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ABSTRACT 

An analytical procedure to determine the. 2.lh<LcZL\)Q.neJ>& oh greenhouse, 

as 6 0lan. collectors was presented. This procedure was used to ptie.cU.ct 

the ciicct oh 6e.ve.KaZ COM traction parameters, on solar radiation input 

to greenhouses. The orientation oh the. greenhouse was hound to be. the. 

most e-hhe.ctive- construction parameter controlling solar radiation 

input to greenhouses. The ehhe.cti.ve. albedo oh the plant canopy was also 

hound to be a i>ignihicant hector. 

A new solar greenhouse design, suitable hor high latitude legion* 

was developed. The results showed that an internal solar collector 

could be incon.pon.ated at, an integral part oh the greenhouse design. 

The concept developed could be used as a h^ee-standing greenhouse on. in 

a combination with livestock building. 

The ehhiciency oh the solar input was investigated hor the 

conventional and the shed greenhouses, both at> a hn.ee-standing unit and 

a greenhouse-animal shelter system, using computed simulation analyses. 

The results indicated that the ehh-tcA-zncy oh solan, input <U> highly 

dependent on location) the ehh^-^ oh location on the shed type design 

•Id more pro hound. 

A typical case oh a gneenhouse-hog barn production system was 

investigated using computer simulation analyses. The results showed 

that such a hood production system achieves a sianihicant reduction 

in conventional h^el consumption due to both animal waste heat 

recovery and solar energy utilization. 
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INTRODUCTION 



GREENHOUSE INDUSTRY IN CANADA* 

Greenhouse p r o d u c t i o n o f f l o w e r s , nursery p l a n t s and 

vegetab l e crops i s a s i g n i f i c a n t component o f Canadian 

a g r i c u l t u r e . The 19 80 t o t a l s u r f a c e area under g l a s s and 

p l a s t i c was est i m a t e d a t 382.76 h e c t a r e s , w i t h the p r o v i n c e 

of O n t a r i o a c c o u n t i n g f o r 60 p e r c e n t o f the t o t a l , f o l l o w e d by 

B r i t i s h Columbia w i t h l e s s than 14 percent and Quebec w i t h 

s l i g h t l y over 11 p e r c e n t . The t o t a l s a l e s value o f f l o w e r s , 

ornamentals, bedding p l a n t s and vegetables was estimated a t 

over 216 m i l l i o n d o l l a r s i n 1980; wh i l e the t o t a l f u e l c o s t 

used by the greenhouse i n d u s t r y was over 25 m i l l i o n d o l l a r s , 

or 11.6 percent o f the s a l e s v a l u e . 

In 19 80 the annual f u e l c o s t s per u n i t area under cover 
2 

ranged between 5.53 S/m i n the p r o v i n c e o f Quebec to 
2 

9.60 $/m i n Nova S c o t i a . The n a t i o n a l average was e s t i m a t e d 
2 

at 6.6 3 $/m . U n i t f u e l c o s t i n O n t a r i o was c l o s e s t to the 
2 

n a t i o n a l average a t 7.07 $/m because o f i t s l a r g e c o n t r i b u t i o n 

i n s u r f a c e area under cover; w h i l e i n B r i t i s h Columbia, due 

to r e l a t i v e l y warm c l i m a t e , the u n i t f u e l c o s t was onl y 

5.70 $/m2. 

The low f u e l c o s t s per u n i t area i n Quebec may be 

a t t r i b u t e d t o the f a c t t h a t some greenhouses i n the p r o v i n c e 

do not operate f o r the e n t i r e y e a r . In Nova S c o t i a , the high 

A l l the s t a t i s t i c a l i n f o r m a t i o n i n t h i s s e c t i o n i s d e r i v e d 
by the author from S t a t i s t i c s Canada, Greenhouse Industry, 
Catalogue 22-202, 1979-1980. 

* 



f u e l c o s t s per u n i t greenhouse area c o u l d be e x p l a i n e d by 

h i g h e r f u e l p r i c e s and c o l d e r c l i m a t e than i n southern O n t a r i o . 

