg B eiag )momdgglepr esented by n
(Mo hmed et ), adbmput2a0t2i3on al fl ui ds dsymeaami alsi
simul at ipnrgo caa srefel solwi mat €Nodritsotnr,i bSuwtni,o nGr ant ,
2007 auwndctf-sonakct ur abmbromgieeclhsani st ivi tphll aenme |
mor phanhalggd as digitalRdwdeas& f Bolrnmsiit,rhu 2s@ 2s:
we focus on constructing mechanistic mo
Mechanistic model shasodrd e xkprimawre t aag yparr cec arsa:
representations that simulate the fundam
goveranisnygy heegx.pl ain the system behaviour
i ntegratifnrgb pwerc eisstes(Renatdsma ReDebc)heElma e
choice of mechanistic models can be ben
i nter pr et aobwleep eamdele hhm vex i ensi ve arag aesxepgesct
generalacrodety a&rytihnagn-dcdoanvdaint indohdserl ds,h i tghesyr
computati on@ad mpeafrfmuddtiemerysi onalF onhged e dtu |

structure of mechani stic noofd etlhse a Inlda wsi dfuc

climate and crop growth models to descril
The devel opment of the | ettuce growth moc
outlined in Figure 2.5, Both model s are

and ewielnltburealclowpl ed to describe the CSG | e
system boundari esgnftihgummstdigen & ¢ psuynsteer m wyti |
assumpthioakdl abefi ed. Speciafdide ®&lIslsy,s tplod enrt

scenahie@areop growth i s byfthengeeeaolusei ¢
The model i npat s it e mpiedaltewdiiemgmer umi i t vy,
concentration, a n@r osph og rt owatvhe d yarda mitd sonar

out puts such aasnlderdp adreyowaidglptondi ngl vy,
mo d e | thar gsettasn daaordf i Q@ dtdgonstructur al CC

greenhouse cl ichagptteuyrmreesgyucat odnt he f ooutrh ecrl
24



CSG obj ectr estpadnettsdnogo rt oweat her , greenhous
gr eenhouskFeurctohnetrr odlest ainl ¢ har enoprew lviad s diprrpit m
serve to simplif yBotthkec sayrsit etm @ nmed e Islseuakye
mo d e | framewdrtykcah aghd tuisdarnddt afgdreaterdiedlr t he mo
overview TFlRrics i ®@ctbor powveersstbeandhiapreo
the concept Whihfeereomeewor k 1 nt medtusest heveél
t heorreineasom s i s ttehnots ewiotfhmmoédtnoshec model s.
crop model relies on dry matter accumul :
photosynt hesiwhidlhed meepinthatuisen,cl i mat e mo

mass bal ance principles.

Transf orcminm gnpdt duedldqou ant f ommivoé ves establ i

and perfor msang opraoc dlehtet eetriions encompass i

<
o]
—

| abfeserally correspond to model out p

<
Q
—

i abl es, and model parameters, gover ne
char sedt ébryi st atded feermenipesnas, andnt he me

f or mablyi sceidf f er ent i al eiquass coa@arsd oiwi shtdpa rit tdo ame
simulation of CSG .clSonavtien ga ntdh ecsreo pd igfrfoewtel
tadepict t hey dthearh any codduer | out puts that do

cal cul ati ons hos twrealad\Vv astdeechnd,olovanaldy t i c aFlore g
mo d e | reduction, caonidesxstrathé ge drya iabD aetgau a
gathering amad epize @a d sidn gvre t Seoadzidéo rp mbgr a
cal i barmad i walyi bt beatnr astudd & 0 oNeostte stehcat sev

shown i nmkighhat rree e &bt ed mul t i pdeev dli pEemer@ts s

The generation of the integrated model ¢
model and the CSG climate model into a un
whil e preserving constant paraomaetewust De
to the conversion of mo d e | l nputs and s
i ndi vi dual component model s. The integr a

25



model |l ing exploratory and opti mal contr ol

Formulate objectives

Y

>~ Define system boundaries

Y

Formulate conceptual model

Y

Establish model equations

Y

Adapt model Gather and process data

)\ J

Implement model: programming

Y

Parameterisation and calibration

\J

Model evaluation

\J

Model and program uses

FigurRha&séeés oévenoadpepthenti s adapt e Refirdemat ha
Descheemaeker (2019)

2. .2Modaeall icbhration medhedsi dati on

The goal of mo d e | evaluation or wvalidatdi
achieving the objectives of the model |l i ng¢
the devel oped models have suffnequewinteape ret

achi evlel tthhrse e ad eavreel oepvbagl uceotdepda s i ng si mul &

26



measured data of the system behaviour at
I nterpretation and statistical anal ysis.

bet ween simul ated and obser vedofv advueerse s tai

or underestimation and overall trends, wh
The selection of model out put variabl es
model |l ing objectives and data availabil i

I n the study of tdreelndtotussee cd r-romat det ada@d retl
were used as model inputs. Model perfor me
and simulated crop dry wei gRMS)E aunsdi ntgh et hr

root mean (RRM®RE dherteowio common metrics ar

(21)

I
o
e

YO YO

TU T,
Y'Y O YOO: g O ® (22)
w

wheweand are measured and simul at end sv dlhwe

number of meéasardrentav,erage of m&AISIEr ec

measures the absolute maRlRRMMSE deeoseprede
percentage relative to the sample mean.
di fferent units or scales and compare t h
from the evaluati onJeaomi esohijelPbrteppt [&®
performance of modelling | ettuRRMSE avdt¥h
good RRM3Bebetween 10% and®RRME%S khetcwedmb?
30%, anBRMBB T3 0i%.

Foll owing the criteria omcpuabhli shi)Sredt ihagm

27



prediction of the critical crop growth i

was al so considered in the model eval uat
of anot her state variabl e, t hfee ra, mowenrte ocfc
to assess the role of t he model framewor |

Similar to the evalwuation of the crop mo«
al so evaluated i nRMIANRIRMS &Sii el | tag remds s Dir
o , air tXmpari atXhryenigaaedd nHE n Xy at nendé t he
compared with the measur e BMB&NRIREES.E tThhee bser
the model performanEewendefremare poee@ist @i
f odref i niancgc uhrbgst e enhous e & lhiomi§Kdeetbzeond,e lvsan F
van Moul,i kesp20c2zal |y for modelnso diaeskesdt ifgoat i
bwant hoofronf 2@dti mal girte ennahsotudssed IRRIEIE 0 0 %,
the macdeinhsi dered to haBaes gdoan peurf ogurame|
assessing the performance of C&Gl tEnmang
the complexity of the CSG system, the ab
the highly integrat eds idmsloavtieipd nt hres ,endnd e
for control pur poses. Il n this scluidnpptde: |h e

adophssame criteria as those used for the

Predictionsamdf | msditeetrees i nt egoie®AY @antdetdh e
i ntegr at@an sneogdueelnt | vy, the rul esnodet ev alc
climate andcdmrtrafcer gtrmduttihiodealkbod CIS& cl i
Thatalils, devel oepmlitdhyyo d a hesv antoudaetli on met hods.

Mo del p gartainoent eiffsdrcif we iMaullaat i n @1 aoveé hmedesil u
parameters were derived from the I|iterat
measurements ané&pemcecdel | yal t heapaommelerkr s

componeretag eggdor i nt o gwoernaglpepar andeetpeernsd e &

par ameters
28



Mo del cadlnivbod d/fetsehi ng parameters to ensur
measurements as Tyglposally yascpbsdbrhbteon fo
which helps identisftyiomfgl amet é ecuntofait | ehahv
Makowski, J one)sHo wse tkmaysm,r o a@lo9mme i maol at i
greenhouse crop (Watodiurctg.tomalpujo cEGEEkys, cal
conducted without a preliminary sensitiyv
i ntroduceudnsarppotr hedAsp anrodfeedt @ésywa and Desc
(20,19 )dedd! calsieat ab mMoavmeer i Nt egr atisent he\
mo d,elwlkcioch esponds to our . Ifoteasisn cead U eblhreartd o
par ameter s are fitted using experimenta
Furthermore, waobadtmadadt dd gheoni nt eggrtalte
RRMSE d msxitimie agreement between Tnogledbalu
cali bration wapaapmei ed el ypedteilbheGa fvetnh

t wo parameters required global cal isabtriaotni,c
which involves a systematic and exhausti v
al | possi ble combinations.wifThhsnoppemi 6ai
Si mpi mplt eamednti ncreases the I|ikelihood of

Not e etphaartatse daetealsmalt smoadreel a mvhd |i ibd attiioom t o
unbi ased ansosdeesls npeenWh oolfrmd Ewgs used for the
of the crcoopulndo @eehlpslooiypeed f or t KCe&S Ge ¢ drhanaedtlie o
and itnh e gmwoadted d This is alattpemabtlianochoanpeas

addi tional components and dyrRamics not di

2.3Met hod for optimal <control

Sever al classic books and studies have d
cul ti(van i ®tnr at ebaet Xal exHearlDel pwe OslBBmmar i s e

of thought for developing the opti mal CC
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control probl em. De-kbgpi ogpt amplkacbntab]

climate <can be separated i nto three pat
mat hemati cal sy-spa&eme mbharei, iinnsoat efcaC€8Gt
climate and crop growth. The second task
includes specifying the system model , i ni
constraints, and the cosmefwnhthoot,teobombsr

The third task is to schedule the -coavdreal
controller design, focusing on addressin

should take place. tThogaeat tears,k st ceond e d drud e

algorithm to be developed in this projecit
Net profit is the primary concern of gr o\
in optimal <contr ol i nvestigations. The ol
economic return of CSG lettuceVaul Hevtaen

Bontsema, 2009

oY AYs) 0 GO Qo )

wheKeepresents state variables that appe
such as indoor air tempenatuteatrehatiawnd
Yrepresents state variables that can be ¢
Urepresents gre@nbpussermrctomt egl rrregplr eden
parameters that clarifies the speciiditci me

J(U) I's the net economic returomb, eatswovenéd
perf or mance®Oor irgpresentsahe jncome by selling the harvested product

of the greenhouse production) ORAYHOMM represents running costs of the
controllable objects for climate conditionirtg,is the initial time for optimisation, aneis

the final time for optimisation. The period fragto tr is the crop growth cycle considered
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by the open loop optimal control, whegean be the time of lettuce transplanting or the end
of the recovering period, while corresponds to the harvest time. In the case of receding
horizon optimal control, the initial and final times of the relatively short horizon, where

prediction and problem solution are located, are-tamging.

The solution to an opti mal control prob
associated opti mal state trajectory or s
function. Opti mal control probl emsl yaanc at
met hods, cwalcdhulawss tchfe vari ati ons and Pont |
theoretical frameworks for d®anvHegtlaece
Numer i cal met h o dbsa,s edu cahl gaos i g rhandi, emrtel y or

objective function with respect to the co
However, traditional ameatl tydd < afl a @aen ds igg raid
when applied t odisnyesntseinosn awi tsht alhieghvar i abl
(Srinivasan, Pal anksych @BongrireenRdDWOBe pr
chall enges include high computational C C
optima. I n contrast, global optimisation
substanti &li nadevta.mtlkeAgeedda06@dfes control stra
crossover, and mutation to elfdmiorat!| Gup
Chopr a), GA1l1%as selected for solving the
considering that it does not require gr e

solving complex nonlinear systems with c

2. Bo0urce code

Model i mplementati ohhe eqgqade ewss @d ofgara nmnmh en ¢
vi sual i sation of the | ettuce growth mod
R2021b, The Mat hWorks) at Mendel ey Dat a (
i nputs of this cockcemmhbbemel atle mait ¢ | ucdciirntg

densi tyExpflB8edii ®DE45 swdweoltwvds fferent,i al
31



whiermpltolyes HRwnmgea hod with a variable ti me
This sopemrce code all ows readers to unde

conveniently.

The CEGmwotdehd the integrated modMAT LaArBe
sof twWAATeLAB3 R2TRe MathheWodrikfsf)e r e a tseoallv eedq uuas
t he ODEA45 iqotivwhesi redhf s o |iveendp |fouynecd idque caidfdircg g ¢

bal ance equations.

I n investigating the optimal control sys:!
gened gori thnméuoei ded by the Gl obal Optir
( MATLAB3R20Be Mat hWorks), which is known

finding gl obal opti ma.
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Chap3r

A |l ettuce growth model r
greenhouse cl i mates

I n thaptar | ettuce growth model t hat des
greenhouse <climates, including air toe mp €
concentration, andnshboopwawey rweedigahtti odiy r
cali brated, and validated.
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31 I ntroducti on

To generate an efficient opti mal control
cultivating |l ettuce, an accurate | ettuce
Theoretically, the |l ettuce gr owt lbfmagdelen
climate variables. I n paohceotanti ashor awe
humi @Gittaywghel | i)ni et al ., 2019

As reviwave dHdlys t,eitjhre (quadt)i t ati ve anal ys
back to the 1960s, providing valwuable i
|l ettuce growth models can be generally di
situati onad ycottieonnt idam aniptriedr pgdend Gegi aer , B
van Str adewel(dmpeOd®d)a | ettuce model with tw
to simulate | ettuce growth and nitrate cc
derived from their previoludo mdaegil ndro,r vpa
Buwal daby 19®8roducing a nitrogen bal ance
modi fied to coseresevecenaito®sgey extend
excess (lcdeor b®engi)netrt s 2p@Bameteri sati on wa

sensitivity andldagrar éloatl ioon cdanalMosiadmeb ain

ONi col etd model, which describesonmndhenterfd:H
and | ight, as wel |l as nitrogen in the nu
climate and nutrient controls (It oSegievem,.t

Buwal da, Van Str 3t eans welBll eysaefrar, r20mWi3d f
syst(Mantshi eu gt Haolwe,ve2QO0O®pti mal cl i mate c
describe the potenti al production where
only meteorol ogical condGobudnsadet &r Mane

This study focuses on the simulation of |

Sever al model s are available in the |ite]

|l ettuce growth. Early | ettuce model s wer ¢
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ot her si gisohiidmlz uf,orKnuss hi daSt & zFeulj i & T@riae @ 2

al . ), 1®®&® have continued to attr(@atineseht
2010Q. Li, Gao, Zhang,ThNis,e & iMgd,e QG222 i st
explicitly account for the effects of gr e
intelligence, mare veaop mostil satrepreésteat ed
been devel opgdowtohr sliemutluactei on . Their ef

simulating crop growt h, yi el d, anhmmys i
Chung, Fu, Mothureerdg ,et®M@R bt a2 0®t3 Holw.e,v ex( 2 22
high prediction accuracy and robust gene
amounts of data for model training, whic

on obtaining crop growthvensampltiong. t hr o

Currently, mai nstream | ettuce growth mod
formul ating Romde o& BdédbieBHeqd0n2r&r, Shina,
199%lan Hent;n, Xu9E4d.al Xy £ ladMec,hazn0ilsdt i ¢

ar e expected to gewrear asleins emoldetl tsersitnicaen

specifically describes processes that [
chemical, and biological pyinciapl el aTo o
concentration optimisation in &Commaerani al:

modi fied an early mechdSwesetniecy ,| eHatnudc,e Sg rac
1981 which originally included structur al
simplified model with one state by assur
explain the effects eoedormoentzroattiadn.r aldhet.
|l ater optimised to more sensi ttiewan yefifrec
temperature dynamics on photosReamahseen,s Wh
Hadl ey, and Whael d-demt edhedjellPo9%pdead) t lad te h-amale &
|l ettuce growth models for opti maslt agree emmoh
uses structural dry weight as the single
by photosynthesilsy amai ptagndryc e€ omessipnerdat i

for growt h. -9t zoa(Vmad &k nt ¥, ntsWwawedbs t ot a
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as compri sing-sdtrrucdtuurradl daryd wveamght s. The
derives from thestraaos@oalmamatoear iod!|l :oinnt c
its rate dependent -®ihr a4 @tmprea latrmai toenrainal o tt hin
predict the crop dry weight and | eaf ar e:
i ncluding shoricwawe nrtaditdtoingn,an@Oair t em
of-46 . The EIl dert l ettdcedmoadelopth afdd n lte
Hent en;,;Valh9 S4a at e;lDaent Xal .eJah@ 1 8§d a2p0tleBd as
component for(Tehkogy&aNahlymtasd®i0Ot2i4on , mo ¢
framework for potential growth can exten:t

the turgor mai (ltdeon aSnecge nheyKp cetZhheashigs, BAO B B s,

Turnen,, whiocdh al so fall within the scope
Despite their strong generalisation abil/
based | ettuce growth model s, whi chclhiomat ¢
control, are incomplete and | ack suffici
constraining their practical applicabil i1
The first l i mitation of current |l ettuce
humi dity on growth. Humidity is an i mport

crop releases water vapour Vi amarrphmosgdame
processes, such as stomat al conductance.
BakkerColLbbér & ;MomhietittXij, nf1i®®d Zhang Téte
sensitivity of crop growth to(Mbuwmiedisten, |

Rawson, Begag, & Wwtdwiandgeddi7adl , crop gr
humi dity situations (very high or | ow hut
the crop growth model has considerable p
model , theto@lisalatcowgi es and humidity t
of f additionally concerning the effects o
changes, |l eading to a control approach tfF
with a model excluding humidity effects,

setpoints and subject to contVaon Hefn toe nh e(l
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an@iap (206060 mplished humidity control by

humi dity to stay between a | ower and an
crop production between these | imits. A
r ewvleed that humidity control strongly inf

highlighting the need for a detail éMandes
Hent en., 2003

Secondl vy, current |l ettuce growth model s
climate conditions. They cannot compreher
temperatures, especially | acking nahirbohbus
beyond i mpacts on | eaf photosynthesis, he
or even do not allow for such inputs. F

benefits dry matter accumul awi acamnism mp hie

mai ntenance respiration but i nhibits the
control system, i n the absence of state
temperatures inside the gredéeémshdwsenhpatce

efficiency. There is no doubtopthiama lc rtoepmp
|l ev@h® mpson, Langhans, ;Ban hPl &ke Al &r He b v ¢
Vol ent)e, He@@weé2er, temperature fluctuations

to save energy and (K%rtmarn & i \YahneS 6 annegt h er hel vi

al . ,)). 2PUMOt her more, extreme temperatur-es f
tech climate conditioning device@ei tswa@ hS
et al). , TRéné&for e, the crop model mu s t al

processes to a wide range of greenhouse

I n addition, mechani stic crop models tha
di fferences between photosynthesis and
simulating the early st agmesedf Tésd o gpttg,tad dt
no successful attempt was made to expl ai

still exists in modelling |l ettuce growth
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designed in this study to fully describe
Ssi-hkmited growt h. Lastly, present | ettuc:
growth measured by biomass accumulhat isgre cj
for determining the default plant densit)
on model devel opment will be reflected af
cannot occupy the enbispageerabdedefgr ow:
and equi pment, it is critical for t he p
cultivation area, focusing on wupper | i mi

i mplies the ef fbeacstadveplcauntt i dveant seidt ya.r e a

I n greenhouse h oa rta ncoutl hteurr er, e ptroensaetnoteast i v e
TOMGRO, two widely recognized mechanistic
pot egqit owt h, devel opment , and yield dynami
temper afOdadght cEnHeuvehEnkKHeule®@d9dInk ;& B
Jones, Dayan, All en, )Vant Keat enDe &ViChael,
Van HententEe20 l¢lhtee cduwanained yswil dh mbobadel |
tempedapendent gr owt h Thenshe btid matno Ammamddlnsd
f ocompl ex p n viontgsesveesl o p ment al stages, pro
devel otph enrppodred s n' s Eaingter snplfntgaasgbant i fi
by potent i aHo vwgervoewft dl tirhaeiy . btghsef @ @we i n | ¢
growt h mordellddingg descr iddwmel onpoitnugd tad ¥ e enfp
response mechani sm, simul atingniehaflfyecgr

cul toamabased pl aMd r edoéevesriitsy . e wihcee nitnttelgatat

val i dastuicdhn ed fe mank et t u caer eg rl oanwctkhi nngo.d e |

Il n summary, to efficiently deploy opti ma
mechanistic | ettuce growth model t hat C
climate dynamics, particularly with res

currently unavachaat ens Thendefsaemreé bet hical i

|l ettuce growth model t hat responds to a
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shortwave jfcaddncaagntornat i@ , air temperatur ¢

humi di ty. The developed mod el i s expect
generalisation. We assume that water and
weeds aomesimetred. The modebrdensdsftfepnént
and simulates instantaneous dynamics of
greenhouse <climate models antethesds .nt Elyad
contributions and innovations are as foll

Proposing a novel model framewor k that

evolution in parallel, along with the

canopy photosynthesis inhibition, emme wh
conditions, on crop growth are adegquat
effectively simulated.

