
MPUTER MODELLING OF A CONTROLLED 
ENVIRONMENT GREENHOUSE 

I C 

By 
ROY F. SUTAR 

THESIS SUBMITTED 
IN FULFILMENT OF THE REQUIREMENTS 

FOR THE AWARD OF THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

Centre for Energy Studies 
INDIAN INSTITUTE OF TECHNOLOGY, DELHI 

NEW DELHI-110016 
INDIA 

January, 1995 



CERTIFICATE 

It is to certify that the thesis entitled, "COMPUTER 

.MODELLING OF A CONTROLLED ENVIRONMENT GREENHOUSE" submitted 

by Roy F. Sutar is worthy of consideration for the award 

of the degree of 'Doctor of Philosophy' and is a record of the 

original bona-fide research work carried out by him under our 

guidance and supervision. The results contained in the thesis 

have not been submitted in part or full to any other 

University or Institute for the award of any degree or 

diploma. 

(Prof. H. P. Garg) 	(Dr. G. N. Tiwari) 



ACKNOWLEDGEMENTS 

I take it as my first and foremost duty to express my 

deep sense of gratitude and indebtedness to my supervisors 

Prof. H. P. Garg, Head, Centre for Energy studies, and Dr. G. 

N. Tiwari, Assistant Professor, Centre for Energy Studies, 

I.I.T. Delhi, for their gifted guidance simulating suggestions 

s and deep personal interest throughout the research work. 

I wish to sincerely thank Dr. Tiwari and his family for 

all 	the encouragement, guidance and assistance extended 

to me during my stay in Delhi. 

I must express my heartfelt thanks to my dear friends, 

Dr. A.K. Singh, and Mr. Tarun Kapur, for their active 

cooperation and kind help especially during the correction and 

compilation of this manuscript, Mr. P.S. Chauhan. and Mr. 

Gautam Majumdar and their families for the cooperation and 

help in several ways to make this project work successful. 

My sincere thanks to Mr. Biswal for helping me in the 

process of data collection and Mr O.P.Chawla, for helping me 

in setting up the experiment. 

Special thanks are due to Mr. S. H. Gabani and Dr. 

S.C.B. Siripurapu, A.P.P.E. Unit, Gujarat Agricultural 

University, Anand, who as true friend and guide have helped 

me in my career advancement. 

Last but not in the least I wish to express my sincere 

gratitude to my wife Saroj and little son Aashir, for being 

so supportive and encouraging through out my work at IIT by 

their patient tolerance. 

( Roy F. Sutar ) 



SUMMARY 

The present thesis encompasses various investigations, 

theoretical as well as experimental, of a controlled 

environment greenhouse. The various aspects of growing 

cucumber in pots inside and outside a plastic film 

, hemispherical greenhouse was investigated. 

In chapters 2 and 3 experimental investigation for 

cultivation of cucumber in pots, during off-season by using 

a plastic film hemispherical (IARI model) greenhouse has been 

discussed in detail. 

The heat transfer modes have been utilised for analytical 

as well as numerical evaluation of the performance of a 

greenhouse. By using the basic energy balance for the 

greenhouse, a thermal model has been developed, in chapter 

4, to determine the greenhouse efficiency factor (F') and an 

instantaneous thermal efficiency (11,) for standardisation of 

a greenhouse design for different climatic conditions. The 

experimental data reported in chapter 3, has been used to 

validate the theoretical results. The model has been used to 

predict the performance of greenhouse using different 

cooling and heating concepts in chapter 5. The behaviour of 

the model has also been compared with experimental results of 

various researcher. In the last chapter, a periodic analysis 

of the greenhouse has been carried out and the performance of 

the greenhouse investigated in detail. 





PREFACE 

Safer ecology is a growing concern the world over and is 

going to become a guiding principle in determining the 

desirability of certain agricultural practices over others. 

,Several developing and underdeveloped countries like Thailand, 

Philippines, Israel, Denmark, etc. have entered the global 

markets of flowers and vegetables in a big way using the 

greenhouse technology. In order to make technology 

economically viable it is necessary to achieve (i) high 

productivity (ii) consistency in quality and (iii) year round 

supply of horticultural crops. 

Higher crop productivity can be achieved, in addition to 

other factors, by maintaining a favorable environment, as 

mentioned earlier. The environment in this context of crop 

refers to light, temperature, air composition and nature of 

root medium. Greenhouse makes it possible to have control 

over all the environmental parameters. This technology is at 

present practiced in over 20 countries. However, in India, 

the initial investment to construct and equip a greenhouse 

and the subsequent operating costs makes the cost of 

production per unit greenhouse area higher compared to open 

field cultivation (Chandra et al. 1988). This could be due 

to non awareness of the technology amongst the farmers. 

India can largely be divided into six climatic zones 

ranging from extremely hot desert regions to severely cold, 



high altitude regions, together with a vast sea coast having 

warm and humid climate . However, large part of the country 

lies in the hot and dry region ( Bansal and Minke 1988), 

where sunlight is in abundance and day temperatures are high. 

