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DETERMINATION OF THE OPTIMAL TEMPERATURE 
FOR THE GROWTH OF AN EARLY CUCUMBER CROP 
I N  A GREENHOUSE 

A . J .  Udink t e n  Ca te  

INTRODUCTION 

The main purpose  of  g r e e n h o u s e s i s  t o  p r o v i d e  a b e n e f i c i a l  

environment  f o r  c r o p  growth .  I n  t h e  c o l d e r  p a r t s  of t h e  wor ld ,  

t h i s  means t h a t  greenhouses  must be h e a t e d  i n  w i n t e r ,  r e q u i r i n g  

a n  energy i n p u t  which i s  e q u i v a l e n t  t o  rough ly  25% of  t h e  t o t a l  

c a p i t a l  c o s t s  of p r o t e c t e d  c u l t i v a t i o n .  T h i s  makes energy  a  

s i g n i f i c a n t  c o s t  f a c t o r  and t h e r e  has  been much r e s e a r c h  on ways 

of  u s i n g  f u e l  more economica l ly .  Crop growth and development 

i s  c l o s e l y  r e l a t e d  t o  t h e  t e m p e r a t u r e  o f  t h e  greenhouse  a i r ,  

and t r a d i t i o n a l  r e s e a r c h  i n  h o r t i c u l t u r e  f o c u s e s  on t e m p e r a t u r e  

p a t t e r n s  which a r e  i n  some way "opt imal"  f o r  p r o d u c t i o n  under  

a v e r a g e  c o n d i t i o n s ,  n o t a b l y  t h e  a v e r a g e  l o c a l  wea the r  c o n d i t i o n s .  

These s o - c a l l e d  " b l u e p r i n t s "  f o r  t h e  greenhouse  a i r  t e m p e r a t u r e  

a r e  a v a i l a b l e  f o r  a  wide v a r i e t y  of c r o p s  i n  v a r i o u s  r e g i o n s .  

However, a t  a  t ime  of  r a p i d l y  changing  energy  c o s t s ,  t h e  v a l i d i t y  

of such  b l u e p r i n t s  i s  q u e s t i o n a b l e .  More r e c e n t l y ,  r e s e a r c h  h a s  

been r e p o r t e d  i n  which a r e l a t i o n  between t e m p e r a t u r e  and y i e l d  

i s  used  e x p l i c i t l y  i n  a n  o p t i m i z a t i o n  p rocedure .  

T h e r e l a t i o n b e t w e e n  t e m p e r a t u r e  a n d c r o p  g r o w t h i s  e x t r e ~ e l y  complex, 

a n d t h e r e f 0 r e . a  s i m p l i f i e d r e l a t i o n  between t h e  t e m p e r a t u r e  regime and 



t h e  e a r l i n e s s  of  t h e  c r o p  i s  a d o p t e d .  E a r l i n e s s  ( o r  d e l a y )  i s  t h e  d i f -  

f e r e n c e  between t h e  t i m e  when t h e  f i r s t  f r u i t s  grown u n d e r  some p a r t i c -  

u l a r  c o n d i t i o n s  c a n  b e  m a r k e t e d  and t h e  t i m e  o f  m a r k e t i n g  of t h e  f i r s t  

f r u i t s  grown u n d e r  a  s t a n d a r d  o r  b l u e p r i n t  t e m p e r a t u r e  r e g i m e .  Because  

t h e  p r i c e s  a r e  h i g h e r  when t h e  f i r s t  f r u i t s  e n t e r  t h e  marke t  a f t e r  t h e  

w i n t e r ,  e a r l i n e s s / d e l a y  h a s  a  s i g n i f i c a n t  e f f e c t  on  t h e  economic r e s u l t s .  

The t y p i c a l  o p t i m i z a t i o n  problem i n  t h i s  a r e a  would t r y  t o  weigh t h e  

economic g a i n s  o f  a n  e a r l y  c r o p  a g a i n s t  t h e  e x t r a  c o s t s  o f  h e a t i n g  t h e  

g r e e n h o u s e .  Note t h a t  t h e  o b j e c t i v e  i s  n o t  e n e r g y  c o n s e r v a t i o n a s  s u c h ,  

b u t  r a t h e r  t h e  more economica l  u s e  o f  f u e l .  