NEED FOR ENERGY CONSERVATION 

The need f o r energy c o n s e r v a t i o n and renewable sources 

of energy u t i l i z a t i o n f o r greenhouse h e a t i n g was a r e s u l t o f 

the continuous i n c r e a s e , f o r the l a s t decade, of c o n v e n t i o n a l 

f u e l c o s t s . 

The i n c r e a s e i n energy c o s t s have focused the a t t e n t i o n 

of greenhouse o p e r a t o r s on c o n s e r v a t i o n methods such as 

i n s t a l l a t i o n o f thermal c u r t a i n s , use of double covers and more 

e f f i c i e n t greenhouse d e s i g n s , p l a n t i n g l a t e i n the season, or 

growing p l a n t s r e q u i r i n g lower temperatures. In c o n j u n c t i o n 

with a p p l y i n g c o n s e r v a t i o n techniques, some growers went i n t o 

f o s s i l f u e l s u b s t i t u t i o n programs. These i n c l u d e d waste heat 

u t i l i z a t i o n , combustion of wood and wood r e s i d u e s , and s o l a r 

energy u t i l i z a t i o n . However, much more r e s e a r c h , development 

and demonstration p r o j e c t s are needed to keep a v i a b l e greenhouse 

i n d u s t r y o p e r a t i n g i n adverse c l i m a t i c c o n d i t i o n s . 

O b v i o u s l y there i s no s i n g l e s o l u t i o n t o the energy 

dilemma f a c i n g the greenhouse i n d u s t r y today. However, the 

author b e l i e v e s a combination of new energy c o n s e r v i n g i d e a s and 

concepts, s o l a r energy u t i l i z a t i o n and waste heat recovery and 

re-use may a l l e v i a t e the burden of high f u e l c o s t s f o r greenhouse 

o p e r a t o r s . 



The work p r e s e n t e d i n t h i s study on i n t e r n a l s o l a r energy 

c o l l e c t i o n and u t i l i z a t i o n , and animal waste heat r e c o v e r y and 

use f o r greenhouse h e a t i n g , i s only one of the many p o s s i b l e 

concepts which might prove reasonably e f f i c i e n t i n r e d u c i n g 

the dependence of the greenhouse i n d u s t r y on non-renewable 

energy s o u r c e s . T h e r e f o r e , the f o l l o w i n g proposed concept 

should be taken as a p a r t i a l s o l u t i o n and should be a p p l i e d i n 

combination w i t h o t h e r energy c o n s e r v a t i o n methods f o r green­

houses . 

In t h i s study, i t i s proposed t h a t animal heat from l i v e ­

stock b u i l d i n g s be used i n c o n j u n c t i o n w i t h s o l a r energy to 

heat a d j a c e n t greenhouses. Two s i t u a t i o n s need to be i n v e s t i ­

gated: r e t r o f i t o f e x i s t i n g s t r u c t u r e s and i n c o r p o r a t i o n of a 

new and e f f i c i e n t d e s i g n f o r expansions and new o p e r a t i o n s . 

The c r i t e r i a f o r the new design were: ease of c o n s t r u c t i o n 

and improvement of the i n t e r n a l s o l a r r a d i a t i o n c o l l e c t i o n 

e f f i c i e n c y of the a t t a c h e d greenhouse. O b v i o u s l y , f o r ease o f 

c o n s t r u c t i o n a standard gable s t r u c t u r e , w i t h the l o n g - a x i s 

o r i e n t e d east-west, d i v i d e d by a v e r t i c a l w a l l at the r i d g e 

g i v i n g two shed s e c t i o n s , was proposed. One s e c t i o n i s an 

animal s h e l t e r and the other a greenhouse. T h i s d e s i g n would 

p e r m i t t h e i n s t a l l a t i o n o f a s o l a r c o l l e c t o r i n s i d e the 

greenhouse, on the upper p o r t i o n of the d i v i d i n g w a l l on the 

s o u t h - f a c i n g s i d e . The placement of the c o l l e c t o r , i n t h i s 