Extending the descriptiocrnomht abmireisti gt
specific | eaf area (SLA) of new | eaves.
Simplifying expressions of | eaf car box:
i mposing constraints on the maxi mum gr
i mplicit plant density.

Performing three field experiments, whi

to calibrate and evaluate the model |, a s

3.M0del description

321 Model overview

The | ettuce growth model IS ess@mtuidali layan
Van Lagbpi 1©98®&Ads, Van Keul enpVan& Hweamnt eke,m all €
Ooteghe)n, 120168 extendelepwindenéd gemwéehatl n
on the basis of buffer evolution, ach, ev

and a setrolfathadiadgquagti ons.
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The state of the |l ettuce crop is descri be
i s, the crop drdyesweiidghets. tThhee emddeeclt s of

clisatiencluding air temperatur excwintche nd x tart
and shortwave r adiTahtei oomo doen Isd tnmtuud cag egsr a wits
on a time scale of one secosd@drni eeqmanrkad

but allowing for input data of different

The proposed model framework performs ¢t
accumul ation andhéumbedel emaskumean.t hat t
carbohyadd)ateuf(fCe , al so namely assimilat
The buffer affects crop photosynthesis
storage. Unl i ke most ot her crop model s,

formatsi andry matter component . | nysrtelaas i ¢

The processes for dry matter accumul ati o

canopy phoadroesypahesamaiyntess@achcé omrespirat

(@]
QO

bohydrates are converted into structu

organs. |In conversion, part of the weighi

The rate of canopy photosynthesis serve:

(@]
QO

culated by integrating assimilation r

©
>
o

t osyntgheasiresponse of indiviguah tbhave

energy absorbed by the gamnm@pent rcatniopry dre
i nside the greenhouse. Since the | ettuce
conditions where the coodnisftfaunshiootne adpop Ir ¥,s i
i ncluding the humidity &effect i S used

mo

-~

phogenesis, the SLA of new | eaves is

humi dity and radiation.

The processes for buffer evolution are
40



produced by canopy photosynthesis. Simul:
flow to maintenance respiration and the
partitioning of the produced dry rmatet grsi
strength) of organs or the whole crop. T
described by a function of i nstantaneous
towards the conversion process$ ngAds hadudaly:
i nhibit the partitioning, the carbohydr atl
process are accordingly reduced. Then, t1I
to reach high | eveltshedursi.ndgl hda ypthionteo spyma t
when the carbohydrate amount reaches the
effects of extreme temperatures, beyond
i ncorporated i ntiobitnhge tnhoed ed b obvye dheyspcort h e s

photosynthesis inhibition.

For simplicity, the root ratio is descr
I ndi vidual pl ant dry weight. Al so, a de:
descri bearthlox yll@adfi on resi stance, enabl in
i n | arge ranges.

The two parallel sets of mass fl ows share
there is no restriction on the mass fl ow

in buffer evolution with vithuabnmassi 6 h

the potenti al growth rate of the crop.
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3.2Model equations

L a
He

gr
de

as
ma

ma

ma

Th

ca

.2DRyl1lmatter production

' ine with the crop 9gEGowdrhi &dam m& |;¥aam olne
ar , Goudri aan)amd vtatne &Keeeud veanr, i all®l9e7 (Maent t u
nten), 1h®4dasis for calcul ati sg sdrmj | ma
te of the-recdmdppey. iAhbufifteiron function i
owth <cases caused by extreme <c¢li mate
scription of the dry matter production,
% OOLOd IQ Y (31
eXsek g’(@mt o) s the chAcpbkgad)f @Owed )gihs ,t he gro
simil &t kgn@)Ciners®h) i s the crop maiaftlenar
the factor converts carbohydrates to
nt hcefs]iirs, the factor cemwneé ot ssuaasi niqlua ty
otosynt héws{[-]s ipgoctkesbuffer dependent [
si mitl[ast]i oing the)ltameer tEg. t f 8t the ass
i ntenance r estphier artegmoani.niThhge ngs salmi | at es
tter producti on. I n this modehasandl me
btracted photorespiratxtiadbhedoappmpeinong

t e. Accordingly, the net assimilation

i ntenance respiration rate.

.2A88s i mil ation inhibition

e buffer storage status affects canopy

rbohydrate storage approaches the maxir
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be stored, and photosynthesis will be int
stop but offsets the instantaneous <carbo

potenti al crop growth. Thehybrisf fdeers cd e fbeerdd «

ph 0 0 i
vy v Y'OY Qo
Q i oen w -, y . 3
'Y E | — h n
= hp o] 0 i 0 T
Vg
WheRER.{YY is the maxi mum relative grCowt h

[ kg 2@)CHngt o) s the amount of st Goruefhkxg ad)BH h

m2(gto)s the maxi mum buffer capacity for

A t-wtoate variable crop growth model supp:
structure and storage. The rate of stru
substrai(Tenoprnd seeynt&). HOud, mb@BE&¥ assumes t he
structur al dry matter. Il n the | ine of dr
mass flow to growth conversion after phc
buffer evol ubheonarwbbgdvates in the buffe
conversion based on the maxi mum growth r ¢
growth rate for buffer design is sRGRx det
i's adapiVWerd Hemtnen, 1994bDb

' . -Y -‘O‘Y FI Q'?j ﬁ —ﬁ "Y "YFI
YOY 3.)
-Y “O'Y F] :)'3 F] —ﬁ "Y "Yﬁ

wheR@Rax[z§ is the maximum relativeQglghwth
i's Qdhactor f orTc[cr]op sgrtohwet hc,awmlipgyh tiesnpas au
equal to theX[ai]lr itne mphe rdertruordess! ,t he temper

the saturation relative growth rate.
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Vant hoose{(20hé&) maxi mum buffer c3kmaddGtHym t c
2(gro)Jassuming that it i's equal to the
photosynthesis on a davialryy ibnags isst.o rHogwee vcearp
realise the inhibition GoudtiaanofVdaimel da

and Louwe,r sief (tlh98 5p)l ant does not have suf

above 20% on a dry weight basis will grac
assimilation rate. So, in tChdsrSimsmoadseslu metdh
0 i G A (3 )
whelbdr] is the ratio of the maxi mum buff et
The evolution of stored carbohydrates in
actual photosynthesis as well as fl ows t
processes. These fl ows do not camtcrrielawstee
buffer storage. The wvariation of tCh@a samc

described by

oD IQ Y

m 0O 0 i 3 )

3.83Cdnopy Assimilation

The gross canopy sasdseisncirliabteidonbyr at e

0 0rDOO 3)

wheAleckg 2( &f® eff)li ssthe gross | eaf assi mil
LAlA( | edf{yt m)s the | eaf area index.
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ALcs obtained from the weighted average ¢
the canopy. This -psi achGaves(Casdnghlagihtb
cumullaAdéitveeach | eaf | ayer is lijlgelde £foyem)pr
that | ocates | eaf | ayers. From top LAl bof

The three selected canopy depths are
a ™ Vmpomhm® U ud 6F0 'Q phch o (3 )
The gross | eaf assi mil aA icen dreastce | dbte da bwh
0r P®DE 0j

0 f o 3 )

wheA eA  anAl [kg 2 G eqflarse the gross | eaf
selected three | eaf | ayers from up to do
by applying a weighting factor IlbAdnd 61.t0

both ot her val ues.

3. 2L2af area expansion

During the early stages of crop gr bwt h,
temperatur e, which affects cell di vision
assimilates. As a result, |l eaf area incr
| ater stages of devel opment ,r otghree sesxipvaenlsyi
the supply @fpidadeirmileddisadr e YMakr9ceedl i bsy, He u
Goudriajansi méba&8ting | eaf area on the basi
the SLA of new | eaves has been used in sc¢
i's essenltiimiltlegyd,sienckui val ent to growing |
radation | evels. This situation can al so |

and the SLA of new | eaves that i mply the
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LAils uniformly described by

2007 50 oy @)
Qo Qo~P » V'O '
wheSlepPd( | ealf()l eed )] is the SLA of new | ea

area per unit shooth[Hriysmaheeraftbo ao&wthe

dry weight.

SLWwas defined as a function ofzciomrcaaditamd
TOMGRO mbdghsa et;Jaolnes ER9FduBrtdhE&pOhds mai
temperature and is much | escsomddre@asgandd
al ., ). 19a3rby, Barczi, Bertingn@Gandehnhc hedamiatl
proposed to use temperature and physi ol
However, according to imbeemodelvedal inbiChii

shows a much str &hphbdancoemepleatti onewi 1t h a

cel | el ongation is reduced, |l eading to s

produced at hi Bh ardebluatyi Ke;ARintmiaiddg it 8 W& 6B.ot t ¢

Hence, inStdhepembdedn radiati o8LAhumi dity
YO O YO0 OQ O0Qgj (310)

WheBEAiM | eaf() elad )] i SL&het hefeetacence a
radi ati oh, oW ?thleaafes] and the r & gdife sgle r
is the factor account iSihghknf ]k itshet hed ffeadt o

for the effec8SLAf air humidity on

Referring to the expressi orbL#grom eocsf ectl iama

fi, s, described by
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. o
“ ST oG oWoso (311)

wheh[@ (1l eafi)s Whe r el 3t fdevre wrhiatngeehamge i n
radi at i onl., b WI“etal veeasf,) ] is an arbitrary r
radiation by | e&t@safjcWrPrhgbpbaditmg tabdbsorb

radiation by canopy.

Si mi lfixardhgy ,descri bed by

Qr - - (312

wheXie] 1 s the airbxrf-lJeliag itvlee hruediLgteit wei nc h a rc
in relatiXvedthumi dntayrbitrary relSltAfve hu

3. 5PBot os yInitchtetsirsesponse

The gross assimil at iAdrk groxtégl e f )cnadni vhied udeel
by a negative exploinghmt inesphoweodgmainesiist

3. BLE2af resi stance

The total | eaxt reaesiporande ofmomambOent air
by adding stomatal , boundary | ayer 2and
concentration i s meastucraedd eab otvuer btuHe nc&n a
added becacuosnec etnhter aGQ on in free air is | e

(Goudr i aa¥wmi,n 18 8Wan ).L a@ut, i c2u0l 0a5r resistance,
resi sBatn,crpl9%83 0 exi sts. However, It i s

(Monteith & Unswhetdhont2illBut ionaabfeheisu
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this research. Then, 2dihfef ndsai toanld elsea fi breals ib:
i [ [ (313

wh e rs &b, agn[ds imare the stomat al resistanc
carboxylation resistiymdéces, thes pteucrtbiuvl eelnyc e

appropriate constant value.

In the |iterature, the stomatal and boun:
photosynthesis rat eVams i nowlt eetgihcgmo u f kR Owitedv) a tr
photosynthesis models with dynamic resis
constant resistancessmobecuhgsphot bswnthe
vapoud) (bHut in the opposite dir editfifous i oTnt
mainly determined with an evaporation ma
boundary | ayed ibgsainggtheendeshhtd, lWBTE st oma
di ffusicbes 0&€s€Oi bed by

i 0l ; 0Q0Q;0Q: 005 (314)
i n wdftfjced the scaling factor thad® acmpamned
CQin crossirHrg hsstjomag at,he mini mum possi bl e

H20 .

And the radi dtidso nd edsecpre nbdeedn cbyy

o)
I & TT
q SL00 (315)

[

(@]
O] d'lEB) T

The temper at fiadjes ddeepsecrrd ebnecdy by
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. p M™PNOY od h "0 o (316)
" p @®PTMOY ¢® h 0 o
The oCOpenteincydescri bed by
ph ™©O o
NV, p PPNTOO ¢mmh O o ® ppnm (317
p®h O o ® ppmm
The humi di tfyn]jeése pdeersdceencoyed by
- T
Q 3 (318)

p cuDh 82 Oi

whea gs.Pa] reptasentvapleaf pressure differe

Differing from absorbed PAR per IlgeadhfW anr e:

2(gfe)which represents absorbed shortwave

"0 p o JDp Q ° (319)

wh e ¢ €] is the canopy reflectionk |[doeifsfitct

extinction coefficient for shortwave rad,:
Since canopy temperature is assumed to b

|l eaves Iis aédwaysegadlurtaodedapour pressure

Thenaoul d be described by

Qr Qp Jp @ (320)

50



Th

Th

h

e

d the satur ageids vaeodSrti dpegghsaslyripni et al

3 80

. 11 h & m

o P i 55 (321)
p T 8 h & ™

e resistance offered by the boundary |
e boundary | aydeirf fruessiiosnt,a nwhei ctho IGO der i
at transfer, is described by
.3
i 0¢ O p“p)(:llx 5 (322
aBY S ¢mR
efd] is the Lewisnnambeledt ¥@pr €Oent s t h
undary | ayerodr efustanceof bhatCOIk[om] fiosr ct
af characteristic dimension, ta®emuapp,

1998 mYs is the wind speed inside the gre

Van Hent enms e(dl 988cAxa@de o ndol ynomi al fitting

r

d

ofc

Vv

t

e

o

(0]

a

a

o

e

sistance. This polynomi al only works w
es not apply to the optimal control tha
arboxyl ati oGo urde d iasatna nacned abvilan L@at e ¢ 1 & @ 4

vers a wider temperature range. It P
rboxyl ati on resi stance as t he rati o 0
rboxylation to the maximum carbbayfgah ax
n Caemmer er, .anldn Bteriry nmMd®de8l0,) we use
mper at ur¥an i Hent dormtt( J9e9rdiav)ed from VYere s

Ooteghemo( k)i be the | egf carboxyl atio
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i 0pJ3Y w0ipJ3Y o (323)

wheag & m! s? ¢gc[am® s, cadenl]s are coef fi cdreders

polynomial fitting for the description ol

3. ZR2spiration

Some car lgpeemyedarageseedd i n respiration to supfy
bi ost rAlcdeutdeeisiceed pei cnopf mai ntenlshesepresp

i n Appendi x A.

3. BSBoot/ root ratio

The ratio of shoot dry weight to root dr
of dry matter partitioning during the pas:s
pl ant organs is primarily r egTuhleatseidn kb ys ttr
guantified by the max{Maumedrn cwthid Trhdtnea ionfl
on the developmentPesnhiagge De Yiriaes)s&amivar
devel opment stages are usually distingui:
as emergence (defined with a value of 0)
(defined wi (Gouarv alane & jVaFx)obagr eeh9d4se
of lettuce cultivation, crop growth si mu
range between 0 and 1, especiLabkby,f Bemnstl
L2uchl iandh291f) and Beusnesdt etime (11e9®8f9)pl ast o
define the devel opnBeanktk esrt,a gBeo.t ,A sC hraelvliae, weac
dry matter di stribution towards roots g
calculating | eaf and root dry weights by
depend on the devel &p]mednets csrtiabgeed a sh ea rfouont

plant dry weight, i's adopted. It is Il arg
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determine trhad i ©hdwotr/ trheotl eafy vegetabl e.

., ORI T— @5 32X

wheardipl aft smnkdd are coefficientysi & opl arets cd

pl ant(grm)

323 Parameter estimation and calibration

All the parameters of the | ettuce growth
i n Tabl e hese parameters remained const a
expected to apply to future model appl i
cultivation. Most of them were derived di
par &@amest were determined by meanmodd| mamddel n
|l evel s. The others were detsleaentionfeods ofnmeo no f

mo dedr a mejtuesrtaisfiifeodl | ows .