An example o f  t h e  above approach  i s  t h e  d rawing  o f  t h e r m a l  s c r e e n  

i n  a g reenhouse  when i t  i s  s t i l l  l i g h t ,  i n  o r d e r  t o  c o n s e r v e  e n e r g y .  

The s a v i n g s  a r e  compared w i t h  t h e  d e l a y  i n  p r o d u c t i o n  ( S e g i n e r  and 

A l b r i g h t ,  1 9 8 0 ) .  Another  p o s s i b i l i t y  i s  t o  make o n - l i n e  c a l c u l a t i o n s  

o f  t h e  d e s i r e d  t e m p e r a t u r e  by we igh ing  t h e  e a r l i n e s s  o f  a  cucumber c r o p  

a g a i n s t  t h e  h e a t i n g  c o s t s  ( C h a l l a  e t  a l . ,  1 9 8 0 )  u s i n g  a n  e a r l i n e s s m o d e l  

s u c h  a s  t h a t  deve loped  by C h a l l a  and Van d e  Vooren ( 1 9 8 0 ) .  Here t h e  op- 

t i m i z a t i o n  problem i s  f o r m u l a t e d  u s i n g  a  s i n g l e  c r i t e r i o n .  Because  of  

t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  p a r a m e t e r s  o f  t h e  models  u s e d ,  

however ,  a  more a p p r o p r i a t e  approach  would be  b a s e d  on t h e  t h e o r y  o f  

m u l t i p l e - c r i t e r i a  d e c i s i o n  making.  T h i s  p a p e r  r e p o r t s  on such  a  s t u d y  

u s i n g  t h e  i n t e r a c t i v e  r k f e r e n c e  p o i n t  approach  ( W i e r z b i c k i ,  1981)  a s  

implemented i n  t h e  DIDASS/N s o f t w a r e  package ( G r a u e r  and Kaden, 1 9 8 4 ) .  

2 .  PROBLEM FORMULATI ON 

I n  g e n e r a l  t h e  e f f e c t  o f  t h e  t e m p e r a t u r e  o f  g r e e n h o u s e  a i r  on  c r o p  

g rowth  and s u b s e q u e n t  y i e l d  i s  d i f f i c u l t  t o  a s s e s s .  The r e l e t i o n  b e t -  

ween s h o r t - t e r m  phenomena ( p r o c e s s e s  w i t h  t i m e  c o n s t a n t s  up  t o  one d a y )  

a n d  long- te rm p r o c e s s e s  i n  p a r t i c u l a r  i s  p l a g u e d  w i t h  s e v e r e  method- 

o l o g i c a l  d i f f i c u l t i e s  (Udink t e n  Ca te  and C h a l l a ,  1 9 8 3 ) .  However, w i t h  

a  cucumber c r o p  t h e  problem c a n  b e  s i m p l i f i e d  by c o n s i d e r i n g  t h e  p e r i o d  

from p l a n t i n g  u n t i l  h a r v e s t i n g .  The t e m p e r a t u r e  m a i n t a i n e d  t h r o u g h o u t  

t h i s  p e r i o d  a f f e c t s  t h e  e a r l i n e s s  o f  t h e  y ' i e ld ,  w h i l e  t h e  r a t e  of p r o -  

d u c t i o n  i t s e l f  i s  n o t  a f f e c t e d  (Van de  Vooren e t  a l . ,  1 9 7 8 ) .  

A r e l a t i o n  c a n  be  e s t a b l i s h e d  between e a r l i n e s s  a n d t e m p e r a t u r e ,  

w i t h  p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  ( l i g h t )  a s  a n  e x t e r n a l v a r i a b l e  

( C h a l l a  and Van de  Vooren,  1 9 8 0 ) .  Assume t h a t  t h e  o n s e t  of  f l o w e r i n g  

depends  on t h e  s t a g e  of development  o f  t h e  p l a n t  ( e x p r e s s e d  i n  t e r m s o f  



t h e  t o t a l  number of  l e a v e s  p e r  p 1 a n t ) a n d t h a t t h e t i m e b e t w e e n  f l o w e r i n g  

and h a r v e s t i n g  of t h e  f i r s t  f r u i t s  i s  c o n s t a n t .  The r a t e  o f  d e v e l o p -  

ment c a n  t h e n  b e  e x p r e s s e d  a s :  

where 

d ( ) - r a t e  o f  development ( l e a v e s .  day-' ) 

3(.) - a v e r a g e  t e m p e r a t u r e  i n  t h e  c r o p  canopy o v e r  t h e  d a y l i g h t  

p e r i o d  ( " c )  

, 11 m p ( . )  - a v e r a g e  p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  o v e r  t h e  d a y l i g h t  

p e r i o d  ( ~ . m - ' )  . 

