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ABSTRACT 

Mathematical model s which describe the greenhouse environment , and the 

growth of a crop of cucumbers , in that environment , have been devel oped and 

tested . The models have been used to predict : the response of the 

greenhouse to varying weather conditions , the growth of the crop l eaf 

canopy , and the weight and number of fruit harvested . 

The greenhouse environment has been modell ed using a system of non- l inear 

differential equations , derived from a consideration of the energy and mas s  

balance s  of the glazing , internal structure , crop canopy , root media , 
fl oor , deep s oil layers , and the greenhouse air spac e . The equations have 
been s olved for five minute time steps , us ing measured value s of outs ide 
weather c onditions and c ontrol inputs as boundary value s . 

Entry of s olar radiation into the greenhouse ,  and abs orption by various 

surfaces , has been determined us ing transmission tabl e s  generated us ing a 
" ray- trac ing " l ight transmi ssion model . The l ight transmis s i on model has 

been c al ibrated in a separate experiment . The incoming s olar radiation has 
been partitioned between diffus e , dire c t , photosynthetically active and 

near infra - red radiati on , for use in the crop model . 

Val idation experiments have been performed to test the greenhouse 
environment simulation model . The results of the val idation exerc i s e  showed 

that the model was capable of predicting the temperatures in the 
greenhouse ,  within a few degrees .  The mean errors were smaller for the crop 

canopy , root medium , and fl oor , than for the glazing or air temperature . 
Prediction errors for relative humidity and carbon dioxide c oncentration 

were more variabl e . 

An exi s ting model of cucumber devel opment rate , and l eaf expans i on , has 
been modified and val idated . This gave good results when adequate account 

was taken of l eaf s enes cense , and initiation of lateral growths . 

Sub-model s for photosynthes i s , respiration , and assimilate partitioning 
have been developed , and c ombined with the greenhouse environment and leaf 

expans ion model s .  The c ombined model has been used to predict the c ourse of 
growth of a cucumber crop over one growing s eason ,  and the number and 

weight of fruit harvested . The predictions have been c ompared to r esults 
from a test crop . Thi s revealed that while the total number of fruit 

harvested was accurately predicted , the total we ight of harvested fruit was 
not . 

The model s are intended to be used in the study of optimal c ontrol o f  the 

greenhouse environment . 
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The Grand Academy of Lagado 

The first man I saw was of meagre aspect , with sooty hands and face , hi s 
hair and beard long , ragged and singed in several place s .  His clothes, 

shirt and skin were all of the same colour . He had been eight years upon a 
pro ject for extracting sunbeams out of cucumbers , which were to be put into 

vial s hermetically sealed , and let out to warm the air in raw inclement 
summers . He told me he did not doubt that in eight years more he should be 

abl e to supply the Governor's gardens with sunshine at a reasonabl e rate . 

from Guill iver ' s  Travel s 

by Jonathon Swift 
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medium per unit floor area 

rate of net radiation exchange W.m-2 
between the floor and the 
greenhouse structure per unit 
floor area 

rate of net radiation exchange W.m-2 
between the heating system and 
the floor per unit floor area 

rate of net radiation exchange W.m-2 
between the heating system and 
the glazing per unit floor area 

rate of net radiation exchange W.m-2 
between the heating system and 
the structure per unit floor 
area 

rate of net radiation exchange W.m-2 
between the root medium and the 
crop per unit floor area 

rate of net radiation exchange W.m-2 
between the root medium and the 
glazing per unit floor area 

rate of net radiation exchange W.m-2 
between the root medium and the 
heating system per unit floor 
area 

rate of net radiation exchange W.m-2 
between the root medium and the 
structure per unit floor area 

rate of net radiation exchange W.m-2 
between the greenhouse structure 
and the glazing per unit floor 
area 

relative growth rate of cells 
along the mid-rib of the i-th 
leaf 

relative growth rate of the cm.cm-2.plast-1 
plant per plastochron 

relative growth rate of the i-th cm.cm-2.plast-1 
leaf per plastochron 

relative growth rate of the 
plant per unit time 

cm.cm-2.day-1 

relative growth rate of the i-th cm.cm-2.day-1 
leaf per unit time 

relative humidity of inside air % 

relative water content of the 
crop 

relative water content of the 
root medium 
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r ao 

r V ea 

rvma 

sdr ' 