Tab3d #£lar ameterisation of the | ettuce crop
Parametval ue unit sour ce
CH 2.2910 J nol Farquhar et al. (19¢
Cr. 0.22 - Goudriaan and Van La
C . PAR 0.07 - Marcelis et al. (19¢
Cc,1 0.315 m s 2 esti matvash fOondmghem |
Cc. 2 27.35 mls ? esti matvash fOondmghem |
Cc. 3 790. 7 m s esti matvash fOndmghem |
- k OQGH k d van Keul en, Pennin
CRd, 25, r 1.167|1( g éQ g ( g
st (1982)
- k O H k d
CRd, 25,sh 3. 471 11¢ lg ©9 9 van Keulen et al. (1
S
Cs 710 J MKt Farquhar et al. (19¢
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8 - Van Henten (1994a)
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. 7110 J nrdol Van Ooteghem (2010)

. 3 W m(l eaf) sumodel <calibration

0.15 emol’) @l edf) Van Ooteghem (2010)

. 48 - Van Ooteghem (2010)
- Van Henten (1994a)

47 - Monteith and Unswort

1 m measur ement

[ o) kg Tol physical constant

6 - Sweeney et al. (1981
- Goudriaan and Van La
- Goudriaan and Van La

. 314 J MKt physical constant

. 54°7 1 (st global calibration
s m Stangheilini (1987)
s m Goudriaan (1982)

. 93 m (|l eaf() elad ) suwhbodel <calibration

gl obal <calibration

.09 m s Van Ooteghem (2010)

. 75 - s umodel calibration

74811 m(l eaf) W suhodel calibration

. 912 - sumodel <calibration

10 kg §CQ Goudriaan et al (1¢

98 kg=m physdocmst ant

2 - esti matGeod dfrriaaman et

5 - Stanghellini et al
emol ) C@bhir)Goudriaan and Van La
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Accor d3onugd rtioaan ,eti falt.he( p9&m)t | acks adeqgl
storage exceeding 20% on a dry matter bas
of the maximum buffer Usl@vmacistef ttmo Or. Rp
primary ,aslseyonhnatwlsat i s needed for maint
pl ant Wanesi dalri ng the |l ittle difference
weight of | Eaveseansdethat spnt®889i oncwfact
0.8 was set at (Mame Hema leen HoelhaBrdt4 altehvee Icr o p
can take the dry matter as Ssubstrates o

carbohydrates by photosynthesis, which i

The response of | eadt oc aralmmxy | Tavies e red rerasd cauriri &
guadratic polynomial fitting in the range
for fitting was 0.1 , and the correspond

the simulation NNasulOttefgheCoeb®ddO&) ebys o
tecm 1| i nea,lf., dred mconswame ¢ etrimmated 10 be
27.3% M sand 290.7 m s

Xalic[ kg Bl aepresents the individual pl ant
decreases logarithmically (Figure 3.3).
from three experiments were used toi e@rs.ti

The coefdriamdewme rse odal c-0] @ Zleghamtto. 0b7e6, r e s p ¢

It i s not easy to measure biomass and | ea
(e.g., sampling every 5 minutes)moHdhd 4&w
describes the SLA of new | eavhesL avddAd a § a mj
were taken from the difference and ave
Accordingly, the climate data used for c
dayti me data were counted sinkcnedemew hlee :
Cali bration using average cli m8tylaBadla i

t he effects of absorbed short waveSLrAardei at
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respectively assumed to be |lineald.2Fymt ,
Wilf or radi at iPlothf carn dh i4n3i.d6i9%t ym Co m@Ra=r e0d. 1w2i 2t
RMSE 11.569)R=r@.d3MSEEi On 94 7) ad NO.RMSE t vy
10.712) showed st rlnA eSre bcamnifikpeé a¢ i e RpT &g $
0. 22L7Af AW  ABd BLYA[f] f or csail nicher atthheoyn make s
speci fi cSLrAe fT ¢SiLeddc X, wer e est i mat édl & af )b ek
(leaf),?(3®a¥ )W mnd 0.75 by fitting3(EOQguU
3.)01.2 Mlasimwer e det er. mMidthéllsarsd 0. 912 .

Asnotheydan Hentennt{dOpPdnpd)Xx ingum r el ative gr
matter BGR2)bmodrftirely swWwhalhight$souaphidst
rat e5t18®sih woul d ancohti iebveeglr Aarca ti hceer. P =S @onied tee d

the maxi mum rel wathe Qgempe hat wastast uroa taicohn e

gr owt hle, Rlegrt ®h(ch was newly introdwceéetthand
mo d e | framewad ek .aabvsaeinkcaeb laeff or |l ocal towal il
paramehegmseastdebdr mined by global calibrat

dat a Ekp,o@ai med t oRRMbDE NMweent h&éde measured
dry weights. A grid search method was us
and traverse the PGhaaEd ewecembaliniabi anesd
bsland 25 , achi KRRIMSE tihe. &Pb.ni mum

Figure 3.5 presents greenhouse cl| ibBxapt e2 i

conducted during the cold season. Al t hot
greenhouse climate for | ettuce cultivati
which i s common in current CSGs. Tihteh sti m
average air temperature of 18. 2 during
temperatures bel ow 5 constituted tld % ol
zero in two nighl.sO wi.t hL caw nti eempreurma toudr es w
stress in this calibration experiment. O\

93% in the daytime and niglsttiima. cBxterde me
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t han @St2ankgPhael | i)hiaecoaht ed20d©® 65% of th
l ow humidity, with VPD higiHemitdhary Bit0 elsE
high humidity stress, occupied most of tF
to b6.a.MJwdth an avelrafwdasofs usp.pel ek nd e o
ventilati on, mai ntaining an average conc
at night. I n the early stoxgasenft rlagt tomc &
ppm might be due to the decomposition of
weights closelyrenmdrvaledst handieander est.
harvest ti mepoint . Thr ougrnodrmd d ealn dc aroidberl a
model performance was evaluated t oRFROMSH o

= 16. RWSEnNO. 008(1g rkay) m

900

®  Simulations by literature

800} Fitting derived from simulations |

Leaf carboxylation resistance [s m'1]

0 10 20 30 40 50
Canopy temperature [°C]

Fi gurFei t3t.i2ng of the | eaRf= cOa.FDOREYILELtDOB. re

57



0% O  Measurement |
— Fitted curve
()
[
D
—0.15 ]
el
© <
5
S 01 ]
0.05 ]

0 0.005 0.01 0.015 0.02
Individual plant dry weight [kg plant'1]

Fi gurRoo3t. ratio variation al on&=wiOt RMSE e
= 0.028.

80

w
o
@
K] (o]
> 60 [o}
o = .
23 X
6 —
g 40
5 2 °

o~
T E
S 20
=
[&]
9]
o
)

Fi gurkef f3e.cdt s of absorbed shortwave radiat

| eaf area RIf O cFMIDEe Dy OL 8 .

58



600 T T T T T

Simulated Xd
© Measured Xd

—

g ~

Shortwave radiation

T

Time [d] 0.14 -

B
o

14
2 —
O —_—
o T 012+ -
L c
a o 20
b o
< O = L 1 1 L 1 1 I 1 :\'JE 01 | - -
0 5 10 15 20 25 30 35 40 45 50 g
Time [d] oy
=
> o
£ 1 2 0.08 - .
E os >
= ©
£ £ 000
= © 0.06 L J
B 04r ©
.;(: L L 1 1 L L 1 L L
0 5 10 15 20 25 30 35 40 45 50
Time [d] 0.04 .
& 800 : . ; . ‘ . . ‘ .
5
t = 0.02 -
& Eeoof ]
8- WWW
Q
8N 400 ¢ . L 1 . . L L i L1
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time [d] Time [d]

Figurfki v3de 5mi nut es averages of the greenhq
measured and simulated crop dry weights
gl obal cali bration. The simulation is fr

2 012.

3.RBesults and discussion

3.3.1 Model val i dati on

The model was validated Eupiam@x p.h&T hoeb smea c
parameters in the wvalidation simul3})l on
contributed by the gl cElxepl_2théi modeél onnpagil

greenhoud& X | iXpalt @ n(i ti &JdLAlr @pydstanespl(ant
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J. TheXsanldAwearle measur ed v aChuwas swhti |téo thkhe

(TaBl))®d8 The model validation mainly compa
the crop dry weight, representing the st
Figure 3.6 presents greenhouse <c¢climate I
Expc@énducted during the warm season. The
from |l ettuce transplanting to harvesting
the day and 14. 1 at night. The tempepdt
reaching a maxi mum of 42.6 , whil e t he

constituted only 304,8 wi.t hHiag hmi thne muemryaotfu r
temperatur eExspt rl®ger duhi sagvalidation pr oc:¢
and 65% in the daytime and nightti me. E x
| ower than 0.2 kPa, accounted for 19% of
VPD high@rkPdanadcounted for 51%. Humi dit
stress, dominated this period. Da2ll.y3 cMJml
1 with an avéra®@@sobupp!l Btmiidha k& dv dryt inlaat i
an average concentration of 396 ppm dur.i
dry matter weights closely agreed with t1}
The model perfor manctei wa st lae cerpd @ bd rey i we is

RRMSE 24 . RWMS&EN @ . 013(1lg rkag) m

Figure 3.7 presents greenhouse climate i
Expc@nducted dwarimgsdarseorc.olTWhe simul ati on

with the average air temperature of 20.

temperatures exceeding 30 constituted ¢
while the extremely | ow temperatures bel c
3.9 . The greenhouse EXp.ma&Qvee rwatsh igse nvearlai
the average humidity was 60% and 95% in
humi dity | evels accounted for 61% of the

for 21%. Humi dity stregyssteepasci alclcupt e
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Daily cumul ative radi-Bh3.i ® AMInaidt hmeaans uarveedr a
di. ©Ori ntained an average concentration
night. The simulated dry matter weights ¢
underestimation. The model perf or manche w:

l ett u®RKRMSWHE @¢.h5 RMSEJO. 00 7(0g rkay) m

Through the three |l ettuce cultivation e»
specifically including an experiment for
performance was evaluated. These heoxper ian
temperature conditions, from extremely |
humi dity |l evels for a | arge proportion o
(Stanghellini Cétt make, i2pL9s al so i1 nclude:t
radi ati emomcnedntOCati on inside the greenholt
upon which the model e vaa |l uradda d nisamwgee,e dr

compl ete coverage of temperature and humi

results showed that the model perfor man
devel oped model can pirfedied d luytetbaypoi@adtt rtahnen
greenhouse pcrlovmadieng a foundational cro
gr eenhioniastee ciln | ettuce producti on. Furt he

| owech greenhouses with poor performance

effects Fismtlovipirgobl em

However, we cannot compare the developed
l ettuce growth m&R&ERMISE rh asvt ea treesyg.a mFt déral nitt nget &
adopted assessment criteria stating that
confidence interval of the measured valu
model s compared the dynamic trendsaclkeétnhwge
guantitative index basis. This situation
such as tomat ¢Dayiaenl det mdadie.t,h 0l0x9 3 De Vi sse

Compared with greenatugencki matepdgoawi b
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are more complex and have more <chall eng
di fficult for crop models to obtain dat a
The quality of destructive samplkifogsednn
the harvest time where | arger REMEEA tciud nmg
and model evaluati obBx pr elR@&BE8.r Fcorro pe xdarnyp | w
reach 17.5% if the | ast two samples were

oRRMSVEal ues in current greenhouRRMIHEO P e B

for simulating | ettuce dry weight, which
gualitative description of its dynamic tr
Furthermore, in the gl obalRRM&IE rbrcrtd p nd ray
adjustments to model parameters tended tc
excessive growth during harvest. Consequ

weights unti |lEXptiOweda elsarn veadti oins of crop
varied in &Elxlpsddopverdi méet snost signi RMSBE&ENTt

of 0. 02%@Bgrkog mhe | ast t wor ismanpilleys. i rfchu cs
temperatures, which shortened the veget:
el onglldda o ot ;Rdbsen2®1l8 Still, YouAl tHe§legh
related parameters were |l ocally calibrate
those collected as stem elongated that w

o f stem el ongation can only b@.9artthiealnhc

assumes that shoot biomass is allocated ¢
the model over est ilmAdnd, tthhee rcehbayn g ec rroapt ed |
|l ettuce model is oriented towards the v
contr ol requirement s, it may not fully e:

mitation sdhowdda inmtc dimmeareai alt greenhous
harvesting based o thai hyaohstehegaguahity

crop.
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Figurfki v3deé 7Tmi nutes averages of the greenhq
measured and simulated crop dry weights

simul ation for mo d e | validation is from

3.2Model perfor mankclel of simul ating

In thikBAImdene of the state variables, a
i nfl uencing the canopy phéat osghf hehsoilsdsr
i mportance 1in greenhouse <climate <contr o
information feedback, since it spans the
than bRamasms khoob, Del shadxp&FiHgbi &1 3. &
Si mullaAhal ues exhibited t he s ame trend

underestimating unt il harvest ti me, wh e
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performance wasLAgloowd RRMDE Mkl adfRav@dgid O0a.n2 1 ¢
m(l ed¢yr oBxnp(AEi gure 3. 8WH)Aflot hewsdmal at end |
measured values but showed great RRWM&He st
54. 7% RMIEfan . ExP4 Bilgnure 3. 8¢C)AMflot hewsdmuh
trend as the measured val ueRRMSEtsh 1@8n 5, ¢
t ReMSWas 0.5019, indicating aiq@Ald model

During the | ate stages of crop growthWlund
consistent with the reasons for overesti.
t wo samprxestduwmc eRRMSiEelr At o 12. 9 %. Therefo
vegetative growth stage concerned by c¢com
si mullaAdiym@a mi c s, accurat eRRRMSpEaedi o g i hgoimnh
19. 5%. WMHAhd bhemas¥arn nHemrtadgdrn u(nld%s9 4ah)ei r

di ffered in estimations, including the ti

are attributed to the model descriptions

This studSLasesarfibresti on of radiation an
c hangSlspeirn unit changes of greenhouse cli
Bradbury & ;Atanraodt,t i1 989t6 ianlc.r,ea208f humi di
radi ati &dindédifntheasett ucSeL.&dnTalbd eisn dlhwes imord ed-
response of | eaf morphogenesis to cli mat e
there is stildl much rSdoline sfcorn pt mpnov emners
goodnes=00 . BMIE (9. 928) has not yet reach

using more data and modifying equation s

65



~

Simulated LA/
Measured LA/

Leaf area index [-]
[\S] w N ()] [9)]

N
T

Simulated LA/
Measured LA/ 8r

Simulated LA/ °
Measured LA/ 1

-~
T

A
1N &) [2)
T T T

N

Leaf area index [-]
w

Leaf area index [-]
w

N
T

N
T

(@) |

) ]
5 10 1I5 2IO 2I5 3I0 3I5 4I0 4I5 5I0 ﬁf 1I5 2IO 2‘5 36 (35) 0 5 10 ‘II5 2I0 2I5 30 35 4I0(:I;

Time [d] Time [d] Time [d]
FigurlkeA$i.mul ati ons of the | ettuce growth
experiment (a), the first validation expe¢
3.33bhe role of model framework and hypoth
To fully describe the effects of adverse
|l ow temperatures, on crop growt h, this
i ncorporates doubl e parall el ma s so ff | bouwfsf,
fl ows and canopy photosynthesis inhibiti
storage within the buffer. As buffer stoc
photosynthesis inhibition acity.haPwpreinng nt
i nhibition also becomes ineffective 1if 1
respiration and potenti al growth rates.
exceed iIits maxi mum clae@racn ¢ mmaian comet proti nu
bel ow the <capacity as a result of dry n
descri Exipo®whéme the | ow temperature was
i nhibition | &%dtaeydn utnhtei | sitmuel a42 on, const
phot osynt he €ix9, dwrahi bhghl hemperature as
| asted JdWtwyl tkeepreédenting 27% of tEke, t30t
with temperatures transitioning frmédmaygol
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representing 33% of the tot al phot osynt

vigorous photosynthesis in the dayti me.

The proposed mo d e | framewor k and hypot |
characterising the effects of extreme te
supplementd eveé @asomyl ation inhibitifon,
temperature on | eaf photosynthesis and
chall enge of quantifying growth inhibitdi
mi g ht be reflected by the assi mebathoce, i
i nstantaneous extreme temperatures, whet'l
by additionally affecting potential gr owt
and canopy photosynt heesilse.t tWicteh oguto wtthhi smoi

overestimate growth, which is a |imitati
I n all three experiments, photosynthesis
his is due to the increased dry matter.