Temperature inside a greenhouse rise beyond desirable limits 

due to the greenhouse effect. This is one of the major 

,problem area due to which greenhouse technology has not 

become popular in India. 

Much work has been done on various aspects of 

greenhouses, throughout the world, for cold climatic regions 

(Cooper et al. 1983, Yang et al.1990). However, very limited 

work is reported on greenhouses for hot and dry regions. 

There are greenhouses in various shapes and sizes, namely (i) 

glasshouses,(Garzoli and Blackwell, 1973) (ii) plastic film 

greenhouses (Rosa et al., 1989) and (iii) rigid panel 

greenhouses 	(Santamouris et al., 1994), suitable for 

different climatic zones,. Selecting a greenhouse that will 

perform most efficiently, depends on many factors, viz. (i) 

internal heat transfer (Takakura et al. 1971) (ii) external 

heat transfer, i.e. wind velocity (Fuller et al. 1978) and 

(iii) bottom heat loss, i.e. ground loss (Cooper and Fuller, 

1983). 

Mathematical models have been successfully developed for 

describing heat and mass transport processes in greenhouse 

micro climate (Soribe and Curry, 1973 and Yang et al., 1990). 

Energy balance equations have been used to construct a model 

which permits prediction of climatic conditions in greenhouse 



from outside weather conditions (Maher and Flaherty, 1973). 

To facilitate the modelling procedure a greenhouse is 

considered to be composed of a number of separate but 

interactive components namely, cover, floor, growing medium, 

air space and crop. 

In order to obtain the suitable environmental condition 

.inside the greenhouse for a given climatic condition, there 

is a need to develop a thermal model by considering energy 

balances for interactive components as discussed earlier. The 

suitable environment condition may either require heating or 

cooling inside the greenhouse. These can be classified as 

follows; 

(i) heating concepts 

(a) direct gain 

e.g. through transparent cover(Takakura et al. 1971) 

(b) isolated gain 

e.g. storage (Blackwell and Garzoli 1981), 

(c) conventional heating 

e.g. oil, coal, electricity( Nelson 1985) 

(ii) cooling concepts 

(a) ventilation (Garzoli and Blackwell 1973) 

(b) earth air tunnel (Santamouris et al. 1994) 

(c) evaporative cooling (Nelson 1985) 

By using direct concept, scientists at the Indian 

Agricultural Research Institute, New Delhi, India, have 



developed a greenhouse for cultivation of vegetables and 

flowers, commonly known as IARI model greenhouse. More et al. 

(1989), in a varietal trial in plastic green house (with 

controlled temperatures) conducted studies from October to 

February 1988 and found 	Poinsett variety of cucumber 

recorded the highest yield of 170.9 tons per hectare among 

,four varieties tested. Experiments were also done to 

standardize the spacing-cum-pruning methods and revealed that 

60 x 60 cm spacing plus pruning of primary branches after two 

nodes is the most appropriate combination to achieve the 

highest yield of 190 tons/ha. Highest number of fruits 

(20.33) per plant was also harvested in this combination. 

This study was carried out for crops cultivated directly in 

the soil. By using the same design of greenhouse (IARI model) 

at the Indian Institute of Technology, New Delhi, India. an 

attempt has been made to cultivate cucumber vertically in 

pots, which will be beneficial for the urban cultivator. The 

detailed studies have been reported in chapter 2 and 3 

respectively. 

An attempt has also been made to develop a characteristic 

equation for standardization of a small/large portable 

greenhouse in terms of climatic and design parameters. This 

model has been carried out, after writing energy balance 

equations for different greenhouse components in quasi-steady 

state condition. This analysis includes the effect of most 

cooling 	arrangements namely ventilation by exhaust fan, 

evaporative cooling and shading etc. 



Further, a characteristic equation has been derived in 

terms 	of an effective overall loss 'coefficient including 

effect of internal and external heat loss coefficients and 

bottom loss coefficients from the greenhouse. Detailed 

parametric studies have also been carried out. The behavior 

of the present model has been compared with the behavior of 

experimental greenhouse 	studied by Garzoli and Blackwell 

(1973) and Santamouris (1994). 

A periodic analysis of the greenhouse has also been 

carried out by considering the cooling effect for a hot and 

dry climate. 

A chapter-wise summary of the proposed thesis is as 

follows: 

CHAPTER 1 

INTRODUCTION 

A brief review of greenhouse technology is presented in 

this chapter which includes importance, classification, 

environmental conditions, and root media. Design parameters 

namely orientation, glazing material heating and cooling 

techniques involved in evaluating the performance of a green 

house have also been discussed in detail. The basic heat and 

mass transfer models developed by others and general thumb 

rules for operation and maintenance of the greenhouse are 

also presented. 



CHAPTER 2 

CONSTRUCTION AND OPERATION OF AN EXPERIMENTAL GREENHOUSE 

The design details of an IARI (Indian Agricultural 

Research Institute ) model greenhouse are presented in the 

this chapter. The experimental setup comprising of root redia 

preparation, sowing, transplanting and arrangement for plant 

,growth is described in detail. The different cooling 

arrangements utilized for controlling inside temperature and 

the data collection methods are also discussed. 