S dr ' 

s ndf 

S ndr 

s pdf 

s pd r  

SAl 

SLA 

s 

T. 

rao 

rm 

rVca 

rVci 

rVga 

rVma 

Se 

Sdf 

Sdr 

Sdf 

Sdr 

Sg 

Sn 

Sndf 

Sndr 

So 

Sp 

Light 

Spdf 

Spdr 

Ssc 

SAI 

SLA 

Ta 

advective mass transfer 
resistance between inside and 
outside of the greenhouse 

mesophyll resistance 

boundary layer resistance of the s.m-� 
crop for water vapour transfer 

internal leaf resistance for s.m-� 
water vapour transfer 

boundary layer resistance of the s.m-� 
glazing for water vapour 
transfer 

boundary layer resistance of the s.m-� 
root medium for water vapour 
transfer 

circumsolar component of global W.m-2 
solar radiation 

diffuse component of global W.m-2 
solar radiation 

direct component of global solar W.m-2 
radiation 

diffuse component of global 
solar radiation corrected for 
circumsolar radiation 

direct component of global solar W.m-2 
radiation corrected for 
circumsolar radiation 

global solar radiation on the 
horizontal at the ground 

near infra-red solar radiation 

diffuse component of near 
infra-red solar radiation 

direct component of near 
infra-red solar radiation 

extra-terrestrial radiation on a W.m-2 
horizontal surface 

photosynthetically active solar W.m-2 
radiation 

average daily photosynthetically J.m-2.d-� 
active radiation at the top of 
the crop 