-
growth and maintenance respjranhcoeasal on
crop dry weight. However, on the other si
does not increase prolpAdamutei am ttdhecdopidreyd
the canopy within @esusnatti ognr oaufn di mahriebai.t iTo
tendency of t he model to overestimate g
validation experiments, the crop dry we
89. 748140. 854alnd0 7°%k.g7°Figlr b especti vely. Hi
resulted in shorter inhibition durations

di sinhibition, i ndicating that emper mbdecte

than -tempemwat ur ef fsarremsce iTshi fsurdtihe e, 8drRp P ¢

which was calibrated to be 25
We have also observed photosynthesis 1inh
when the temperature is held constant at
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hi bition can occur despite buffer fl ow
owth rate. This (Sipnditreg s leitsgudg evsittlie g«
rength, instead of the photosynthesis \
d |l eaf area expansion. Thus, the hypottl
owt h, which is modelasdprismadi by Tocueint
otosynthesis and respiration. 't shoul
rame R&ER.x, b according to the <calibratio
searchers to calibrate this par ameter

preskGRhandfexplore the specific physiol
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3.4kffects of humidity on crop growth

I n this model, air humidity affects | ett:
perspectives, specifically SohyA anfl demdcihme
assimilation. As humidity increases, stor
(Figure 3.10), increasing th8LArRarfegphod o
with the increase in humidity (Figure 3.

hi gher humidity | evels dbamegf imatdaemro @y cpihna

i ncreasing humi di ty may i nduce pest an
(Stanghel |l ini aeftf exlt.i,ng2 Whaq er and nutrier
considered by the potenti al model of thi:

2000

Stomatal resistance
Total leaf resistance

-
[4,]
o
o

1000

NG
00l \

Leaf esistance to 002 [s m'1]

0 0.2 0.4 0.6 08 1
Relative Humidity [-]

FiguréeeadflOesi sdiahtesi am &ANDXnaX, f WHMadWl:d h o
25 Xz 6en@| 2 CoHphilx )3002(Wrmarmd F(medfyr m)

3.58niversality and | imitations
The devel oped |l ettuce gr owt h mo d e | bel o
responding to the shoot environment i nsi

respamier o@d range ofsedrfeeecnth ovues ey calnidinma&tve n
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temper at Ume aillepuythsrjemehtes observed chngatse
variabl-es5wef@wr@short wdvwa2 .r@AC aftorongi-r t ¢
100% for relati-v@&2 hppanmdfidry, C@n dc @8 & eanntgreast
of nput data used for mwdrdctonsltinan ateirasfm | a
t hleett ucenog.edlwn ht heor vy, t he npoodieclgtiesmhapp!l

envi r opnrnoevnitdierdr etvheartsi bl e damage to crops,

The model accurately predicts dry matter
i nterest in commeMostl khewtedgbpebdumbsdoe,j
beextended to other crops. Al so, t he mod

shares the same time sca,ad liandggogr ¢ deh auwnst
description of the greenhouse crop produc
These enable the model to serve as a ba

including those with |imites. climate con:i

Not et hla-tramgdd tosfi ddeilsfef er ent iaareo te qawmtt ii oty |
continuously di¢oesietéroadbey etufisaargne ti cso mtorto |
and not all optimisation control &logoi intt
genetic algorithms and pardo cmeeq usiwheer si t ovwp
prefer to present theHeaoeateorurn gsourbns e chuea rt
cli matog mopglednustwe swi tocbi hgnsgmsmoicth asd G
functions to smootéqgquatdihgnme s .ic fengi sgaiuteg e dt rdireqit |
simul ati on and-beamsseudr eo ptth arti sgart aedonpel notly @ @ r i t

The climate inputs for macelh gvaelemdtoiusre,s
temperature and humidity with extreme val
and 2€Oncentration under natur al v-emanm |
greenhowsceossnce@0Or ati on I S us-1@00y pmmi ndtL
phot osynt hessiusp ptlhernbpeungthatdn. Thi s study |
hi ghhcG6@®centrations. The description of S

g venSthaynghei lfiomi t OIn&a8 D) and subsequent r
70



t hese par amdisdarng ftdre lextptewudement a6t daaeambd
bwan Hent exqni g(nli9f9i4cagddntly overestimated gr
include the iIimposed constraints on tempe
cultivation practices where the Eldert n
| et wasegrown in soil i n our experiments.

i nterested researchers and technicians t

for soilless cultivation scenari csvhadeédl o
validation and further exploration of th
botanists. To explain the effects of | ett
t her mal ti me or chronol ogiaradc tteirmez ec otuhle

photosynthetic capacitySweedanrey |eaamnRideag e{,drt

et al. (1997)
To use the developed model, the foll owing
Providing model i nputs, includingd, gaierer

tempeXathumidiatnygd oGO e nX))r agandoni ni ti al val
(crop dXKglL AwWeamgdt buCf)e.r st orage

|l denti fying the recovering period, afte
Counting the effective cultijyatTdhede anoaa
defaults to an ebaeedipeacul denmsaitipn wah
occupies a |imited ground area at maxir
determining initial crop states samddr oc

yield within the greenhouse or a specif

3. Aummary

I n this study, a | ettuce growth model t ha
climates on crop dry weight dynamics wa
devel oped model is for opti mal @hnhiemate cc

dynamics for théhpooaatirahgesi obagreenhou
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temperature with extremely | oow ncrechthiagh

shortwave radiation. The modeHladgded apll & rst
where a single plant occupies a | imited g
The model devel opment focused on extend

temperaturegheandcolkdemi dr aymewor k perfor ms
dry matter accumul ation and buffer evol u
former processes contribute to crop grow
photosynplhesiy @aoe@esumed in maintenance |
converted into structur al dry mat tsesre sa md
only wused for regulating canopy !l pwot @os yn
conversion basedepentdbeptt mmpemamugeowt h
whol e crop. As extreme temperatures i nhi
i ncrease, and the canopy assiomialgat iremcihme
capacity. Humi dity effects are quantifi e
new | eaves.folrn saadgil i icon yy,n Ireasfi stanbexyln

described as descriptive functions.

The model performance was demonstrated t
greenhouse climates. The simulated dry mas

Wi t RRMSE 20. ®/%d RIMISED. 0070132 kHi gh t empe

at harvest time might induce overesti mat
amRRMSE H2. T %. However, during the vege
commercial production, it RRMIEONgs intige rférde n
to 19.5%. The proposed model framewor k ar

that the photosynthesi o 1i% loifb itthieon ottiarhe pe

They effectively characterin ecrtohpe gerfdvetch

the model to simulate early growth. I nhi
due to the increased dry matter. Mo r-eovVv e
temperatur-eenpheamt lioev st rietsys. | eHvieglhse r b ehnt
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photosynthesis by decreasi 8lgAstomat al re

The model can serve as a basis for optimn
those with Iimited climate conditioning
of the model. The simulati on r eiqtuiiale sc rnop

and plant density, and neddgttheri demtdiyf y
validate the model for more | ettuce cul ti

pl ant senescence
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Chap4r

A fauddl e cl i mate model of
greenhouse

I n this chapter, a CSG climate model t |
greenhouse structur e, crop states, and

standard CSG is developed and evaluated.
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4.1 I ntroduction

Greenhouse <c¢climate control can be made |
contomrolmodel pr eWiHc t iCvee nc o&n MYeopul, ), 2000002 ¢ h f
exploitsokmewhekgarandt ured i n .dyFmoamitchen
cultivation clciem@athéd o o0l oginmalmpr ove i nconm
convenappornoa@ame sxu e). allo. ,t hz0 1b8 st of our
opti mal CSG climate control systems have
been applied to coMmestreimimodetG prodect acr
the performance of tffVanopttirmdlelyhcemt @adldec
optimal <contr ol of, CiSIG ic$ i meas®s &€ abyp etp «C SE:
modtehatf uclany and accurately desemibbasehear
crogpand control.s Tomi § nMoodeal cdhanaltde al so b

growth model for simulating the CSG prod:

A greenhouse climate model shoul d fsa cmuoras
temper atur eszc omwmindirtag d io@@it aamm €.t Adcagr QRior
this principle, the number of the existir
the underlying mechanisms and some of tt
climate models do not incl adea tclomde ngs e
M S Ahamed, H GuoRu,& ZKhoduwu,ni&@veWa ragh,1 82un2 Ce t
determining sur(Wéiutsuai $um,eawWeie,neXaxypilnogL u,
t hempmalf or mance arlCéh Gad@its tr anepCf data., p fL2I0 1 & i
201TMong & Chr i)setxotpehrenra,l 2t00@e9r ma lu Blaardk e th d @
so(DEng, ) o02p0t2i lmdgess ® g nt h(kl. wiail | Z h o u),n o&rtok¥fi , z
Cao, Jing, Zhaoandos,0 & h BZzahoaonfg2 08, 7Zau , well
model |l ing only the vent(Faagi en;QahbtZd azd@t
2012 The current CSG climate models can |
mechani st iltaqded) pmdotievsesn dmo el , and compu

(CFD) model. The earliest CSG .l iCGiadre, mol
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Zhang, anddeMeal o(ple9dd 29dn anal yti cal mod el
radiation to assist in the transparent s

undergone rapid devel opment -bfasredt té i mat e

mo d-& d¢sstied structure design, exploratory m
I n the past decade, thanks to the develo
emerged CSG climdtevewdelypeareThay amai nl

temperature and humidity dynamicg met bhod
such as the i mproved eXZorue,meZ hlaenagr,n i)Yragy rmeadc
predi(@itn,onMa, Ch)y, t&heWd,eazsQ@l&quares suppc
with parameters optimised by i mg¥u,vedh en
Hassan, % kLiontddGl®@es e recursive error al
of model (par@mener Bu, Li), tHwi, c& d4dli mntger 24
propagation (BR) 6khenabht naatcnwpmbk Onla7t £ e n mo f
memory and gated recurr e@RU@inad eteualbdbnaog
shdgretrm memory (LSTM) networks opti miZsaed |
Liu, Zhao, )Lian-&ki hags i2dmRal convolutional
recurrentGRWUIHiut e(tChaNl Thead@28% ana CSG cl i mat e

based on neur al net works and machine | ez
t her mal envi r orHoevretvan p,reef dfi dcet t nmovdee | wi t h

gener alriezqaubiirleist yan extremely | arge af@mount
Chen et) aland 2027 applicability of the cu
CSG production scenarios, specifically ¢t
t he model training data was derived. I n
and vary in form based on different | oca
et c. Further mor e, i ndoor cultivation and
of exi sdtriinngendaSG cl i mate modedlalfloengen.t

CFD approach, ai med at quantifying fluid

solution of t he @Bougsearet at&d oo jéagngoa, tpirddhvd2n
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power ful t ool for simulating air tempera
within (Faeg CS¥%ang, Zhangdonbuet &aF hZphuan(gl Ge:
201RPheng, Yang) &hki €SG2@23 mate model s u:c
used in the norX.h Zwaanlg,o pWainngi, s)aZtosuo mt& Veannc
roof @KesiWgnet), adand &0 &Mo nsge | eChtriiosnt op her ,

However, the complexity of the simulatio:
applicati-baseda oomorted ol s, e s fNeocritaolnl ye }i nalc
Similar issues al so ex({¥Yst Zwiatnly )et hadt . 2 D 2
Most of the opti mal control or model pro

management are basedWadln m@demaniMattitcs domo d
l osl ovi;eEhpn 20Q0%9dn , HEOt2eln,askUMdag the gre
perfectively stirred tank. The mechani sti
driven model s. They incorporate the pare
greenhouse produchesa pygsamet amsgd dasakmode
greenhouse scenari os, the underlying pri
model s can work properly with different |
treating the girfeoernnh oeunstei tayi rc aans haa vuen hi ghe
CFD moKatlzsi n et &heref2@dr2e, the CSG cli ma

must be a mechanistic model, particular]l

Early mechanistic iGBd&r ecl|l atmae ret inbondetl ¢ Piar
radi @ti Chen e®. aChenxXl19BA9 3& Chiemge 2DOWVI i
crucial for the efficient production of
energy source. Currently, radi at i(Fbann ,moXdueé
Luo, Guo, ;H& alnig, e20Clhe ngwe@ D2 MaHet Xal ef). a0
They empl oy an analytical approach, st at
cal culating the shortwave radiation absor
CSG. Thwadanocduest er mi ning the solar inciden

its transmissivity. Thewdmaehbymasedofor
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design of gre@&nhc€ave eXti mlbadtanr2é&sh a nYg eth aal
& Zou,) 2Mold7el s simul ating @WMemagmi ¥angf BODt
200®PancMelzi na etToalg. et 21 7Wu , 2 0Z0h9% o )a rkd Gauior
humi Biit & Wuyuz. 26Uu® &;FYu,He20IMxn, )& i dMhamg.,t ha
have been devel oped cwenseesaid ivrel gnerMdiyesar
bal ances and empl oy nunmeroincelntgiamuloant ipare
which require careful xcsounpspil deemeanttiactn oonf, va
acti wiettidhees ,| ea@Bt , stMadi e€€CdbngbDoi&g,2Dh2aR@Re€4an0c
these single climate factor prediction m
ut I's i nsufficient for opti mal control

b
devel opment of crops, whichsyeispohdditogtt
h
2

umi dictcpyhc€@0O@trati on, and | igh@Stangthbkbeétihn
OL9 Secondl vy, t he control of greenhou:
comprehensively, not j ust a single fact
simultaneously influencel ¢eemperanasairde bhh

i nfluencing radiation by affecting conder

Furthermore, greenhouse climates interac
mod el for control pafr peofsfeesc tsihweaull yd ibreteecgarpse
comprehensive climates inside the CSG, b;
equi pment contr ol with crop growth to se
compl eteness, simulation accuracy, a&nd
simulated comprehensive climates shoul d
humi di t ycoandntCOation inside the CSG, e S
model that responds to these four attri b
CSG climate model s that i ntegratively de
rel ati WRel yLirugr e..i , Guz m8ndevaaldo pReodd r& gfue szt
oneki mensi onal transient model for CSG ai

could be usmdkifog sSseppsibnof greenhouse

this model calcul at esr asheuswiand alngle lgrr aiuan d
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that the target objects have unidirectio
properties being considered whi |l e their
assumption applies to certain (ceompwargtn,t s:
but might deviate from reality in CSG sy:
rel ease reatdlesanld 69ndwlormsoil (nightti me
2dhH Bai , Liu, Wang, Monglor &o vMeng,t hd 0 31
compr eheamndirGesdsyyn a mi c s, val i date the radi:
crop activities for a particular cultiva
climates. CSG climate model s si rwlveet ibnege
reportlecanbeng Zamkh.g Wa2n0g0 3ROty er , t hese

relatively simple descriptions -médelrecfs

concentration, nor have they evaluated
humi dity, and shortwave radiation over a
a |l ack of specific controls and crop stat

l Bummaray t horoughly tested mechanistic CS
four attributes of shortwave racdoinacteinotnr,at
with high computational effi ci erneemaiamgd glo
Such a model should describe crop activi
i nputs for Tahes peagiofriid yclradcpk.praesenti o@aGs c |
equi p@ieneét )aTllhey,20lammah ¢asepdn IGGSG av e veeorntfs ¢
as well as the ther mal bl anket as the tw
Therefore, the objective of tshciasl es tQUAG ci
mo dtehdhe scri bes the effects of outdoor wea

and greenhouse controls on thd&hendoomul al

climate integrates all four attributes o
CQconcentratalba.i $udéfl ected in both inpu
crop in this climate modoenl wass |peetrtfuocreme da
production scenario in the CSG. The devel
climate dynamics and serve as a basis forl
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a |l ettuce growth model responding to foul

Bel ow are the key innovations of the stui

(1) A novel process based CSG climate
dynamics of shortwave radiat i ocno,ncainrt rtae
inside the CSG that responds to weather
(2) 1t is the first time that the CSG
targeting | ettuce and is thoroughly e\

measured crop states and greenhouse con

(3) The model was extended to include t
south roof, as well as the shading of t
(4) The model al so offers new insights
| ayers and surfaces, radiative fluxes,
coefficients, | atent heat f I uxemi, c rnoabtiue
respiration and evaporation, as wel |l a

indoor ground.

4. 2 Model description

4. 2.1 Model overview

4. 2.1.1 Model framewor k

This model describes the effects of outd:
and gr eenhaowms et hoeeo nitnrdool osr climate of a st
mechani sm model and is built on process
of the model and provide insights into me
modelssasvae basis for model predictive cC
It can also be used for anal ysi s, expl or
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systems. The devel opment of this model i

as provides new insights and quantificat.

As shown in Figure 4.1, the target CSG c
radi &t,i oani r( tX mp eari at XhAruemiddaodo pyCcOe n XJ at nend €
CSG. The shortwave radiation at the top o
for the developed crop model, is selectei
states | i ke temperaturesgodbulCdG ®aoivle!l bag
|l ayer s, and crop canogtyi amr er all sstoe d nsvtod tvee:
analytical formul as. Al ot her states hes
equati ons, considering:2lkaleamgyes .waThee dyamp
mo d e | states are modelled on a time scal
mainly include the externalosywe ati re nTegwp ehrc
rel ati veRHKHydymi@dntcye n(CO@Y:,i oand wWiui)n d tshpee ecdo n(i
the thertigl, Isli dmk)ey ermatnd( UWwedrfr aenwell as t
states of cXgopanddr yl evadiAdalrte a( i ndex (

To explain the processes from model iinput

the foll owing subsections.

St ate varQhaabnigees rate of temper-ptuaeaesd [
concentmalt i2p6G¢lair) ] of CSG objects ar

incoming and outgoing energy and mass f

Definition of | alyhe sCa@ds swtrf arcesf i s ¢
composite | ayer consisting of a potent
adjustabl e ther mal bl anket. Surfaces a

performed to deseridpeamhest empéhat nort |

heat storage capabilities.
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Capa
nort

pres

Radi
CSG

and
det e
comp
heat

det e

Conyv
heat

and

cities of HeS® cchjpactigsi es of the CS
h wal |l , as wel |l as capacities afe

ent ed.

ativeTheusbasrtwave radiation at th
envel ope surfaces, i ndoor fl oor, é
tion of | ocal | ati tude, dat e, and
contand sf,orLmat,i on of -mdckeli s eprliameerri.
rmi nations of solar incidence angl e
osite south roof, as well asadihat isd
fluxes are described among CSG s

rmining the view factors.

ective and:c@nducectrii vae afnlduxass umpti o
transfer coefficients are systemat

crop state. Also, this section desc

bet we eand j naccnefnatc essu wi t hin the CSG.

and

Vapo

CQof |

nt hiealtatfdrutxelseat fl uxes induced by
vapour <condensation are described,

sition from condensation to deposi't

ur : fTheeswater vapour away from the

ange is quantified.

ux e ux generated by air exchange i

e x:c hMantguer al ventilation, induced by
escribed for the two ventilation mc
side vents being open, considering
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is modelled to respond to wind speed a
and outdoor air, with an introduction c

tightness.