The a v e r a g e s  depend on t h e  number of h o u r s  o f  d a y l i g h t  ( t y p i c a l l y 8 h r s '  

i n  w i n t e r ) ;  c o n s e q u e n t l y  5'' may a l s o  b e  e x p r e s s e d  i n  [ ~ . d a ~ - ' ]  . Note 
P  

t h a t  t h e  u n i t  o f  t i m e  i s  t h e  d a y .  (The n i g h t  p e r i o d  ( 1 6  h r s )  i s  n o t  

t a k e n  i n t o  a c c o u n t  i n  eqn.  ( I ) ' . )  

The e f f e c t  o f  t h e  o p t i m a l  t e m p e r a t u r e  O 0  i s  compared w i t h  t h a t  o f  

t h e  s t a n d a r d  ( b l u e p r i n t )  t e m p e r a t u r e  O b  and l e a d s  t o  a  d i f f e r e n c e  i n  

development  r a t e  

F l o w e r i n g  o f  t h e  ( cucumber )  c r o p  o c c u r s  when dc l e a v e s  a r e  formed.  F o r  

t h e  s t a n d a r d  c r o p  t h i s  happens  a t  t i m e  t c  , s o  t h a t  d ( B b ; t c )  = dc  
F o r  t h e  o p t i m a l  c r o p  a t  development  s t a g e  d ( O O ; t )  t h e  e a r l i n e s s  A t c  due  

t o  t h e  d i f f e r e n c e  i n  development A d ( t c )  d ( O o ; t c )  - d ( O b ; t c )  can  b e  

f o u n d .  Making a  l i n e a r  a p p r o x i m a t i o n  

l e a d s  t o  



The f a c t  t h a t  t h e  t ime  between f l o w e r i n g  and p r o d u c t i o n i s  n o t  dependent  

t c  o n t h e  t empe ra tu r e  i m p l i e  s t h a t  A t  = A t c  . Fur the rmore ,  A d ( t c ) =  j Ad d t .  
P  t = O  

The s t a n d a r d  c r o p  and t h e  op t ima l  c rop  a r e  t e r m i n a t e d  a t  t h e  same t i m e .  

P a r t i c u l a r l y  w i t h  an e x p o n e n t i a l l y  decay ing  a u c t i o n  p r i c e ,  t h e  i n c r e a s e d  

e a r l i n e s s  of t h e  c r o p  g i v e s  r i s e  t o  t h e  a d d i t i o n a l  p r o f i t  

where pf ( - )  - p r i c e  o f  f r u i t s  ( D f l .  kg-') 
- 2  y ( . )  - p r o d u c t i o n  r a t e  p e r  u n i t  o f  ground a r e a  (kg.m .day-') 

t - o n s e t  o f  p r o d u c t i o n  phase  ( d a y )  
P  

AP - a d d i t i o n a l  p r o f i t  p e r  u n i t  o f  ground a r e a  (Dfl .mm2) . 

On a  d a i l y  b a s i s ,  t h e  e f f e c t  o f  t h e  d i f f e r e n c e  i n  development i s  

where A d ( t )  f o l l o w s  from eqn .  ( 2 )  . The energy  consumption r a t e  and 

t h e  co r r e spond ing  c o s t s  a r e  e s t i m a t e d  u s i n g  

where c ( . )  - cost.  o f  energy  consumed p e r  u n i t  o f g r o u n d  a r e a  p e r  day 

( D f  1. rn-' . day-' ) 

K - h e a t  l o s s  c o e f f i c i e n t  p e r  u n i t  o f  ground a r e a  (w .~ - ' .K - ' )  - 
8 - ave rage  a i r  t empe ra tu r e  i n s i d e  t h e  g reenhouse  d u r i n g  t h e  

d a y l i g h t  p e r i o d  ("c)  - 
'a - a v e r a g e  a i r  t empe ra tu r e  o u t s i d e  t h e  g reenhouse  d u r i n g  t h e  

d a y l i g h t  p e r i o d  ("c ) 

C - conve r s ion  f a c t o r  from Watts t o  m3 g a s  .day-' (m3.day-' .w-') 

f o r  a  p e r i o d  o f  8 hours  

P - p r i c e  o f  ga s  ( ~ f l . m - ~ )  
g  

Q(-) - e f f e c t  o f  e x t e r n a l  h e a t  s o u r c e s .  