diffuse component of W.m-2 
photosynthetically active solar 
radiation 

direct component of W.m-2 
photosynthetically active solar 
radiation 

solar constant W.m-2 

greenhouse structure area index 

specific leaf area of the crop m2.kgDM-� 

slope of the saturation vapour Pa. oc-� 
pressure curve 

temperature of the inside air °C 



T ad 

T aw 

T cloud 

T ow 

T s  

T sky 

T4 

t 

V gb 

V m 

vs 
w 

w 

Temp 

Tad 

Taw 

Tc 

Td 

Tf 

Tg 

Th 

Tm 

To 

Tod 

Tow 

Ts 

Tsky 

Tl 

T2 

T3 

T4 

TS 

T 

Ua 

Uo 

Vgb 

Vs 

WHCc 

WHCm 

average daily crop temperature 

dew-point temperature of the 
inside air 

wet-bulb temperature of the 
inside air 

temperature of the crop canopy 

temperature of the cloud base 

temperature of the deep ground 

temperature of the floor layer 

temperature of the greenhouse 
glazing 

logarithmic mean temperature of °C 
the heating system 

temperature of the root medium °C 

temperature of the outside air °C 

dew point temperature of the °C 
outside air 

wet bulb temperature of the °C 
outside air 

temperature of the greenhouse °C 
structure 

apparent radiant temperature of °C 
the sky 

temperature of the 1st soil °C 
layer 

temperature of the 2nd soil °C 
layer 

temperature of the 3rd soil °C 
layer 

temperature of the 4th soil °C 
layer 

temperature of the 5th soil °C 
layer 

time s 

inside air velocity m.s-1 

outside wind speed at lOm above m.s-1 
ground 

volume of glazing bars m3 

volume of root medium 

volume of structure 

width of a leaf 

water holding capacity of the 
crop 

water holding capacity of the 
root medium 
humidity ratio 

cm 

gHzO.gDM-1 

gHzO.gDA-1 
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X 

X ci rc 

Xomm 

Xqm 

y 

a 

amp 

f3 
r 

y 

X 

Fbark 

xomm 

xqm 

y 

SAzi 

Acndf 

Acndr 

Acpdf 

Acpdr 

Afn 

Afp 

Agdf 

Agdr 

Afn 

Afp 

Asdf 

Asdr 

StrucAF 

SAlt 

Compoint 

Comp25 

Gamma 

da 

eccentricity of the leaf angle 
distribution 

circumsolar radiation correction -
factor 

fraction of bark in the root 
medium 

fraction of organic matter in 
the root medium 

fraction of quartz minerals in 
the root medium 

parameter of the leaf angle 
distribution function 

azimuth of the solar beam 

absorptivity of the crop for 
diffuse near infra-red radiation 

absorptivity of the crop for 
direct hear infra-red radiation 

absorptivity of the crop for 
diffuse photosynthetically 
active radiation 

absorptivity of the crop for 
direct photosynthetically active 
radiation 

absorptivity of the floor for 
near infra-red radiation 

absorptivity of the floor for 
photosynthetically active 
radiation 

absorptivity of the glazing for 
diffuse radiation 

absorptivity of the glazing for 
direct radiation 

absorptivity of the root medium 
for near infra-red radiation 

absorptivity of the root medium 
for photosynthetically active 
radiation 

absorptivity of the structure 
for diffuse radiation 

absorptivity of the structure 
for direct radiation 

light absorption factor of 
structure 

solar altitude 

compensation point carbon 
dioxide concentration 

compensation point carbon 
dioxide concentration at 25°C 

the psychrometric constant 

average depth (height) of the 
greenhouse inside airspace 

0 

f,Ll.l-1 

Pa.°C-1 

m 
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ll.gl 

Ei 

TJ 

TJ pot 

L 

df 

dgl 

BagH 

delT 

dl 

d2 

d3 

d4 

dS 

ec 

ef 

eg 

eh 

em 

es 

esky 

HBlock 

SBlock 

Eff 

EffO 

La 

Lb 

Le 

Lp 

Kmc 

K 

thickness of the floor layer m 

thickness of the glazing m 

depth of the root medium bags m 

temperature difference between °C 
inlet and outlet of heater 

thickness of the 1st soil layer m 

thickness of the 2nd soil layer m 

thickness of the 3rd soil layer m 

thickness of the 4th soil layer m 

thickness of the 5th soil layer m 

solar declination angle 

emissivity of the crop 

emissivity of the floor 

0 

emissivity of the glazing 

emissivity of the heating system -

emissivity of the root medium 

emissivity of the structure 

emissivity of a clear sky 

emissivity of a cloudy sky 

radiation interception 
coefficient of the heating 
system 

radiation interception 
coefficient of the greenhouse 
structure 

actual light use efficiency 
factor 

potential light use efficiency 
factor 

exponential decay constant for 
the parameter a during 
primordial phase of leaf 
development 

plast 

exponential decay constant for plast 
the parameter b during expanding 
phase of leaf development 

exponential decay constant for 
the parameter c used to 
determine the unfolding leaf 

plastochron constant of 
adaptation 

angle of incidence between a 
leaf and the solar beam 

hydraulic conductivity of the 
crop 

thermal diffusivity of air 

latitude of the greenhouse 

plast 

0 

0 
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P a  

P c  

P cndf  

P cndr 

P cpdf 

P cpdr 

P ct r 

P r  

P nd r 

P nhor 

P ph or 

Lamb 

V 

XC02a 

XiC02a 

XiC02o 

rho a 

Rhocndf 

Rhocndr 

Rhocpdf 

Rhocpdr 

Rhondr 

Rhonhor 

Rhopdr 

Rhophor 

Sigma 

Sign 

Sigp 

latent heat of vapourization of J.g-1 
water at reference temperature 
of 0°C 

kinematic viscosity of air m2.s-1 

carbon dioxide content of inside mgC02.m-2 
air per unit floor area 

carbon dioxide concentration of mgC02.m-3 
inside air 

carbon dioxide concentration of mgCOz.m-3 
outside air 

density of dry air inside the gDA.m-3 
greenhouse 

density of carbon dioxide in the gC02.m-3 
greenhouse 

reflectivity of a canopy of 
non - horizontal leaves and 
underlying floor for diffuse NIR 
radiation 

reflectivity of a canopy of 
non - horizontal leaves and 
underlying floor for direct NIR 
radiation 

reflectivity of a canopy of 
non - horizontal leaves and 
underlying floor for diffuse PAR 
radiation 

reflectivity of a canopy of 
non - horizontal leaves and 
underlying floor for direct PAR 
radiation 

reflectivity of a canopy of 
non- horizontal leaves for direct 
radiation 

reflectivity of the floor 

reflectivity of a canopy of 
horizontal leaves for direct 
radiation 

reflectivity of a canopy of 
non- horizontal leaves for direct 
NIR radiation 

reflectivity of a canopy of 
horizontal leaves for direct NIR 
radiation 

reflectivity of a canopy of 
non - horizontal leaves for direct 
PAR radiation 

reflectivity of a canopy of 
horizontal leaves for direct PAR 
radiation 

the Stephan - Boltzmann constant 

scattering coefficient for NIR 
radiation 

scattering coefficient for PAR 
radiation 
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Taucb 