Crop act iThii tsi e ® setsi ocrr ospu npnmaortiosynt hesi s
gives the specific calculation method

caused by the difference between an eff

Soi l a.c tWhviiltd etshe crop activity has cov
description only <considers the soil m

described by integrating the effects of

of mheese soil on evaporation.
Tracing back to the roots, all four CSG
o f weat her , greenhouse, crops, and cont
radiation, air temperature, anldlactri helmny

CQconcentr,abhoent C&®ti on does not affect
states serve as inputs in the CSG cl4 mat
crop growth model , al | f sumbod kel mat ehéasbD
often treated as a particular case becau:
target crop in this climate model i's | et
|l ettuce productioenseenahi e shuthepC86&en

CSG that cultivates | ettuce.
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Shortwave radiation heat flux

Longwave radiation heat flux

Convective heat flux
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to inputs and

energy or mass flux occurs
the indoor climate on crop
can be found in
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4. 2.1.2 Model assumptions

The gener al assumptions of this model ar

section of model equations).
The CSG air is considered a Opevdreicabiyl
of air temper atacroen,c emumiadiitoyn, iand gh®r e
The CSG is considered towbet i afiacticdry,
influence of side walls. Al so, the pro
with the cultivation area. | n adeenhouws
l evel instead of based on the effectiyv
Then, the CSG production system i s as
l ongi tudi nal direction. Moreovercamnbvhmy ¢
and on all CSG surfaces can be wunifor m.
The model corsinkeenrss ommmlly heerag tr ansf er.
The north and south roofs are consi der e
All the controls of CSG controll able st
instantaneousl!l y.
Corresponding to the crop model, t his
supplied adequately, based on which act

4. 2.2 Model equations

4.2.2.1 State variabl es

We focus on modelling CSG climate attri bu

is a holistic system where various objec

the indoor ground temperaturse, exlceptnded

vari abl es, have their rates of change de

radiation is only influenced by the curr:
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whil e other states evolve from their vV a
equations are based on three bal ances: |
bal ance.halrhde sriidgeghtof these equations cont
mass flows, with the analysis focused on
wal | ) . Note that all fluxeprasenbhasngd vanh

CSG ground area.

For energy and mass dthandsbél oppragesns@ati
denotes convbdenottedheaondRdiexnm vtee hrelad n g W aw
heat tr &dsehet el sensi bl e helate nfoltiexs d uaa etnc
MVdenot es wat er M@daepnooutref of UG , TRR@ di nner sur
subscript 6ind, while the outer Wam¢( §aop]

60(gro)6 is used to dend ner eéah.e Tahree as yansb oal n
growth model presented in Chapter 3 are ¢c
conventions of this study are partially

Vant hooand20hihé&) surplus aWei thieatSuno.deetl alf.

Temperatures of CSG objects

Greenhouse aXiirs tdeenspcerri abtewlr eby :

(b(bh_'Qbé~ ('5\ 65\ (‘55‘ 55\ (4

o 71 coi

wheeapfJ *m2(g)Jo i s the heat capax|[tly iof ft
g r e e n airotempearaturet [s] is the timeConvecti ve heat excha
i ndoor air and surroundQCchgr, 0ibn e dlgo i i sk C
internal surf &eeano ft hteh ei nntoerrtnha |wasulid of, @ @er do

the internal SuCtdnaic e Sehst heesbhaah rsofal s
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i ndoor air and the outdoor air, which is
ventil ati on &a e TheiCSG comrhonly utilizes & steelnframe structure,
employing various frame types such as elliptical tubes, galvanized steel pipes, and
galvanized steel pipes with additional lower chord trusses. In thaveasdirection, the
spacing between adjacent f@wch frames is approximately 1.0 m. The design of the steel
frame structure prioritizes minimizing shading effectstengreenhouse while meeting lead
bearing requirements. Hence, this model does not take into account the absorption o
shortwave radiation by the steel frame and its involvement in other heat transfer processes
Also, the air does not directly absorb sh@twe radiation nor participate in longwave

radiation heat transfer processes.

The canopy Tchiesnpeke sac uireed by:

A 0 8 " v o v -
WON =53 o ‘ h A
YR Yo 0 (4.
0 71 c Ol
wheaaphJ *m?2(gro)] is the heat capalipty] dfs
the canopy temperature, not equivalent t
model . l't is assumed to be wunif olgaflW?mec on
(gro)] is the shortwave radi at iloadditbrsto | ar

convective heat exchange with the indooiGai,_air, crops in the greenhouse also experience
longwave radiation heat transfer with the indoor gByro _can the internal surfaces of the
CSG envelop®aw,in_can Rarin_can Rsriin_can and the sky through the transparent covering of
the south rooRcan_sky There are also latent heat fluxessociated with the crops, induced by
crop transpiratioih.can_airand vapour condensation onto the canofycan. These two phase

change processes lead to sensible heat loss and gain of the canopy, respectively.

The material s, composition, and design f
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envel ope, |l eading to differences in model
primarily composed of insulation and the
heat storage bodies in the CSd&li nat ea,ccar
modelhecsessscard)escri be the temperature dyn
identifying internal heat fluxes and depi
|l ayering and surface desfeiqruietnitomssecdri e ngsr. o
of the inflivfinexteunbbhcandiohagybrtbe north

described as féolilsows.cafTha Ibaeytewreed t he t w

numbered from the inside to the outside |
~,,‘V’Q'YF1
@@ Np Q0o
(O (o JI Y ;i Y i
(4.
Y5 & YR r  Yoq
O & 71  COI
non 0 0 71 Ol (4
N Tas - - G -
v oo QY g .
WO —5g (@) R 0 & Y ; 71 coi (4.

wheaap,cinmGanmy[ J Tm2(gro)] are the heat capa

external surfjacef tmed CRE haFihTadalgl, 1 r e s

are the temperature of the intednal she f
north wall Jowif @sftegcrtd)vleliys the shortwave
i nternal surface of the north wall. The e

negligihble s h Rt gréV RN irnr in, rRﬁN,d_ir,irade‘Qv,ﬂ_sky[W ﬁ1( gt o)
are the longwave radiation heat fluxes betweemtber t h  wal | i nt er nal ¢
ground, t he nordur fraccoef, itrteers@ut h roof

respe Otwin M@[Wy H( g tisthe conductive heat flux fromthent er nal su
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| ayer 1 of Diyhew)[Wo it & tisthe lcdnductive heat flux froma yje r 0
16 tojol ayet hé ngtwhy[Wa th( g tisathe donductive heat flux
froml ayj@grt @j t@dyef ©6he nortjd wahbesjridhe ¢ ma i ui
4.1). The external surface of the 1@ th
through ©O®@Rdec tWwiotnh out door L iwkowt harnadu gahi tc
sky through r a®iwa@sty D6 nwhi®emuivaldntt@®ms faefror t h e
first Dragynghis eqaiva@nt t®nwjmax wd 0 t hia@l ayer 0

The primary function of the CSG north ro

radiation as possible, while its heat stoc
Thus, this model regards t he naonratlhy sriesqf
consistent direction of heat flow intern
of the intTer[na]l anudfaxewrpal]l ofurfheenor

determined using the folrladvhienrg tehmerr gy flf eel

O 06 § Y oho Y oh Y rn v Ya g
) (4.
Y ; Of 5 71 COl
Of & O Y R 71 c Ol (4.
whelne[W2fn0gro)] is the shortwave radiatior

Nnor t hRuh @®Rhin_sin andRuin_sky[W  ™( g  ave)the longwave radiation heat
fluxes betweenthe or t h roof i nternal surface with
surface, and t B nsWyih( g tessthe eanductiveéeatflux from
thei nt er nal surface to the Coek[Wr m@dtimu rtfhae
convective heat flux between the externa
Rresy[W ™ gtios) radi ative heat flux between t

t hey.sk
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The CSG south roof serves for daylightin
for i nsul ation at ni ght. Additionally, f

the south roof after uncoveri @gGtheuttther

conceptualized as a dynamic composite | ay
covering, and an adjustable ther mal bl an
south roof is consideorduatiucin fareal yeqitg .t
the interTaafln Jsuanfdacextkr[ral]l ofurfleesouth
determined by the following energy bal an

0§ Y i Y oh Yh.om YR, Rm O ( 4

Oy 5 71 GOI '

Of f 0§ YR Of 71 coli ( 4.

whelnd W 2ifng)rlo i the shortwave radiation a

north roof. Assuming that, in both transcg

(7]

by the south roof is attributedRsm:mgolVelny t
2( g tisthe longwave radiation heat flux betweenshe ut h r oof i nter neé
i ndoor Dgirse[Wn d( g tiothe conductive heat flux from thent er n al S
to the external $adf[Vi ciE gdiklgtenhheat fanofiorh indoar o o f
air to the internal surface of the south roof, which is induced by vapour condensation onto
the surface and leads to sensible heat gain of the internal s@face«[W ™M( g tio9
the convective heat flux between the ext
ReeskfW ™( gtios) radi ative heat flux between t

the sky.

Because of the high heat capacity of the
temperatur eisnsiThe itghay®@d& al ly bare soil,

where ground cloth is used. The detail ed
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in the following sections. The temperatur

bel ow:
éh 0O 6 Y Y Y
WO =57 ° h h
YR Yo o ( 4.
0 71 COl
Baon 0 0 71 Ol ( 4
OON —ag - - ¢ |

wheaagpa ndap[ J 'Tm?(gro)] are the heatoumap amnid
| ayieér ovesgpegeanlglel]ly.are the temperature of
| ayi@r oves elcWiPietg)] is the shortwave ra
gr o ReoGr[W Th( g fisthe longwave radiation heat flux betweenithe d o or g r ¢
and t B sq$[Wym( g fiothe conductive heat flux fromthen door gr oun
| ay dgoarIW T( g ti®latent heat flux from indoor ground to CSG air due to soil
evaporation, leading to sensible heat loss of the Baifi-1) sqy [W ™( gt ie }he
conductive heat flux froh a yid o 6 o0i6 | af et h Bsg) sq@1j[W , H(agnt o )

the conductive heat fluxfroma yi@ rt @i 1T®&y esdfo Thhee v aib uramdge $

1 tinRQ DBgi1 sq) IS equivalent toDgro sqry f or t he first iha@yer.
Dsaii)_sqi+1) IS equal to the conductive heat flux from sdila yiga® o t he soi l

constant Dsemip&r atur e

Humi dity of greenhouse air-r

The relative humidity of the CSG air 1is
oooor],Qb R LW 5 Lw (4
0w nd® p EC CcOD



wheX ] is the relative chauphikayf(tgyr oo)f] girse etnhr
of indoor aiEy, jAka@?(sptrdjr)ei swattheer ,crop transpi
greenhouw sk gf’dmetf) is the soil evaporati ol
MViir bkgd(mr4) is the vapour flux from the
the south roof due t Mhcopkhg®imati)oms orhede
flux from the indoor airM¥Vor [tkhgd( mprath)o ipy o

vapour flux from the indoor air to the ol

CQconcentration of greenhouse air-r

The C®Oncentration of the greenhouse air |

WON-— Y Y i 0 f 0 O ‘ E(l; COD (4.

wheXmol ) C@bohair)] 2dsndéret rCO i onc amg] ktgh em i
(gro)] is the capacizRyd lod 2)i G@g@od) asr tthe
mi crobial respirati oA dJhhge)( C@Pgidr ishe hegr
canopy assimilation ratR, {akg #)h&Ogwho) !l ies gtr
crop maintenance respirati IGirfak@(®mtH) he
I's tdfd uxOfrom the indoor air to the outd

4. 2.2.2 Definition of | ayers and surface:
The Composite Layer of the south roof
The CSG south roof is unique in theTimedel

CSG is equipped with an external t her mal

during cold winter nights. When the ther
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| ayer consisting of the roof and the bl al
to allow solar radiation to enter the gr

vary depending on the controls of the th

Mo st CSG climate model s, especially thos
They only consider the conversion betwee

influences of condensation on t hef¢fhedremea

al . ,;R2009u eTomd . & QCWRRIN)st dpbheris2b6Bause
by condensation wil/ rapidly slide al ong
I ndoor ground. 1t is assumed that conden:¢
noari ppi ngwifdiellnys vasreed. Condensation on cr
This model mai ntains this assumption. Ho\
from indoor air to the south roof cannot
nevbeeren involved in existing CSG model s.
surface of the south roof wuswually occurs

mornings. During this period, thg d$aildfabde

0 : as the ther mal resistance of the sc¢c
temperature has not yet risen. Il n addi ti
vapour flows, the deposimemnswifadcdé oofm tah
affect i1its conductive and optical proper
deposition or frost formation when the ir
the ice | ayer wiloh oiandge shetbdomposit

This model regards the CSG south roof as
ice |l ayer, a transparent covering, and a

definitions and assumptions about the sol

(1) There are no gaps between the three

(2) The presence of tuhe ice | ayer i s re
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ph Yh mn Q Qr h
O m Yy T Q O (4.14)
wheTse[iq i s the temperature of tehipPaht el

the vapour pr eessuR@®] oifs itnfdeoogataurmrgted v
roof inner surface (can be the ice | ay:
(4.14) assumes that the i1ice | ayer for ms
of the souté&aceoios bhehew Gurf For model
and di sappearance of the i ce | ayceorn sairdee
the | atent heat required for melting o
defined to be 0.1 mm for relevant <cal cu
(3) The controls of theUg headpytnhl wWheamkeip
to cover th@e=s6uwhenoodl aed up. Gener al
bl anket is mechanically driven from t he

a dur atlio nmionfutldds, depending on the spal

to covemalt hlel &rmleeat I's slightly shorter
simplification, the coveringe aamldsanzovu
be instantaneous.

(4) The presence or absence of the ice

affect the convective heat transfer coe

conductivity.

(5) Al three |l ayers affect transmissic
shortwave radiation, as well as emi ssiv
(6) Controls of the ther mal bl anket inf

(7) The optical and thermophysical pr or

as a special case in the following sect

Defi niltayoenr ionfg and surfaces

n

sseatdlg CSG models such as heating and
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the CSG envelope surfaces and indoor fl
equaiFiuorest AMel t ud03@Qn, edndalsyr 2dAO t emper
virtual surface. The states of <certain g
equations in some dynamic model s, such a
screen in the sVl dwayped gP®é&nWwalul and gr
in th@®. CEGu et Hdweverd,2lempl oying al gebr .
target objects have wunidirectional i nter
properties while ignoring their heat sto
sur f adc ei,ndaonor air to respond to weather
applies to certaispaeaompgoremth®use, tbaet mde

reality in CSG systems, especially far tF

m2dl) and indoor soil (night#®#dYfBeaih eecatt). arlke.t,e
is common for the CSG north wall, compos
to exceed 0.5 m in thickness, and the di
inside to outside. Heat fluxaestWwietmhoimnboc

di fferent positions at the same (Mi mei aed

201G Ma et ;Taoln.g, & Clhhr i)st opher, 2019

Dynamic CSG climate models should respon:
t her mal il nertia and time delay effects
explanatory simulations. For CSG obsgect

necessary to describe their temperature
interior heat fluxes and the heat storag
Correspondingly, simulating theegurirfaser:!
on a substanti al |l ayer with thickness. TI
surfaces are determined by solving si mul
definition are not netkbssaofy, fwrt hbem.t heée
covered, wil!/l exhibit extreme sensitivit
to the mini mal heat capacity. Besi des, t

of the newlyl dpwemedf suhéaseuth roof on
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temperature, but accompanied by abrupt cl

met hods, such as the -Eulea method, aade t (
dealing with such state simulati @rds.t heher
objects, including the north wal/ and i n
For the north wall, it i s recommended to

or external) wio0obi mmthé&heasgeface ll ayer
material s, adopting equivalenmaldecgosindwuct
Simultaneousl vy, the radiative and convec

based on the characteristics of the out e

For indoor soil, it i s ooirmighauingd mreaangreme i
i n depth. I f ground cloth is wused, it sh
processes of the indoor ground. However,
consider the infthence of the ground <cl o
More detailed |l ayering is required after
storage capacity, mainly including the n
interl ayer of the north wall ¢ oawns ibset su noiff
divided into three | ayers. Allocating mo
and heat flow dynamics, but this comproi

overly sensitive states - alyhartteirei ailnst,e rll ay

north wall does not span materials, with
the total wal | thickness i1identified fror
number of | ayers ®KSowontheé snomatierwal | coepe.

Within a depth of 0.5 m, excluding the i/
to be divided into two | ayers since dail
0.5 m dep@bngn;HOGAY , WiOt2ulo Sun). ektnaaddi 2i
temperature of the soil | ayer deeper t he

temperature aalogliarur &d)iFd folre d,e sqt Redr0 4s
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defined to octuPpymdeptmhs Thfe ®.x3 ernal sur
as a 1 mm thick | ayer with constant temp
soil tempklrsabnrbe(esti mated by the dhnua
Liu, Zhao, Shi | n&tZZmpeyr a2 @07 eg(Mo®s Ahamed
al . ,;weiott8o Sun. eRorala ,C2®2wi t h i ndoor gro

by ground cloth, the soil wi | | be divide

4.2.2.3 Capacities of CSG objects

The heat capacdaprepfretstbkbat ESGhai heat ener

change in greenhouse air per unit ground
owdnR 'O J Xy *s3 | COI ( 4.
wh elga] m] I's the average height of the CS

indoor air to theja[gk glemih utstee gt anigtibitgya ricesfa
the specific heat <capddi tsshowfl daibre atot ean
of energy and mass fluxes, as well as <carg

per unit greenhouse ground area.

The heat capacbeapaamfbda hke scarniolpegyd by

OOn 06 T by *s3 I COI (4.

whebrgH A | ettt m)s the | eaf area i ndigxm]at
is the average thijclkinglsmi soft Hehedemsopf Y eamd
kg Y is the specific tea[tk R@paafitly ddnat

| eaf weight per unit | eaf area.
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The heat capacitieapgoafn ddoteh edre s€S G beeld] ecyt st

formul a.

wodn ——3 oy *3 coOl ( 4.

0
whereLonf m] i s the characteristic | ength of
wall, the arc |l ength of the sddgrpm] roefit he

of t he&o[CB]G,i s the thickunpoafslkgdomi ¢ hteh & Sde o
CSG olmj eugdtt,kdg is the specific heat capac
assumes that the CSG production system i
west) direction. TherteHeoriendamdrl gradumd anwri

on thsectoess of t he CSG.