CHAPTER 

EXPERIMENTAL OBSERVATIONS AND DISCUSSIONS 

In this chapter the daily climatic data, various 

temperatures, relative humidity, germination, plant growth and 

crop yield data, during the operation of the greenhouse 

between Jan 15-June 19, 1994, has been presented in detail. 

The outcome of various cooling arrangements on the inside 

environmental temperature which are responsible for the plant 

growth are also discussed. On the basis of the data analysis 

it is observed that, (i) plant growth and yield is maximum in 

soil and manure mixed root medium inside the greenhouse (ii) 

the yield is maximum for the sowing of seed on Jan 15, for 

off-season production of cucumber and (iii) the cultivation 

of cucumber in pots, in urban areas could be most effective 

from commercial point of view. 
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CHAPTER 4 

ESTIMATION OF EFFICIENCY FACTOR OF A GREENHOUSE 

In order to predict the performance of a greenhouse for 

any climatic condition energy balance equations for different 

components, namely,greenhouse plants, floor, and enclosure 

air, have been written. Further an analytical expression for 

efficiency factor ( F'), effective absorptance- transmittance 

product (aT)eff  and lief, has been developed. Parametric studies 

have been carried out to observe the effect of various 

climatic parameters on the efficiency. The model predicts the 

performance as expected. Experimental validation has been 

carried out using the experimental data of chapter 3. The 

predicted temperatures of plant and enclosure are almost 

similar to the experimentally obtained temperatures. 

CHAPTER 5 

EFFECT OF DIFFERENT COOLING CONCEPTS ON THE PERFORMANCE OF A 

GREENHOUSE 

In this chapter the different cooling arrangements to 

reduce inside greenhouse temperature can be expressed in terms 

overall thermal loss from the greenhouse. Depending on the 

climatic zone and local climatic condition the design 

requirements of a greenhouse will require modifications or 

alterations. Suitability of a cooling has been analyzed by 

developing an expression for instantaneous thermal loss 



efficiency, using the various energy balance equations. The 

heat loss terms previously considered to be constant are now 

considered to be temperature dependant. Two case studies, one 

for a dry and arid region greenhouse with ventilation and the 

other, a tunnel attached greenhouse have been carried out 

using available data. The results shows the nature of the 

.curves to be as desired. The performance of the greenhouse 

with tunnel attachment has a good agreement with the 

experimental results reported by Santamouris et al. 1994. 

By using the energy balance equations for different 

components in each case, an analytical expression for 	and 

ii have been derived in terms of design parameters and overall 

heat loss coefficient. The temperature dependance of internal 

heat loss coefficient has also been taken into account. A 

computer program in FORTRAN 77 has been developed and 

numerical computations have been carried out. The following 

conclusions were drawn, 

i. The analytical results are in accordance with the 

numerical results carried out. 

ii. The tunnel attachment is most effective concept 

for controlling the inside temperature. 

iii. The numerical results are in agreement with the 

experimental results reported by Garzoli and 

Blackwell, 1973 and Santamouris, 1994. 



CHAPTER 6 

PERIODIC ANALYSIS OF A GREENHOUSE 

In this chapter a periodic steady state analysis of a 

summer greenhouse has been developed for evaluating the 

various temperatures. These temperatures have been expressed 

in terms of design and climatic parameters. Effect of 

,isothermal mass has also been studied. Numerical computations 

have been carried out on hourly and monthly basis. It is 

concluded that evaporative cooling along with shading gives 

efficient cooling. 

The above mentioned work has been reported in the form 

of the following publications/communications: 

(1) Garg, H.P, Roy F. Sutar and G. N. Tiwari. Experimental 
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(2) Sutar, Roy F. and G. N. Tiwari. Analytical and numerical 

analysis of a controlled environment agricultural system 

for hot and dry climatic condition. Energy and 

Buildings. (communicated) 

(3) Sutar, Roy F. and G. N. Tiwari. Estimation of Efficiency 

Factor 	for a Portable Kitchen Garden Greenhouse. 

Transactions of the ASAE, St. Joseph, USA. (revised, 

1994) 

(4) Sutar, Roy F. and G. N. Tiwari. Instantaneous Thermal 

Loss Efficiency Factor for Summer Greenhouse. Int'l 

Jr. of Solar Energy, Brussels. (revised, 1994) 



(5) Sutar, Roy F. and G. N. Tiwari. Reduction of Temperature 

Inside 	a Greenhouse. 	Energy: the international 

journal, University of California, USA. (accepted, 1994) 

(6) Sutar, Roy F., G. N. Tiwari 	and H. P. Garg, 

Experimental validation and parametric studies of a 

greenhouse system. Energy and Building. (communicated) 

(7) Sutar, Roy F., G. N. Tiwari and H. P. Garg, Performance 

studies of Earth air tunnel cum greenhouse technology. 
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