Note t h a t  i n  t h e  n i g h t  p e r i o d  i t  i s  assumed t h a t  = e b  . The d a i l y  

d i f f e r e n c e  i n  energy  c o s t s  between t h e  o p t i m a l  t e m p e r a t u r e  regime and 

t h e  s t a n d a r d  t empe ra tu r e  regime i s  o b t a i n e d  from eqn .  ( 6 )  as 



The g a i n s  e x p r e s s e d  i n  eqn .  ( 5 )  have  t o  b e  weighed a g a i n s t  t h e  

c o s t s  g i v e n  by eqn .  ( 7 ) .  Because  some o f  t h e  p a r a m e t e r s ,  e s p e c i a l l y  

~ ( t  ) and p  ( t  ) i n  eqn .  ( 5 ) ,  a r e  u n c e r t a i n ,  t h e  p r o b l e m  i s  e x p r e s s e d  
P  f P  

as a m u l t i p l e - c r i t e r i a  d e c i s i o n  p rob lem b a s e d o n  two o b j e c t i v e  f u n c t i o n s  

max A p ( t )  f rom eqn .  ( 5 )  

min  A c ( t )  f rom e q n .  ( 7 )  , 

where  a n  expected a v e r a g e  ( o v e r  t h e  d a y l i g h t  p e r i o d )  o f  t h e  p h o t o s y n -  

t h e t i c a l l y  a c t i v e  r a d i a t i o n  3" i s  u s e d  i n  e q n s .  ( 1 )  and  ( 2 ) .  The 
P  

d e c i s i o n  s t r a t e g y  i s  n o t  t o  d e v i a t e  t o o  much f rom t h e  s t a n d a r d  ( b l u e -  

p r i n t )  t e m p e r a t u r e .  

3. IMPLEMENTATION 

The n o n l i n e a r  p r o b l e m  d e s c r i b e d  by eqn .  ( 8 )  was implemen ted  w i t h  

DIDASS/N ( G r a u e r  and Kaden, 1 9 8 4 ) ,  u s i n g  t h e  p a r a m e t e r s  g i v e n  i n  T a b l e  

1 ( C h a l l a  e t  a l . ,  1 9 8 0 ) .  

The v a l u e  o f  t h e  p a r a m e t e r  K g i v e n  i n  T a b l e  1 i s  d e p e n d e n t  o n  t h e  

a v e r a g e  wind v e l o c i t y  o v e r  t h e  d a y l i g h t  p e r i o d .  P a r a m e t e r  C i s  b a s e d  

on a b o i l e r - t . 0 - g r e e n h o u s e  e f f i c i e n c y  of 7 2 %  and a  c o m b u s t i o n  v a l u e  o f  

35.7 M J  p e r  normal  m3 o f  n a t u r a l  g a s .  

T a b l e  1. P a r a m e t e r  v a l u e s .  

P a r a m e t e r  V a l u e  P a r a m e t e r  V a l u e  

d ( e o ; t c )  0 .7  l e a v e s .  day-' P  
g  

0 . 4 0  ~ f l . m - ~  

T h e o b j e c t i v e  f u n c t i o n s  o f  e q n .  ( 8 )  have  t o  b e m o d i f i e d i n o r d e r t o  comply 

wi thDIDASS/Nrequ i rements .  T h e r e f o r e ,  t h e  o r i g i n a l p r o b l e m  i s  r e f o r m u l a t e d  



as f o l l o w s :  

[ Ap(A; t )  + 1 = o b j l  (max. e a r n i n g s  due t o  e a r l i n e s s  o f  c r o p )  

max 1 -Ac(A; t )  + 1 = o b j 2  (max. h e a t i n g  s a v i n g s )  ( 9 )  