To ensure that the mass transfer related outputs of the model are in the most common uni
and remain consistent with inputs of the crop model, the capacities of indoor air to store

water vapour and carbon dioxide are represented by the following equations

O

oo 0 Q3 EC coOiltiiiii (4.

whereMy[ k g Yimoils t he mol ar ma&§ JotKdWait €rt f @nc
gas conKanis the indoor UGad{rk gf(emmopl e ¥)dotld rse
the factor that comwentt rsentoif®s ndifad)rno &gfm®. C O

4. 2.2.4 Radiative fluxes

shortwave radiation heat fl uxes
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Si

mo
20
pr
Th
be

mul ation of shortwave radiation heat f
del s. Numerous researclhem sethaXle. fioZzZ&s&tl
PClhengwei MagHet X@al es i@2l0cle3 RaOYLI9 ghti ng i ¢
oduction of CSGs that they heavily rel:
e modelling approach, taking the beam s

gins by dreddtnriingl erxdadiaagteiron based on th

ci dent sol ar radiation near the earth
ansparency, aerosphere mass (dependent
veirrrech and diffuse solar radiation con
oud cover <coefficient or <clearness 1ind
rface is calcul ated based on tthhee ssoll capre
Il entation of the surface. Fourthly, th
int on the south roof is determined acoc¢
diation intensity matcombinpoionh wahhbeh
cident radiation. Finally, employing a

the internal surfaces and indoor grour
e radiationonnchdesoaet poirmtod . Al terna

tegration of transmissivities along th
e equivalent transmissivity and the tr

¢Hfuang et). al ., 2020

ducing the beam solar radiation nor mal
model |l ing CSG related shortwave radi al
e model takes horizont al oudhlo®r TFlodrae
ints to consider in this regard. First
tdoor climat e, greenhouse, control s, é

di ation data for model fcal iest atoil os ha mdg
rrelation mechanism. Secondly, in futur
tdoor sol ar radiation can be obtained

recasts, or additilsnall madi deéi oo psiechp |
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of using the backward ray tracing method
sout hHuamdg . et dals.coiv202@) t hat using a <cu
equi valent beam transmissivity was mor e

i nclined planes. However, their model ad

i ndependentr amfsmi he abaee which might not

result, the equivalent transmittance of
simplified inclined plane. Correspondingl
surefsacshare the same optical properties.

Measurements of sol ar energy are typica
hori zonthd isdigrftaicfety t he amount of beam al
detection of c¢cloud cover or <clearness 1in

i mi t(Huaongy 2101correspondence with the ¢

mod el of this study does not di fferenti
Moreover, -unpe kgr e nhouses that use diffL
CSGs rely oaidirect solar radiation, esp

can const0i taatef 80he total ( Qi n€Chem, sldn9 &xBo 1
simulations, diffuse radiation on the ou
20% of tot al ra@ioatgi en ) anT.hcelreeddrb8day st he

consider properties of direct radiati on
subdivision of radiation involves short we
radiation {mRAR)arsemd rrBdl&®kratand | ongwave r ac
PAR from shortwave radiation is attribu
characteristics of crops to these two r a
separation o¢wanve afadermat sbo enters the

transparent cover materials used in CSGs
transmissivities to direct solar radiati

and thesuwapas s(NygWa8mgs, Ma, Zha®) 3 Jiang, &

The description of shortwave radiation ac
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on the analysis above adl adap;Cagnived

al . ,,Ma01Ll-Bnaceci a, Arauzid., Xu Uetheallhz0 1s20 1adr

angl e for dgihmeplsiofuitend raosofan i nclined surf a
WéE+ WEH T QE | QE QoéEHTE+— — (4.

whed pA] I's the solar incidewhde hamglpa efset

bet ween the solar rays andads{th]e insortnhael stoou
which denotes the angle between the I|ine
roof and the horizontal-seéatdidoMm], grsourhde ism
angle, denoting the angle bet wigeA] tihse tsho
azimuth angle, which denotes the angle o
from thef et s@wundirt hern hemi sphdr[eA] wist h

azimuth angle of the CSG and westward fr

The sol ar dddan thae ec alnguleat ed by,

[ Q¢ | QeNE OEiMYIWeI M — WM (4.
~I O .
zZ 4 .
1 ¢a& Qsﬁigcwre (
1  puwo pg Z (4.
wheG[eA]ls the | pocatthaoitude equ&fdi is tal
declination, which depends on the day n

365 for the dax[eA]loft DeclkemberaBddle, being
for twea$tis the | ocal time measured i n holt

as apparetrndseEsbPatotimee Ivec @&lt Asnooloanr. noon
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The solar &zé$ madedbcranpbgeée by,

, wgid Q&
[ — (4.
w e+
The transmissivity of a film to solar ra
thickness, and refractive index of the f

considered solely as a fuBctiCheno®ttThhke
equivalent transmidgsiavni tbhye @®fsti matedubly &

(Chengwei Ma, et al , 2013

T T r0p ™o Jp ( 4.

PTTT
whelfe] is the equivalent transmissi@gpky o
is the base transmissivity of the south

transmissivity of the south roof to sol al

Based on the Snell s Law and Fresnel eque

to short waswvea nr abdei aetsitonmat ed by,

pPAi Q- — OwE— —

PToe — 06— — (4.
wheae-p Is the base reflectivity "o[ff tilte td
refractivérf{]ndextbé& mefractive indexdof t
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[ A] i's the angle of refraction formed w

covering. Not easit satappt hesrabi @« hef singl e
covering. It also applies to the doubl e t
i ce |l ayer since thef iHrme sinnetle rrfeafclee citsi osn gant

of t hiecceht Emf ace.

According to the horizont al outdoor sol a

be calcul ated by,

§O) o (4
i Qe '
whelh[eW™?m is the nor mal i ncident solar r ac

by a surface perpendgf Wumai st oheheosbtkant

radiation, which is the model i nput var.i;

For the south roof in both transparent a

assumed to be the contribution of the ext

The following formula can ber audsieadt itoon caabl:
the external surface of the south roof .

. 0 ., o

O G—CD JOwe—+ 7 1 COl (4.

whelgd W2fng)rjo i s the solar radiation absor

r o ddr| dm] is the Il ength of the Iine connec
&[] is the absorptivity of the composite
When a beam of radi ati on S i nci deat, or

absor prdmnd ttyr dangonfi stshe igwr f(ace to fihlis ra
t po For opaque CSG objects, sucht amsantdhe
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- p . This principle derives from the

shortwave and | ongwave radiations in thi
reflectivity and transmissivity, which a
for the transparent composite | ayer, ref|
bet ween different medi a, whil e absorptio
does not consider the influencedehtrebl ai
For d4 atywe object, i t §)aonvde rcav d r atl rba)rorsenfi | desx
estimated as foll ows:
T Of
T ST a (4.
al
Il Il T— (4.
p I J
wh elaen@-]are, respectively, the transmissi

| ayer refers to the | ayesranddh-patr et,h er ersapdeicat!

reflectivity of the first and second | ay.
The CSG south roof is a dynamic composit
transmittance can be determined by 1initieé

bl anket and transparent cover boausbel de ol na

combining the thermal bl anket and transpe:
potenti al i ce | ayer acting as the secono
(4.30). However, the deteertnhienatthieornmacla nb |be
Given the dynamics of the composite | aye

shortwave radiation can be described as,

TY"TOpé op ¢

4
p I a (

T v P
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wheWg] is the transmissivity of the sou
radi atdtjoni,s the reflectivity of the sout
radi d)tcfJoni.s the transmissivity of the ioc
transparedat] cosethegreflectivity of the
the transparent covering. I'n this formu
perpendicul ar incidence shortavraazme treadsi au
provided by manufacturers or measured i

superposition, there is no need to consi

Similarly, the base reflectiwit@@nobet bet i

by,

s YA e YOI (4.

wh ea E] is the reflectivity of the extern.

radi ati on.
The solar radiation at the top of the cal
‘Ot J0Jd Q& (4.

whelf&W?fmhgro)] iradihe¢i ol at the top of the
absorbed by the canopy and by the indoor

o | Ja ° 710 c ol (4.

o | Jmp Q° 71 col (4.
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whelgeg W2figro)] is the solar radiathWwWrmab:
(gro)] is the solar rBydglatiison heb sadrsoad th
ground to shobtitfavies rtallé awbeonyrptivity of

radi &f]i oins the extinction coefficient for
The north roof angle of t bé&ACS ® aits tdwer reor

receive as mu@h &o0), akldBdf atepnbesi des t

floor, the solar radiation received by t|

Or =3  OF JO%éd 71  CcOI (4.

QOédy AOOOE+ J Q| Q¢ Qoé+

(4.
Wé— —
whelpe[W?Hgro)] is the solar radiation abs
rodad{,m] is the | enlht . oifs tthhee naobrstohr prtoiovfi,t

of the north roofd theA]ls h asr ttvheaev es orl aadi aitnicoi
roaohf{[,A] is the north roof angle, which de

i ndoor horizontal-settaneni nAg htthes asnel &nmr ozl

angle increases, nvollamgreadii atcii @re ntn oorrioha fh e
but on its external sur face. Simul taneol
shadow over the north wall. This model n
north roof external surface,t esmpelcliad | yp
on the top of the roof, provides shading
The internal surface of thesonloart hr andailat iw
solar altitude variation. Thus, the sol a
wal | can be calculated by,
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Of =9 #2p , O Jodbé4 701 CcOl (4.
0 € e+ J Qe | Q¢ AMéEFAE - — ( 4.
0 OéE — — - (4

g 0 T i 0 — ” P '

whelhwell W?2fhg)rlo i s the solar radiation absor
waldW, m] is the heil@hf]n oifs tthhee naobrstohr pamail vi,t
of the north wal ld tfeA]s hiosr ttwhaev es orlaadri aitn coin
walldnf] is the shading ratio of thedWdiths
the north wall angl e, which denotes the
i ndoor ground-sentibe. s d@ammeyloep ossh twelilcal |y
instances, such as when the wall i s made
mo d e | accodinmendioonalneheat transfer; thu

surface recei,vest siosl arvernddyi adtiisarmr i but ed a
Longwave radiation heat fluxes
The | ongwave radiation heat transfer is

surfaces of the CSG, bet ween the external

through the south roof transpadieati ocnveke:

can be described by the following two gel
Yo, 30 06,3907 Yy T col ( 4.
Y ” 303 06, 99
] (4.
O"Y; Y oh 71 coOl
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WheRep W2fhg)rlo i s the |l ongwave radiation he
Eq. (4.42) is applicable to interactions
bet ween the exter RadkWaurgfradds iand hteh d omnkg)
flux from an internal lsddr fiaset b ¢ bhal €SIG
surface area to TmwhenTdi kidooar gromesnpe atrieae | y
Kelvin of obj&WtmK? ansd ohé¢testheadande)t ant
are the emissivity of object 1 and objec
materials, the emVasi ko dy, 0i.8105D1f85 fpoorl ygelt
(Yi Zhang, Ma, )Li 0,62 Ham, p_QIOYViI ny | chl or
ethyl vinyl aNiejt akeng EVBeI| f o um,) Wkplutii ss sk
emi sshH i M) tys the view facFoggyof sobhecvi & wt
i nternal surfaceTsof K} hesCSlketeftbet iskg, s
Ys{(-) i s the transmittance of sout h(Vaonbhobo
2 0 1vii Zhang )et 0Oav5s5, f(@iD1PHEanfg NDemt 0aB3,fa&O01P
and 0. 38 1{Norj skkMAn & ). d timoarl-l.a yrdudl 8iglr e eyxhauos b e
calcul ated following the same optical S

reflectivity and transmissivity data of

transmittance of the south roof to | ongw:
[ P YJ Op 6 Op T (4.

wh e y:e-] i's the transmissivity of the sou

radi gitfelon,s the transmissivity of the ice

covering.

The emissivity of the internal surface ai

foll ows.
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- 0 O p 6 O (4.

-5 YO p Y O (4.

wheWelle dnE@ are the emissivity of the ic

outermost | ayer of the ther mal bl anket, |

Since the CSG -weséndsreottbr aendt side wa
model description, the radiant energy emi
the CSGectoss is considered as daelcliogra
radi ation heat exchange with outdoor grodu
bet ween the ground and the canopy accor d|

reciprocity rule and conplaest edn ensesn soifo atsh eo

section, view factors bet ween different
analysis method. All the view factors, t
i n TAaHle

The sky temperatur @Beirdadbdadl &u IFaliceendr esanga,eo, rl @2

Y - 8 JY 5 ¢x®pus (4.
- X T p 18 11 (O (4.
YO
wheTsdy ] I s the sky Jt empedawupe@i,nt temper a
Toul ] is the out d®ad «laiirs ttehmp ea watt duoer, ai r
RHul] 1 s the relative humidity of the out
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4. 2.2.5 Convective and conductive fluxes

Convective heat fl uxes

Convective heat exchange occurs between
bet ween the cover andRdy,e Bauldaorod, aKirt. t aAs
the convective heat transfer process i s

pressure) and free convection (caused by

air). The dominant <convecti on moodoer dcelpienm
and ventilatiomenobntdatedngrebenhwabks, f ol
mode due to strong air movement. And in
free convection dominatesflthe @geonsiebyg. i &c¢
the temperature difference, its descripti
6 , JQ OY Y 71 COI (4.
wheGepW=?fgro)] is the convective heat f1l
and 2 in convections, one ishh Wl di sutil

convective heat transfer coeflffamcdant bAat

temperatures of object 1 and object 2, r

Convective heat transfer coefficients ar.
are typically deduced from the appropri e
modes and flow types (Il aminar or etruirnbeunlte
(Roy et )alUnt i2l00Mow, no experimental study
coefficients speci fic t o CSGs. However,
generality and can help achieve good per
(R. Liu eNMemd .et ;7DI2.f), e20.09 n, t B@0thodel of

ot her s, the energy gain of CSG air is en
sel ect appropriate convection coefficiel
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description for selecting these <coeffic
confusion in calculating convections. T
reference convection formul as i nR.prLe sue nett
(20Qaf)egorized convective coefficients fc
i nternal surfaces of the opaque wall and
for climate models that fully depict cr o]
I n choosing convective heat transfer coef
openings affect the convection coefficie
and the indoor air. I n closetdh&€SGegf one iyt
it switches to mixed convection, combi n
turbul ent airflow. Additionally, t‘hedeéend
natur al ventilation. ( 3) bEda enfefeinc iternatn sdoeatr
greenhouse covers. However, the influenc:
not be involved due to the similar prope
|l ayer of the therematiti doh aonketfi i3gniTheetcw:
is affected by the | eaf area iwWdéxenf na:
convection. Mor eover, it does not distini
fabric clofhcien) Dekéeweeaf crops and indo
responding simultaneously to temperature
the airflow veVarci@ot & gh eOmpon92 Omt Dse nt wi t h
the crop model. (5) All convections of th
with constants representing the buoyancy
constants are uwsiendd tsop eaeddrseistsualtaowns. B¢
assumptions, al | convective heat transfe
model are @®ien in Tabl e

Conductive heat fluxes

Heat <conductions occur in the CSG envelc
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adjacent | ayers for greenhouse objects
stratificabtyh amerandemmegreat ure description
involved in the heat conducti ont hheavteh itchk
representing each | ayer, and the temperat
for the greenhouse object that can be co

conduction between the ithrmerobgagmradtouwmteeerdss

thus all owing heat transfer span across |
the centre points of the two tangible | a:
resistance i s dahealsaumg otf her else@ &stt amonduct.i
equation can describe all conductive heat

’ p 1 1% g T oM N 7 1 K~ R e 7oy

. 3———0Y Yh wQ00QQNM & DIE

v L

0, e - P -

.0 DY "Yh Gdi @idie o @poei (4

Iy T s

t _ - -

710 col

wheDiep W?2fhgro)] is the conductive heat f1l u

and 2 in conductions are | ayel,andipfrmgrgthee e nt
thickness of object 1, object Zespedaivelyar,a s |

&, anda[ W 1m 7] are, respectively,thee at conductivity coeff

2, and a specific | ayer between objects
For the speci al case of south roof, the
external surface can be described by,

- - = (4.



whetG e€hkclb,om] are respectively the thicknes
and the outer most ateayaddao[oW 1 H are resadctivelylthe n k e
heat conductivity coefficient of the 1ice
of ther mal] mpliasnkehe total thiagknes% o6 t|

average thermal conductivity coefficient

4. 2.2.6 Latent heat fl uxes

Conversion of sensi bl e heat to | atent he

heat fluxes occur when water or water vacg

processes include crop transpiraitdamnt o st
surfaces. This study assumes that al | I
sensible heat on the solid objects that
not to participate Iin sensghieetiebdttéentar
evaporation is entirely supplied by the
surrounding air. Another example is that

the inner surfacelpfabésterbedthyrbbé sscsuerl

is Ilinear to the related vapour flux, ex|

0 _dDw 701 CcOIi (4.

whelnep W2fmg)lJo i s the | atent heaNMWIfplkugk( mfrroco)m

s is the vapour flux from object 1 to o
one i s the indoor air, while the other |
or soil . I f the | atent heatrdnaux @foi @t asp
transpiration, the other object wildl | os
from the air, it 1indicaetads gad md erf sad tlieokmyt :
1 is the | atent heat of water védp&igdrz adn
air temper ettwameg hefl 2Yhi et al ., 2019
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There i s a particular case for quantifyi:
i nner surface of the soqutchondewofsatilom it ®
switch to deposition. Then, the | atent h
slightly increase due to the specific |
deposi tion. Meanwhilke, vapeudestuxptriemai of
a specific formula descuouthingofhesl|l asehol

vV a
ai
(2
eq

e
e-

o o 71 COI (4.

C
=xj
I
0«
€
¢
¢« ¢

eler Wi%hg)r]Jo is the | atent heat flux fro
ut h rMwife FkdgéimrYd) is the vapour flux fr
rface of t He [isJouitsh trlveoft empenr,at ure of t

@fl¢J Jkgis the | atent heat for water vap

.2.2.7 Vapour fluxes

e water vapour in the CSG air is away
uth roof and crop | eaves and through a
an the dew point temperature ohsée¢ hengt
rface. The dew point temperature only
pour exchange coefficient is I|linear to
rr-and the c¢cMahdmsoairi, He2nclely f baedd dre teh

0,09we descri be the condensation rate o

uati on,
Lw awomm, G—ﬁ)OQ Qp EC COD (4.
Q Qr b 0A (4.
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wheMWM\V pkg’(mr) is the vapourobfjleucxt f2r.o nF oorb j
2 in condensation processes, oObject 1 re
i nner surface of CSG@Psaoutihsrtohé pPsycd opmé
[ Pa] is the saturated vapoue, B {pRa&]s siug et tod
vapour pressure of greenhouse air (see de
asserts that condensation only occurs wt

temperbhoweere tBan the vapour pressure of

The water vapour f | uxstgemse rfartoend tbhye adiirf fe

content bet ween the two exchanged air m

concentration) is the most straightforwal
0w QO
002 o EG COD (4
Y " Y i ¢ ¢

wheM&ir pkig?2(ngrd) iss the vapour flux from
accompanyi ngaaing fekkglhraanrgee .t he absol ute hi
outdoor aimed ANMFEQDEB) is®selt e total h@GSG.ueXxc

[ Pa] i s vapour pressure of outdoor air.