Taucndf 

L cn dr Taucndr 

L cpdf  Taucpdf 

Taucpdr 

Taugdf 

L gd r Taugdr 

TauRF 

Phi a 

Phic 

Ph if 

Phig 

Phi m 

Phis 

Phil 

Phi2 

Phi3 

Phi4 

PhiS 

X a 

Xc 

transmis s ivity of a canopy of 
"black " l eaves for far infra - red 
radiati on 

transmis sivity of the crop for 
diffuse near infra - red radiation 

transmis s ivity of the crop for 
direct near infra- red radiation 

transmis sivity of the crop for 
diffuse photosynthetically 
active radiati on 

transmis s ivity of the crop for 
direct photosynthetically active 
radiation 

transmi s s ivity of the glazing 
for diffus e  radiation 

transmi s s ivity of the glazing 
for direct radiati on 

greenhouse l ight transmis si on 
correction factor 

thermal capacity of the dry air J . m- 2 
fraction of the ins ide air per 
unit fl oor area 

thermal capacity of the dry J . m- 2 
fraction of the crop per unit 
fl oor area 

thermal capacity of the dry J . m- 2 
fraction of the fl oor layer per 
unit floor area 

thermal capacity of the glazing J . m- 2 
per unit fl oor area 

thermal capacity of the dry J . m- 2 
fraction of the root medium per 
unit fl oor area 

thermal capacity of the dry J . m- 2 
fraction of the greenhouse 
structure per unit floor area 

thermal capacity of the dry J . m- 2 
fraction of the 1st soil layer 
per unit fl oor area 

thermal capacity of the dry J . m- 2 
fraction of the 2nd soil layer 
per unit fl oor area 

thermal capacity of the dry J . m- 2 
fraction of the 3rd soil layer 
per unit floor area 

thermal capacity of the dry J . m- 2 
fraction of the 4th s oil layer 
per unit floor area 

thermal c apacity of the dry J . m- 2 
fraction of the 5th s oil layer 
per uni t  floor area 

moisture c oncentration of the g . m- 2 
inside air per unit fl oor area 

moisture c oncentrati on of the g . m- 2 
crop per unit fl oor area 
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X , c Xc 

Xf 

Xg 

Xm 

X , m Xm 

Ghil 

Ghi 2 

Ghi 3 

Ghi4 

Ghi5 

X a Chi a 

Xo Ghio 

Psic 

Ps im 

Gape 

Gapm 

w 

maximum moisture concentrati on g . m- 2 
of the crop per unit floor area 

moisture c oncentrati on of the g . m- 2 
fl oor layer per unit fl oor area 

concentration of mois ture on the g . m- 2 
unders ide of the glazing per 
unit fl oor area 

moisture concentration of the g . m- 2 
root medium per unit fl oor area 

maximum moisture c oncentrati on 
of the root medium per unit 
fl oor area 

moisture concentrati on of the 
1st s oil layer per unit floor 
area 

moisture c oncentrati on of the 
2nd soil layer per unit floor 
area 

moisture concentration of the 
3rd s o il layer per unit floor 
area 

moisture concentrati on of the 
4th soil layer per unit floor 
area 

moisture concentration of the 
5th soil layer per unit floor 
area 

absolute humidity of the inside g . m- 3 
air 

absolute humidity of the outs ide g . m- 3 
air 

water potential of the crop 

water potential of the root 
medium 

hydraul ic capacitance of the 
crop 

hydraul ic capacitance of the 
root medium 

hour angl e of the sun 

bar 

bars 

bars - 1  

bars - 1  

0 
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