L The g round  a r e a  A = 1 0  m i s  i n t r o d u c e d  t o  s c a l e  t h e  o b j e c t i v e .  The 

v a l u e  +1 i s  added i n  o r d e r  t o  h a v e  p o s i t i v e  o b j e c t i v e  f u n c t i o n s ,  as 

r e q u i r e d  by DIDASS/N. The bounds  on  f o l l o w  f rom t h e  h o r t i c u l t u r a l  

r e q u i r e m e n t s .  Us ing  t h e  r e f e r e n c e  p o i n t  a p p r o a c h ,  i t  i s  n e c e s s a r y  t o  

i d e n t i f y  a n  o p t i m a l  v a l u e  f o r  O 0  b a s e d  on d a i l y  e x p e c t a t i o n s  o f  t h e  

p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  and  wind v e l o c i t y .  The p h o t o s y n -  

t h e t i c a l l y  a c t i v e  r a d i a t i o n  3" was e s t i m a t e d  a t  25% o f  t h e  t o t a l  ex- 
P  

t e r n a l  r a d i a t i o n  ( a s s u m i n g  50% t r a n s m i s s i o n  t h r o u g h  t h e  g r e e n h o u s e  and  

50% p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n ) .  

T a b l e  2 .  V a l u e s  o f  p a r a m e t e r s a  i n  t y p i c a l  w e a t h e r  
s i t u a t i o n s .  

- - 
4; v  wind D e s c r i p t i o n  

10-20 1 Dark December day  

40-60 3 A l t e r n a t i n g  p e r i o d s  o f  

c l o u a  and s u n  

80-100 4 B r i g h t  F e b r u a r y  day  

a The r a n g e s  o f  t h e s e  p a r a m e t e r s  a r e  1 0 - 1 0 0 . f o r  

r a d i a t i o n  i n t e n s i t y  and 1-5 f o r  wind v e l o c i t y .  

A s t a n d a r d  t e m p e r a t u r e  (Bb)  o f  2 0 ' ~  was assumed.  

S e v e r a l  v a l u e s  o f  e x p e c t e d  r a d i a t i o n  a r e  t y p i c a l l y  c o n s i d e r e d  i n  making  

a d e c i s i o n  ( T a b l e  2 ) .  The s t r a t e g y  i s  n o t  t o  d e v i a t e  t o o  much f r o m  t h e  

s t a n d a r d  r e g i m e .  I n  t h e  o p t i m i z a t i o n  p r o c e d u r e ,  a s i t u a t i o n  w i t h  - 
9 =G c o r r e s p o n d s  t o  o b j l = l  , o b j 2 = l  . o b  

The d i f f e r e n c e s  i-n income due  t o  u s e  of  t h e  o p t i m a l  r e g i m e  

r a t h e r  t h a n  t h e  s t a n d a r d  r e g i m e  a r e  o f  t h e  o r d e r  of  0 . 0 1  ~ f l . m - ~ .  F o r  
-2 

a n  a v e r a g e  commerc ia l  h o l d i n g  o f  1 0 , 0 0 0  m 2  , a g a i n  o f  0 . 0 1  D f 1 . m  r e -  

p r e s e n t s  a t o t a l g a i n  o f D f l 1 0 0 .  T a b l e  3 p r e s e n t s  some t y p i c a l  r e s u l t s .  



Table 3. Typical results with expected T1' in theranze 80-100. - - P 
6 b  = 20 and vwind = 1 were assumed. 

- 
objl obj2 Bo Remarks 

- 'i = 100 1.25 0.88 22.6 Net gain = 0.013 ~ f l . m - ~  

-1' = 80 ' P 1.17 0.92 21.7 liet gain = 0.009 Dfl.m2 

Reference point 1.20 0.90 

4. CONCLUSIONS 

The optimal cultivation strategy for an early cucumber crop is 

studied as a multiple-criteria decision problem. The objectives are 

maximization of extra income due to the earliness of the crop and 

minimization of extra heating costs relative to astandardor"b1ueprint" 

regime. The decision variable is the temperature of the air inside the 

greenhouse. Parameters considered in the decision include the standard 

(blueprint) temperature, the expected average photosynthetically active 

radiation over the daylight period, and the wind velocity. The night 

period (no radiation) is not taken into account - here the standard 
temperature is employed in both cases. 

The decision is made by comparing the trade-off between the two 

objectives, with the additional aim of not deviating too much from the 

standard temperature. This last requirement makes it necessary to use 

a multiple-criteria formulation. The results demonstrate that the 

multiple-criteriaapproachis afeasible way of studying such problems. 

Since the particular problem considered here is relatively small and 

uses only a single decision variable, however, a decision based on 

graphical representation of the objectives could also be envisaged in 

this case. This would reduce the computational effort. considerably. 
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