The source vapour fluxes of the CSG air,

wi | | be described in other sections.

4 . 2. 2f Bug®sS

The COncentration of the greenhouse air i
as air exchange. Similar to thefbvapogeher

by air exchange can be expressed as foll
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b6 Q3 o0& sk EE¢ cOD (4.

wh eC02u[emo | Yhisotthe CQ concentration of the outdoor aif.h e 2fCIOu x f r «

the crop to indoor air is the result o f
respiration, and that from the soil to in
wi || be described in crop and soil acti vi

4. 2.2.9 Air exchange

The air e»x@®@ntgrratofonly has roof and si de

natur al ventilation and air infiltration.

M 0 N i cob (4.

whega&fmm?(gr®B) is the total ai gnfemméhamigei s a
the CSG natur adiofvendi¢ gt 4) iiesn trhaet egi r exch

infiltration.

Then, the sensi bl e he aHarodclaunx ebse dduees ctroi btehds
o " R 00 00 Y 71 cOil ( 4.

Natural ventilation

A standard CSG has roof and side vents
suppl emenltn Q@O actice, growers tend to onl
t o sol ely opening side vent s, t he roof

di stributions of CSG air temperature and
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crops t o (Feamlgd ewizZddesn,g 2@.1 &alln ,wa2rOn2e3r seaso
I's activated and combined with the roof v
the cold outdoor air mainly gets into CS

i's discharged tho tthlee rowtf sivieentt hremthganci n

(@)
o
o

l i nGaefhf et iZholeng 20.1%lln ,ad2di2t3i on, it is
ventilation alone in practical CSG prodtu
opened at the top and bottom of the sout

I n t hweesdasdti receaniomg drmheclkoipng operati on

pulling the fil m, with openings being r ¢
installed with the vents to prevent pest:
The description of the natur al ventil ati
climate model . Natur al ventilation is dr
buoyancy effect. The wind actionhreeduwlotys
effect, which is |Iinked to gradients of
out si de, |l eads to the ([brercgl Bdubandb &t
General ly, when the outdoor™ wiord iveltohcei tt
di fference between indoor and outdoor ai

vent i(Tatéeémowmy Boul ajKidt&aBai Bloe] at1@995 M&r mi ¢
The buoyancy effect can be negl e@Ftaendy veher
2016 Natur al ventilation rate is influenc
strength and distribution, greenhouse (¢
JQingfu Zhang len additi2ddm,2 t he wusage of
resistance to greenhouse ventilation, cal
87Waeza et;Katsoul2®OL9 Bartzanas, B pRu® raer zd
Parr a, Baeza, Mont ero, & Bailey, 20014

The existing nanmouwredls vieort iClSa& iacre dwelr i ved
and theories of fluid mechanics and therr

structur e, di mensi ons, and mat darliaali so.n 39n
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parameters that empirical values or wvalu
due to the | acklRofLifueé¢d mikfper2iorihGased at
al . @dPPloéedortcher fagsumpti on to model t he
vent and gasedtthei 80 technique to identif
was estimated to be 0.78, 0.60, and 0. 44,
0.04, 0.05, and 0.07 for the roof wvsetnutdyi t

contributes to the parametrisation of th

model only applies tofspenitf iamn do pere swindtt
of using roof and side vents in conjunct
This model focuses on the two ventilatio
roof and side vents being open. The CSG

i nsect scredh®r a2 Rernr,d liestt iddrs ¢ r i200e0d4 as f

-<
¢
=

h ]
5o . [ i cob (4.

<
¢
=i
N
<
5¢
=

- - 0¢ - (4.

whegel[fdm?(gr®)is the natwhah vehtyitaei oool

Qvend B2 (grYg) iss the natural ventilation r_
operdedhl]lr is the control of apert uUenfrlosfi $ h
the control of aperture dafnf}t hies stilde rveetnitc
ventilation rate witbngdnd swiptohrmwti tayn oifn s e
mainly depends on the mesh count . iGecnreeraasl
i n mesh count. The model requires insect
ventilation residstsabhcefcbperfécti snoteenndal
The CSG south roof is curved, so the vent
vent has a practical di mension in the ve
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CSGs. Thus, the natural wemtihadvuiced byt ¢
wind and buoyancy ef(TecesrycBoubaFdhe§c e
al . ,)), 2016

) ¢ Y Vi " (4.

i I ¢coDb

wheAent[Mu i s the controlled opedndnpm] areat
vertical dimensi og s ithet IC&Gac ol gkKegmnii g

the ion Ked[Wi]s,is out doa@[] wisnd hsep edeids,c har ge

vent openings, and the roof and side vent
Cw, ] is the wind pressure coefficient of
wi Achduced adAdduweyanweynwtil ati on are i ndep
used to calculate the natural ventil ati ol

As r ecomnleinndgefdu bzZyh an g tehte adli.s p(l2a0c2e2ment v er
can foll ow the equiantdiuocne d ovgeinct itlhaatti otnh ec own
coefficient difference between inlet and
since the roafeahdcaie@ oenasgreenhouse
al ways in the same windward or | eeward c¢
on displacemE€Enhéengyweaiti Mati Wang, Di nghe HGS
climate Fnodlde dtyadbptded@008B)s assertion.
di fference mentioned above is significani
root being fitted(Taang. 2DRiegd madale dde 0.
direction inputs and cannot distingui sh
describe the natural ventilationDomage 2 00

Kittas, Boul ar JRR@&, Paph&akis, 1997
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0
6 ki B i
:)! hh _ hh
O wn O ok
20 ¢ I0G © Y J0
~ ﬁ
Yy w0 Y, (4.
C
38
O ®r O gk B
c A
6 5 m I I con

wheAent[fluis the controlled opéwnihnhmd arsat

vertical di st amacientbse tovMe etnh & h@@nfiydoiod tamea

wind pressure coefficient of CSG vent opt¢

Arentd NAbentar,& described by the following egq
0 R Y B 5 | (4.

0 &n Y D 5 | (4.

wheAenanhlenf 8 are the maxi mum opening areé

vent , respectivel y.

Air infiltration

The I mpact of air infiltration on@ ngrudenh
greenhouses, the heating demand resul tin

44% of the (Weattaulo dSamaredn adl. gse€d 2@QSGs, ai

edges of the soil and north wall results
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(Tong et) alThe X@¥8 to quantifying air exclt
the air infiltrdoingn IChete Baiuniase dyimeg
bal ance method to calculate air infiltratf
daytime and night-2] 3l uhrwintgh t ha0 e 2'dfa m@.gh
Ot her r esearlkdreg setq uwadHtt.eed(n®On0e8d) t he i nd i |t
0. 4Mush ng ,ghse COacing mMébtyhad sampl @. &t h o
CSG climate models are developed and val
which might be adjusted slightly based o
i nstance, the valusebftohbei Of Bl i Bhtdaihgn &
(20,2090 AHh amed, Guo, andeOT3HEMMennog (e2t0 2a0lp n d( 200
bweituo Sun. et al. (2022)

However, there is a |linear dependency be
t e mp e r(Baa kukr eer e adlgnorlag5 these correl at
simulation errors and result in ineMfS ci
Ahamed et, alhr e(e20mMo8)el s have described ai
considers wind speed and temperat@relLduf
al . ,;J20X1ao )epetbatrow2e@3fJrodrmitehe Dtiamdywyyo
and ReistBdadd®d19gn this air infiltration

thermal bl anket to modify the cover tighi
o QT
) ) o (4.
Jwp D w O Y E

wheMdrH s the air i nfVgd tr aits otnh e a3 $Ghovio It
i's the surface area Uf[]the CB6& cowmerobro
CSG thermal bl ankef mKegngisng hfer o mmp etr @t 1,1
ddf] is the characterization of the tightr

“f or -maeilnlt ai ned C' ®s 2&dalr01l10d all0y cover @ Wit
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[[] is the reduction fractdgemn of the exter

Then the air exchauwgigoeamn abtee cdaulec utloa tiend iblyt i

o J0 . . )
N — i 0 (4.
CQTT

4. 2.2. 40t Cvpbpi es

Crop photosynthesis and respiration

Crop photosynt e siiss das ¢ hmi IgateesihGQse, wh
rel eags emd oC® he dglrheeesneh auwsoe caiorp. gr owt h act i
of 2€Oncentration inside CSGs. Few CSG cl
and respiration since they mainly fBicuet

al. d20k0pped a forecarsde mtgr antoiderd iorfs iCde

(@]

rop photosynthesis and respiratidrmradhad

t al ;Go(uldx80a)an and;E9anrerltaade u(vieHbodn)ke v €0 9 9 ¢

()

of crop targeted by these referenced cro

crop in the model val i d8ti en ax ple r(g2nielelt)h

climate model with practical significanc
describing crop activities. This study ai
cultivation; t hus, we adoptsuthbéelpshot osy
devel oped | ettuce growth model in Chapter
6 Q0 oy yREY Ec#/ I CcOD (4.
Y QORY R EcC#(/ I COD (4.

wheae¢ kg 2)(CPgrH) is the gross chRihbgy®)alin i m
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(grf) is the crop mai hA[km(a necad Yy reos)plit hat il ere
i ndjeixs plant d&ngridly., 9PéanClsamter 3 for d

Since our | ettuce growth modebdaded.,auilnst d
arbitrarybaggseod,ndpldaeiRichdeamsitt pe directly c
model . The crop photosynthesis and resp

consider the ratio of the effective cul ti

0 . ]
6r 3B EGH/ I GOD ( 4.
, 0 P . .
Yi 530y Ec#/ i COD (4.

wh e coe[-] i s the factor C oz2nivnetrot s s uagsasri me ¢ ai e

photosynt hRdgids ips oclkkesseffect igwe emihlotuisvweat e

It should be noted that, in greenhouse ¢
bi omass and L AI based on t he effective

Certainliayel athed crlo@r mophysi cal st atles dlell

model . Furthermore, canopy assimilation or
However, the buffer status cannot be mea
cannot be invol ved i n t he CSEG a«vemadtei |
photosynthesis, fur tdeemrceamtdreateisan marnsindge
LAI based on the effective cultivated at
However, to avoid differentculati nagt eocet avie €
climate modell i nGSGwasca pemnmksedelryg s$hierr e
LAl at the whole greenhouse | evel to addi
060 g—:i)a"a’) I AAE COI (4.
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Crop transpiration

A wide range of methods to quantify greer
i rrigation schedul i ng (katds guleaes h& uPtea itld & 4
description of crop transpiration iFn nmhHaes
et al;R.( 20 @9),t iasl .ba(s2e0di2Mon t & h ¢ H¥ & mimariuil ha,

The Peomarith formula describes the | ate
primarily wused for predicting evapotrans
(Kat zin etvVial suee@?2 o )eSt aanlg.h,e i 2dpt2i m{hbke & -
Penndont equ aft@meenhmoaupse, Iincluding adding

revising t he cal cul ati on met hod for aer

conductance with all/l four greenhouse cl
Monteith model, tnmhoed e ¢ S tdgyn gthrea nl si @anni r d(liveeth 7hH
prediction accuracy and better overall

Vil l ®ureealr o)etThaus.,, t2h0el 2SSt anghei |l i ni mod
model , which remains consistent with our

r aBcek g?sin i s described by,

YOY ¢ 6D oy W |
_0Y 1 0p i i

EC cCcoOD (4.

whep[ea Y] is the slope of the satuRaWinan c
is the net r adij[aPtaijon sofl etahfe tcor oapi,r vapou
vapour deficrijts®mi sndooandary, | ayer Orresi s

[ sPmis the stomatal 0esistance to diffus

The two air temper at oparaareep echalssqrciyb epda r myr
for mAlcgsah ejF.alHe, e2WiHS &ur2tmder o )et al . ,
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Yy tgund ° 0A

p TTOT L /T & ¢ (b

The net radi BRtiisorn hef btah@ancreopf
plus the bal ance of
absorbed
descr i(bteadn ptye |l | i)ni et al .,
Y m@p Q8 J07Ii

The descriptions of stomat al
from the | ettuce
Ooteghe)m, 2010

*EC

(4.

(4.

intercept

-w anvceo nri andyi aatnido no.u t Tgoo i dni

shortwavelrddfiiand d ni oyt he eRécmtnuoc

20109

(4.

and boundar:

gr owf@dar mo d$tl aln8gahde i tMaen i r, €

i 1 75 0QJQ {0QfIQH (4.

i 0Q®Q (4.

i pp X ° (4

aXY bs ¢mR '
wherge, hisimis the mini mum possi Blred sHmeérsn
the boundary | ayer resistance or ake[ddyn
is the Lewis numberdfbPepwasent vapberr ani
resista@ceéei fowusiHon to that for forced he
ot her parameters and auxiliary variabl es
|l ettuce growth model, which are not reit:
Similarly, the crop transpi Eaéns odesat iebat
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0r s— E¢ COD (4.

4.2.2.11 Soil activities
Soi l mi crobi al respiration
CQis released from the soil through soil

respiration aRdstogi, r8spghatuommdr PatHdakh,:
such as soi l temperatur e, moi stur e, org
I nfluepeco®dGOti on and emission from the ¢
covered root respiration, this descripti

Rem adapted from @RCem@DiBamdg, fWe)mul&a Yu,

Y mQ YD g  EEC COD (4.

wheRsg kg 2)(Gt®gr%) i s mihcer sstoiidl respiration r
ReoJokg 2)(CPgr4) is the soil respiration, rat
Qio, klo i ®atahleue f or sxofi]l irsed mpier atoiromcti on |
respiration, which can be different for ¢

of 0.5 iMRdiscsadaesumdadatto contribut(@hiwmal €ai

Song, & GQ¢heFno,r 2b0alr7e soi | c ompids tproondsu c QM %vi
depth of(X.50Xinano , Kuang, Sauer). Heévietr md o ,r
temperature of indoor ground | ayer Ii® s
addition, i f the grhaunmeniedsigdt® utnidle c€CS @ oiv
fabric, soil microbial respiration will |
Soil evaporation
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The soil evaporation process S influe
environment, as well as soil (PamagwctB8he, s
20L1 I n greenhouse climate models, the te

hardening or cover(Kagzioh Qorahdpu®@ddéll oi

(T Boul ard & BMasltl eGSAS 9eB3mp |l oy soi |l cul ti\
ignored for accurately simulating indoor

l ow | eaf area index. Existing CSG <cl i ma
evaporiZat iGowm. anddduec23@Ud2r0il surface evayg
of crop transpiration, which depends on t
transmitted solar radiation is firstly ir
t heougqBli. and Wani@e2nogl 2()d2e0t2elr)mi ned soi | eva

greenhouse climate ahd Heoiét ftdietr m&m2 0PM® 1
coefficient to characterize the | evel of
are supplied in both practical greenhous
greenhouse crop producetniton -h@roohceersOsd.e pS chi |
ranges from 17% to 28&% dir,i nWa nigr,)r i Sgua u is& n
indoor soil surface can be considered mo
b . He etamnadi wa(t2,0 @wg¢ 0i3nt egr ate the effect
specmdiisct ure | evels of greenhouse soil (

equati on:

o 1 O —— EC coD (4.

- oY T
wheEsg kg?sth is the soil evaperatbiodser at ¢!
coefficient to characterize t hhgi /l[@Wan- of
4 is the convective heat transfer coeffi
4. 2.3 Model parameterization
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The greenhouse structure is the input 0

par ameters

t wo categor

t his model ,

agievCesSsnst ant hf er saudy, the moc
ies: gener al par amet eBesf armna ug

these parametdpsoneddstohée:

sources for the gener al paranmeresenos th
dependent par ameters, i ncluding informat
determination of some of the model param
Tabll&eher al parameters of the CSG climat
Parametval ue wunit source
Cd 0.65 - Dong, ;FAO@5 et) al ., 20
Co, a 1005 J kgt physical constant
Co, L 4.0710J3 kgt estimated from measul
cr 0.16 m 1K1/ 2 M S Ahamed)et al ., 2
Cw, cd 0. 26 - (Dong,;R2005 u ePR@,)] )20
Cw, r 0.1 - esti mat(randg retm al . , 2
_— 0 16 ] esti mat(adndg,r,B20 5 u e
PRC, )2018
oy 0.68 - physical constant
Ciy 1 0.076 plani(s emf) Calibration
Ciy, 2 0.924 kg?meaf) Calibration
g 9. 8 m s physical constant
ki 0. 48 - (Van Oot eg)hem, 2010
kg 0.94 - (De Zwant, 1996
Le 0.89 - (Monteith & Unsworth,
My 187130 kg Mol physical constant
Po 0.7 - esti mat(Wedi tfuoonSun) et
Qio, Rso 3 - Bi et Jal., 2010
Ry 8.314 J mgt physical constant
20, min 82 s m (Stanghei)lini, 1987
. estimat@®d ®ftombDang,2(
Rso, o 0.0 1 kg fHCtgrbo)
PRC, ;@018ang ¢t al .,
To, k 273. 15K physical constant
M S Ahamed ;®ei allo, S
Tso, cs 15
20p2
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2 66 Pa physical constant

S ce 0.3 - estimated from anal y:
&, d 2.83 1 Jkg (fau & Rogers, 1996

a 1 - (Kal ogir)ou, 2022

Ja 1.20 kg=m physical constant

a 5. 671 1W mhK* physical constant

Uco2 1.8371kg=3@mol Yo (Stanghell i)ni et al .,
Uece 0.6 - esti mataed | fyrsd m

Uce 0.0001m estimated from anal y:
Uce 1 - physical constant

Sce 2.2 W th 1 physical constant

Yice 0 - physical constant

G oan 0.78 - (Goudriaan & )Van Laar
Uan 1.0 - (Stanghei)lini, 1987

Tabl2&r£4enhouse dependent parameters of

Paramet val ue unit
CSG for Exp_1CSG for Exp_:

Greenhouse profile

Lot o 7.500 7.550 m

Hqg n 2.350 3.110 m
Agro 585. 0 651. 6 m?
Acov 874. 4 1099. 9 m?