manner, i s not expected to i n t e r f e r e with p l a n t s or normal 



o p e r a t i o n s w i t h i n the greenhouse. However, i t remained t o be 

seen i f the shed-shaped greenhouse would p e r f o r m a t l e a s t as 

w e l l as a c o n v e n t i o n a l gable greenhouse h a v i n g i d e n t i c a l f l o o r 

a r e a , o r i e n t a t i o n and c o n s t r u c t i o n m a t e r i a l s . S u r p r i s i n g l y 

enough, t h e o r e t i c a l a n a l y s e s i n d i c a t e d t h a t i t s performance 

as a s o l a r c o l l e c t o r was s i g n i f i c a n t l y b e t t e r than a g a b l e 

shape greenhouse under Vancouver c l i m a t i c c o n d i t i o n s . T h e r e ­

f o r e , i t was then d e c i d e d t h a t the shed-shaped greenhouse c o u l d 

a l s o be used e f f i c i e n t l y as a f r e e - s t a n d i n g s t r u c t u r e . T h i s 

new d e s i g n was then c a l l e d by the aut h o r as a " s o l a r - s h e d 

greenhouse" and was a n a l y s e d , i n t h i s s t u d y , s e p a r a t e l y and 

i n c o m b i n a t i o n w i t h a l i v e s t o c k b u i l d i n g . 

In 19 80, a s o l a r - s h e d greenhouse was c o n s t r u c t e d a t the 

A g r i c u l t u r e Canada Research and P l a n t Q u a r a n t i n e S t a t i o n i n 

S a a n i c h t o n on Vancouver I s l a n d , B r i t i s h Columbia. I t s p e r ­

formance i s b e i n g compared to a c o n v e n t i o n a l g a b l e g l a s s h o u s e 

l o c a t e d a t the same s i t e . P r e l i m i n a r y r e s u l t s were p r e s e n t e d 

by S t a l e y e t a l . ( 1 9 8 1 ) . 

i 

I t i s hoped t h a t the da t a c o l l e c t e d from the e x p e r i m e n t a l 

greenhouse a t S a a n i c h t o n would be used f o r c a l i b r a t i o n o f the 

mathematical model developed i n t h i s s t u d y . T h i s would make 

i t p o s s i b l e t o p r e d i c t i t s performance a c c u r a t e l y a t o t h e r 

l o c a t i o n s i n Canada and elsewhere. 



PROPOSITIONS 

The f o l l o w i n g p r o p o s i t i o n s were c o n s i d e r e d to apply to 

t h i s s t udy: 

1. High c o s t s of energy are p l a g u i n g the producers of 

greenhouse crops, even though the growers are t a k i n g 

steps to conserve f u e l by i n s t a l l i n g n i g h t heat s a v i n g 

c u r t a i n s , u s i n g double l a y e r s o f p l a s t i c w i t h an a i r 

space between the l a y e r s , p l a n t i n g crops l a t e i n the 

season and growing p l a n t s which have lower temperature 

requirements (Baird e t a l . ( 1 9 7 7 ) ) . 

2- Greenhouses waste s u b s t a n t i a l amounts o f heat by 

v e n t i l a t i o n d u r i n g the day w h i l e they consume l a r g e 

amounts of supplemental heat at n i g h t (Chandra and 

W i l l i t s ( 1 9 8 0 ) , B r u n d r e t t and Turkewitsch(19 79), B a i r d 

e t a l . ( 1 9 7 7 ) , Short e t a l . ( 1 9 7 6 ) , McCormick(19 76), 

L i u and Carlson(1976) , P r i c e e t a l . ( 1 9 7 6 ) , W i l l i t s e t a l . 

(1979), Simpkins e t a l . ( 1 9 7 9 ) ) . 

3. E x t e r n a l s o l a r c o l l e c t o r s f o r greenhouses r e q u i r e a l a r g e 

amount of a d d i t i o n a l space, thus r e s u l t i n g i n a waste 

of v a l u a b l e land (Brundrett and Turkewitsch(19 79)). 

4. I n t e r n a l s o l a r c o l l e c t o r s l o c a t e d i n the r i d g e area of 

c o n v e n t i o n a l greenhouses w i l l c a s t a shadow on the p l a n t 

canopy, thus reducing crop p r o d u c t i v i t y (Wiegand(1976)). 