Vg h 1374. 8 2026. 4 m?®

Lea 3.078 4. 307 m

Lc 2 7.816 8.143 m

Lsr., ¢ 7. 442 7.458 m

dy n 5 A west of <5 A west of <A

a 39.62 39.62 A
North wal|l

Lnw 2.200 3.050 m

dh w 90 90 A

Unw, i n 0.01 0.01 m

Chw, i n 0.75 0.75 -

QGw. in 0.94 0.94 -

hw, in 0. 93 0.93 W th 1
Jnw, in 2100 2100 kg3m
Co,nw, in 900 900 J kgt
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Unw, e 0.05 0.1 m
Gw e 0.94 0.94 -
Hw, e 0.40 0.072 W th 1
Jnw, e 1220 540 kg=m
Co,nw, e 900 916 J kgt
i) hyrlhes) 0. 123 thyobhgs) 0. 135 m
*i) dyres) 0. 35 hardhes) 0. 35 W o
bnwi) Jnwrined) 1000 Jngrjngwd) 1000 kg®m
Co. friw) G, omC, a8y 900 Co,omC, as) 900 J kgt
North roof
Lnr 1.055 1.690 m
Oh r 49 39 A
Ghein 0.75 0.75 -
G oin 0.94 0.94 -
Gr. e 0.94 0.94 -
i) Uhqibh¢s) O0.002 hyilh¢s) O0.002 m
U abh¢dy 0. 05 Unabhqgdy 0. 05
thqg)y 0. 08 thqzy O.O08
i) n(ifhe¢s) 0. 93 n(ifhes)y 0. 93 w th 1
h(apne4) 0. 04 n(aphed) 0. 04
aqs) 1.20 amqg) 1.20
I ndoor floor and soi
& m 1.0 1.0 -
Bs m1 0. 45 0. 65 -
g r o 0.01 0.01 m
Gro 0.92 0.92 -
G o 0.96 0.96 -
& o 1.0 1.0 W th
Jgro 1400 1400 kg=3m
Co.gro 1500 1500 J kgt
Uso, cs 0.001 0.001 m
&0, cs 1.0 1.0 W th !
Us pi ) Usp1yUspsy 0. 245 lpiylsesy 0. 245 m
Uspzy 0. 5 Uspzy 0. 5
Uspay 2.0 Uspay 2.0
pi) 1.0 1.0 W th 1
Jsoi) 1400 1400 kg=m
Cp , (sio) 1500 1500 J kgt
South roof
Lsr 7.955 8. 005 m
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ds ¢ 24 33 A

“te 1.5 1.5 -

Vs 0.087110 0.08710 m

U. 0.15 0.15 -

ac 0.13 0.13 W th 1
Ue 0.80 0.80 -

& ¢ 0.05 0.05 -

Yt c 0.75 0.75 -

(I / 0.35 -

G, o / 0.85 -

Uo / 0.021 m

> / 0.04 W th 1
Vent s

Avent  « 31.2 34.5 m?2
Avent . s 78.0 86. 3 m?2
Hient 0.018 0.049 m
Hient rs 2.348 3.366 m
Unss 0.54 0.54 -

dnt 15740 51 10 -
Crops

Acui 261. 4 368. 8 m?

Je 11.71 11.52 pl am(grm)
4.2.3.1 Gener al mo d e | parameters

For simplification i njgt haansde anofdied , h doatt hc aa
constanteg preseserasgumed to be constant b
and under a standard at mospher jaavapr ¢ akem
1.207%kmd was takenlad 1ThCes5 lJatkegnt heat for
®&)d, which is almost const-40tt onau h& R cegmy
1996 took t2he83fdhlkee of

The ice | ayer that forms on the inner sid
transpatiecti deffhe sol ar radiation i s scat:
| eading to an increase in reflectivity an
of the ice | ayer to shortwavel)d avhisa taisosmu n
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be 0. 6, and the reflectivity of the 1ice

covewighgva(ls assumed to be 0.3 in this mod

For calculating the natural ventilation
pressure coefficieatrsomasC G t\anmattaea@a@ i rbge
wheavess 0. 26 is the combined wind pressure

effect ve@binigatRe2OdM@B5ruate®@R@, )202® 21

I n the context of CSG production, the soi
(Reo)loanges f roam 40ky®1f) e gr DBi set ;ao.n,g, 2 RO
PRC, ;@018ang 2t lanl .t ,IRicdQa0s delt ,%&tg @ .ChIld rlo)

stafter considering the introduction of t
CX

The average water content of the |l ettuce
experi ments. Hence, it is reasonable to

crop le)avies ol ose to that 3df kwaftemr , t eisg i
Whil e the available data do not all ow f ¢
| eavipsafnd the deng)tiyndépendpntepyeshéy
of theili jprwduch, dehetaéswehghttreeh unit |
be determined using the data of shoot fr ¢
However, it is not constant and exhibits
dry weight2)(FiTdweneddreag! cul ated by the f

7 “(I) i A 3 A
10 wpMéE— wyp EC 1 AAE (4.

wheaelp! ant(d emfc,][leph@ eaf)] are fit coeff
fresh | eaf weight per wunit | eaf ar%®a.ealh)
and 0. PRhebhFPm Wi TRMSENQA. 074 |l legf .
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O  Measurement o
Fitted curve o

Fresh leaf weight per unit leaf area

01 1 | 1 | 1 1 1 |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

Individual plant dry weight [kg plant™]

FigurVard.a2zion of the fresh | eaf weight p
dry weight f oRr=1t O eR/N8SEEL tOu © §°4d deqf ).

4. 2.3.2 Greenhouse dependent parameters

The CSGs in botlkgekppedmeisthy i enesrédd@dt scr e
di ameter of 0.17 mm at the vihtwasThkstpm
be 54 %. The CSG -mani nExapi_n3e dwaasn dweulsled f or
vegetables, and its characterizatidgn wafs
set to“bd n5ich@gmdr itshoen,CSG in Exp?*duevatso si
|l eaky covers. To facilitate the calcul ati

layering was also performed for north roo

I n the absencleaof tsopbel iBOrc ndeawt ap,l-7a55% ifco rf ic
and dirasaggaditase 5% for nB%%pfastotdfaho

The reduction in transmissivity is prima
films, while for dirty fil ms, it i simagre
An assumption underlying this model i's t
and therefore, the soil surface (Fs dHenei c
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20D9 the coefficient to characteri zdéspt he

was assigned a valwue of 0.45 in Exp_1, al

4. 3 Results and discussi on

Figure 4.3 to Figure 4.8 comprehensively
including outdoor weat her , greenhouse cC«
al ongsi de t he dynami c curves of t he Si
assement of model performance includes @
Ssimulated and measured climate values, art
entire crop gRMSEnNRRMPEITHh eusiahg dat i ovrercat
derived from experiments Exp_1 and Exp_3
parameters and involving both warm and ¢
| ettuce crop was cultivated in so5 land s4
days, respectivel y. The model $hie diffetertial i o n
equations were solved using the ODE45 sol

was employed to address certain energy balance equations.
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.3.1 Performance in predicting shortwayv:¢

e horizontal solar radiation at the tof
ndition inside the CSG since the crop
ed to calculate the shortwavdoomdgraduma
by internal surfaces of the CSG envel
l i dation experi ments measspuarne do ft hti hse vgarl e

| ustrated in Figur et edd. 55 haomrd whRivgeu rrea d4 .a&

ith the measured values across bot h val

peri ment and the time of day, t he mode
ortwave radiatinompyati ntshalet CS5Gesf ©Oker al
deresti mate shortwave radiation around
ttuce crop Iin Exp_1 and ERMSHEf 3&e8ran
man®&RMSETS 12. 63. 0a%,d r2espectivel vy, dem

rf ormance.

Exp_1 and Exp_3, the average differe
diations during thle.add2¥ W8 mie iwadi craetsipreq
screpancies. The model tended to under
S consistent with HheXwsoétaralrha dsf a@ndder e
ghat bei buted to the simplification of

t ween direct and diffuse shortwave rad
uth roof to an inclined plane widgwnrai sfe
d sunset, the sol ar rays reaching the
cidence angle and higher transmissivit)
del should overestimate the trrnaiadt wal
rface is curved, with its tangent angl
l ar altitudedusi h@wwiamtoleen didmi®de nt sol
asurement point might pass through a pc

gle than that of the inclined plane.
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consequentl vy, a higher transmittance and

Il mportant to note that the estimation er

have spatial variability, presiemns ngt boh
ti me. Secondl vy, t he model does not di f f
radiation, and it analyses gl obal sol ar

direct part. AHsanmng yetcbaldod(2@2abythe abi

material to transmit diffused radiation i
increases from 0O to 90 A, the transmissi
seasons, t haen senj wisv avligryt otfr a typi cal S 0|
scattered radiation is much greater tha

di fference was al s(dam e@to .d leAds tadOrbeks udnl,y t.
i ncident solar radiation, which includes
have higher transmissivity than that of

Themaey cause the model to underesti mate t

The transmissivity ofadhat sonthecoedseéed

solar incidence angle for the south roof,
4.9). According to the model description,
angl e, andugsdeagirmetnth are fixed, with t

transmissivity of the south roof transpal
in turn is determined by the solar altit:

theodayhe year and the time of dddyay Onf 2t

year, the solar altitude angle reached i
an azimuth angle of 0 A (Figure 4.9b). D
(5 A west of sout h) , t he rmihnirnouont i(nlc7i.d9e

maxi mum transmissivity (0.78) were del ay
period of 636 s. The thermalobéneléebefvas:
The north wall was slightly shaded by th
and a maximum shading ratio of O0.002. Ho

i ssue of shading becamariancoeaifngdl.y0 she\
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shading ratio of 0.33 on 1 Ma¥Yax020 ¢MhRieg
the two experiments, the days with shadi
each crop production period (Figure 4.10
be ignored. Furthermoreaengdse timherawuasielsablb
shading ratio and the duration of shadin
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3.2 Performance in predicting temperat
il lustrated in Figure 4.5 and Figure
rrored the measured values across both
ried performance in simulating rilogdd.enm
p_ 3, where the ther mal bl anket was wuse
enari o was the most representative, t h
ring nti gthhtet iimei tai al stage ofe moeaesi meln
erestimate temperatures in the early s
e | ater stages. Il n Exp_2, characteri ze
er mal bl anket, t he si mulmitg hotns b ytr o ¢ o ¢
derestimated the temperature around no
ttuce crop i n RRRkMWSErr andd&ap_38irthemper
5% a nrde s2ple ciiti%t \WR M St i2n.gOn d 33i ndi cati ng go
rformance.
cording to our prnimandeaysioonfatrt éempt syer e

mp e raat urhees i ni ti al dthtate ohitheal si mylkat
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rth wall and imaators tswri d,g ewwdrdgrdovildaietsiiies
mul ati on progressed, this Bywecempamah
mul ated results across the two exypsagaeane
ght also hacveubeeonfatpet erneiralkti mati on
fects radiation, conducti on, and infil

action of 0.7 for thedufwgeaei ofi hhiel thea

value could increase the infiltration ra

i n
4 .

St

Fi

door air humidity at night, making the
5 and Figure 4pmBagct iCoanpaam@mpliiveatyi, on,n c
atus of the ther mal bl anket and appr

nductivity can be a direction for i mpr.

both experiments, as found in Sectio
derestimated, which can explain the unc
wever, i n Exp_3, indoor air tempearltwr
ages of the simulation, indicating tha
ortwave radiation at the top of the <ca
e crop growth stage. | n ndivpereagmrloywnslt ad
| ar radiation and exchanges heat with i
the description of soil evaporation r.
efficient betwees hhdber gghaontdhandctiu:t
door ground wi | be overestimated, | ea
the early stages of crop growth. As t
ought abeutachbyossi becaomes negligible,
mi nates the temperature estimation err
derived from tBeasghdi,l iomi & 0in&® &le sc dm
en validated in the developed | ettuce

nsidered as not significantly contri buf

gure 4.11 illustrates the heat fl uxes t
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CSG. Convective heat fl uxesCdigt wierechoorndg
Cyro_air, and the internalCwatrcbacesvoénthe aort
energy flows for indoor air. Among these
absorbed by tBeparcodborbgtredntdhe most to
during warm seasons, 5M%,h atnhde 2% @& gdeovretdn g n «
seasons. Anot h €&iwindhnajwhri csho ecdoatghrevadoso st dur i
reachi%weg whil e in warm sled&s3o T e icO MhagLat O wn
was relatively 3s9adrIn2acdcobhret tiwg al oheat ¢
Exp_3, respectivel y. The magnitude rel at
surrounding air temper(@Qackeoms dgsnami Radi
1981 For |l ettuce cultivation inside CSGs,
canopy and greenhouse air based on3t Ad eyi
rangedlétwdmunder different greenhouse sc
the temperatOamgtendéer eoceogovide heat t
greenhouse was c¢closed at night and under
whil e removing heat wunder natwural ventil

was cl osedaydurmeng t he d

On the other hand, convective heat excha
the noCuwnh, ra®fwel |l as the sensibl eEh&at ¢
consistently acted as outgoi ng eBreusey vfeldo
as the | argestcons$ god3vgiam@gm®o ff |tulke t ot al
respeclthiev @lry.flCajhdrwaan rodl at i4v®1 iyn | Bxwgd¥1li @ c
Exp_3, aligning wi oi imethelremadbf i nhbeael abr
t he <col duirsapaacshoinesv,ed a | ower average heat
surface could receive solar radiation o
exception is the convective heat exchang:e
sout hCsinmofwhi ch represented a significan
seasofx®, &HiowRver, It acted ax6%2olfe ath es d wi

gainngduwar m seasons. This was induced by
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roof could have a higher internal sur fac
radi ati on. Addi tionall vy, note that t her e
i ncoming and outgoing energy fl ows, whicl
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Figurd@hé. AVerage of heat fluxes that det
during the entire crop growth cycle (a: |
Tabl3&vérage temperature differences bet wi
Temperature difference betw
Greenhouse scena
Exp_1 Exp_3
Closed greenhous / 0.8
Ventilated greenl-16 /
Closed greenhous / 0.9
Ventilated greenll1l.1 14
4. 3.3 Perfpoeciactee nignhumi di ty
As il lustrated in Figure 4.5 and Fdlgagel
mat cthhreel measurements in both Exp_1 and E:
of the | etRIRuMcSEEOrierl ayduimvtedhiet y predi cti ons wae
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30.8% in ExmMBEalwuehbh Odamrdd0.02espectively
acceptable model performance. I n cold se:
were signifi garmrtelnyh oafsfee cctoend rtof s. The i nd

underesti mated when the CSG was covered |

it was uncovered; this overestimation be.
ventil ati oinni twhetnhe oambal ysi s of the si mul
becomes clear that the accuracy i-mpdbaéem

conditions shoul d consider t he potenti
over estoifmavtaipoponur condensations on the so
Under radiative conditions, the natur al

underesti mated.

Figure 4.12 shows the vapour fluxes that
CSG. Crop Eramdpsonl iEeamlawaoaysataoined as sou
contri Bdwia@s3% 8o f t he total vapour 4H&EH S o
an®3%5i n Exp_3, respectively. The removal
through condensations on tMVgi iamnde rc rsoupr fle
MVair,camS wel | as tMiieouwghAnali ogelke hhege | os
aiMViiauserved as the | argoeststowddgasBdig®Pa g di
total wvapour MMWissamMMes pecmavely. occurred
with a pr woad.thlo nwihhér dds i n warm seasons,
| oss wer el% iamidt €0d 4t% QG.espectively.
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Figurdh4¢. h2erage of vapour fluxes that d

during the entire crop growth cycle (a: |

4. 3.4 Performanceonocemptreadtiiconmnng CO

As depicted in Figure 4.5 amdoRceunteadi®r
mat ched the measured valwues in both wvali
cycles of the |l ettuce crop i200Bxpnirandol
RMS¥Eal ues of 12RRM®HES8 . @fmanand2. 4%, resp
excellent model performance. Among all C
best predictivecpercéontrmancend offi hMée&COkey oder
t he-moulel desxdryinbaimmigc sCO i ncluding canopy

were derived from an already devel oped a

t he model should have accurately dddaunxict
generated by air exchange. The model had
measur ed xcwtndemnrt r@@i ons in Exp_3, which

400 ppm (Figure 4. 6).repawevers, btehevree nwer

actual measured values (Figure 4. 3).

I n bot h eKipgeuri)aned4stdsi3l( mi crRorhAcabumnespi fat i
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proportion ofl ahes s oadme rniCsEixAg%d8i3ann EEXx p _ 3,
aver age 3rbaltlemsd @ 01:0dg 2e1, r es pReetxihviebliyt.ed | a
i n warm seasons primarily due to higher s
in both wvalidation tests, whi ch 2aldmdve t
correction factor fa&masoisletmitor dbidal Thes
this greenhouse dependent par ameter may
respiRighiacn anot hfelrux,oubracde sGCQyni ficantl vy |
t Bsyp @B 18ndbBlLiKkg=?sm respectively. Ahgasan

al ways theomaiume reBODTx i nducedM@iy: ragifprr eesxecnh
a special case. In cofdrse¢éaeoCSE 2%C0NnS i i
tot atoCOces, -wbhtel anedehlreenhouses durir

i nto an outgoingd4%bafx ,t lae cdosasrneddi. n@QO f or

Figurd@hé. h¥erddaxefs Chat deotheremitmatt e ¢
CSG air during the entire crop growth cy

4. 3.5 Heat fluxes inside the north wall a

Layering and surface definition were conc

north wall and indoor soil. Their temper
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