5. I n t e r n a l s o l a r c o l l e c t o r s l o c a t e d on the north w a l l of 

c o n v e n t i o n a l greenhouses w i l l be shaded by the p l a n t s , 

thus r e d u c i n g the c o l l e c t i o n e f f i c i e n c y o f the s o l a r 

c o l l e c t o r CWiegand (.1976) ) . 

6. V e n t i l a t i o n and supplemental heat i s r e q u i r e d , even d u r i n g 

c o l d weather p e r i o d s , t o keep the humidity w i t h i n the 

l i v e s t o c k b u i l d i n g s at a c c e p t a b l e l e v e l s (Bon e t a l . ( 1 9 81), 

S t a u f f e r and Vaughan(1981), Sokhansanj e t a l . ( 1 9 8 1 ) , 

S p i l l m a n e t a l . ( 1 9 8 1 ) ) . 

OBJECTIVES OF THE STUDY 

The p r i n c i p l e aim o f t h i s study was to reduce the 

dependence of greenhouse o p e r a t i o n s on f o s s i l f u e l s . 

The f o l l o w i n g were the main o b j e c t i v e s : 

1. To develop a simple, mathematical model which would 

p r e d i c t the s o l a r r a d i a t i o n capture of greenhouses 

as a f u n c t i o n of measured i n s o l a t i o n and greenhouse 

c o n s t r u c t i o n parameters. , 

2. To develop a computer s i m u l a t i o n model f o r e s t i m a t i n g 

p o t e n t i a l energy savings due t o the u t i l i z a t i o n of 

waste animal heat from l i v e s t o c k b u i l d i n g s t o supplement 

greenhouse h e a t i n g demand i n a greenhouse-animal s h e l t e r 

combination. 

3. To develop a s u i t a b l e system f o r improving i n t e r n a l 

s o l a r energy capture by the greenhouse i n an i n t e g r a t e d 

g r e e n h o u s e - l i v e s t o c k b u i l d i n g . 



The major assumptions u n d e r l y i n g o b j e c t i v e s 2 and 3 

were as f o l l o w s : 

1. L i v e s t o c k producers are w i l l i n g to operate greenhouses 

or v i c e v e r s a , or a c o o p e r a t i v e between a l i v e s t o c k 

producer and a greenhouse op e r a t o r c o u l d be o r g a n i z e d . 

2. Exhaust a i r from the l i v e s t o c k b u i l d i n g does not have 

a d e t r i m e n t a l e f f e c t on the growth of greenhouse c r o p s . 

INFERENCES 

The major i n f e r e n c e s r e l a t e d to t h i s study were the 

f o l l o w i n g : 

1. Daytime waste heat from a greenhouse can be s t o r e d f o r 

n i g h t use. 

2. A s i g n i f i c a n t amount o f s u r p l u s a n i m a l waste h e a t i s 

a v a i l a b l e t o j u s t i f y i t s recovery f o r greenhouse usage. 

3. The shape o f the greenhouse can be a l t e r e d from the 

c o n v e n t i o n a l i n order t o accommodate f o r an e f f i c i e n t 

i n t e r n a l s o l a r c o l l e c t i o n system without s e r i o u s l y 

a f f e c t i n g the a v a i l a b i l i t y o f l i g h t to the p l a n t canopy. 

4. An i n t e g r a t e d g r e e n h o u s e - l i v e s t o c k o p e r a t i o n i s more 

energy e f f i c i e n t than a separate greenhouse p r o d u c t i o n 

system. 



The scope of t h i s study was l i m i t e d t o i n v e s t i g a t i o n s 

u s i n g computer s i m u l a t i o n s . The study c o n s i s t e d of four 

s t a g e s . In the f i r s t stage, the e f f e c t of greenhouse 

c o n s t r u c t i o n parameters i n c l u d i n g shape and energy c o n s e r v a t i o n 

measures on the s o l a r r a d i a t i o n captured by the greenhouse were 

s t u d i e d t h e o r e t i c a l l y . In the second stage, mathematical 

models were developed f o r the d i f f e r e n t subsystems of the 

g r e e n h o u s e - l i v e s t o c k combination. These subsystems i n c l u d e d ; 

a l i v e s t o c k b u i l d i n g , a c o n v e n t i o n a l greenhouse and a s o l a r -

shed greenhouse. In the t h i r d stage, a computer s i m u l a t i o n 

model was developed based upon the mathematical models of 

the second stage. .The computer model was kept as g e n e r a l 

as p o s s i b l e such t h a t i t c o u l d be used to analyse a s i n g l e 

greenhouse, a s i n g l e l i v e s t o c k b u i l d i n g , a c o n v e n t i o n a l 

greenhouse-animal s h e l t e r combination, and a s o l a r - s h e d 

greenhouse e i t h e r f r e e - s t a n d i n g or a t t a c h e d t o a l i v e s t o c k 

b u i l d i n g . The complete computer program was w r i t t e n i n the 

FORTRAN language. In the f o u r t h stage, the computer s i m u l a t i o n 

model was used to i n v e s t i g a g e the f e a s i b i l i t y o f a c o n v e n t i o n a l 

greenhouse-hog barn combination, and a s o l a r a s s i s t e d 

greenhouse-swine f i n i s h i n g house combination. The f e a s i b i l i t y 

study was based on energy savings o n l y . 



For the convenience and c l a r i t y of p r e s e n t a t i o n , t h i s 

manuscript i s presented i n three separate p a r t s . P a r t I 

de a l s w i t h the e f f e c t i v e n e s s o f greenhouses as s o l a r c o l l e c t o r s , 

where the s o l a r r a d i a t i o n i n p u t and then the s o l a r energy 

capture by greenhouses are covered i n Chaper 1 and Chapter 2, 

r e s p e c t i v e l y . P a r t I I i n v e s t i g a t e s the f e a s i b i l i t y of a 

r e t r o f i t s i t u a t i o n of a c o n v e n t i o n a l g r e e n h o u s e - l i v e s t o c k 

b u i l d i n g combination. In t h i s p a r t , Chapter 3 i s devoted t o 

the l i v e s t o c k subsystem, Chapter 4 t o the greenhouse subsystem, 

w h i l e the combination of the subsystems i s t r e a t e d i n Chapter 5. 

F i n a l l y , s o l a r energy u t i l i z a t i o n i n a g r e e n h o u s e - l i v e s t o c k 

b u i l d i n g combination i s i n v e s t i g a t e d i n P a r t I I I . This p a r t 

i n c l u d e s Chapter 6 where the development of the s o l a r - s h e d 

greenhouse concept i s g i v e n i n d e t a i l , and Chapter 7 where the 

combination of t h i s new greenhouse d e s i g n t o an animal s h e l t e r 

i s i n v e s t i g a t e d . 

Each of the three p a r t s c o u l d be read s e p a r a t e l y with the 

e x c e p t i o n of S e c t i o n B of Chapter 2, where the c a l c u l a t i o n o f 

d i f f u s e r a d i a t i o n c o n f i g u r a t i o n f a c t o r s f o r gable greenhouses 

i s needed f o r f u l l u nderstanding of the m a t e r i a l i n Chapter 4. 

A l s o , the mathematical model f o r a l i v e s t o c k b u i l d i n g developed 

i n Chapter 3 i s a requirement f o r Chapter 7. 
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GREENHOUSE THERMAL ENVIRONMENT MODELS 

Most of the e x i s t i n g mathematical models are based on 

the energy balance method. T h i s method c o n s i s t s of d i v i d i n g 

the greenhouse i n t o d i f f e r e n t components; cover, p l a n t 

canopy, ground and greenhouse a i r mass. The heat and mass 

f l u x e s among these components are modeled mathematically thus 

o b t a i n i n g an energy balance f o r each component of the 

greenhouse system. The r e s u l t i s the g e n e r a t i o n of a system 

of simultaneous a l g e b r a i c equations to y i e l d the temperatures 

of the components. 

S e v e r a l models a r e d i s c u s s e d i n t h i s s e c t i o n 

whose major o b j e c t i v e i s the p r e d i c t i o n of temperature 

and humidity i n s i d e the greenhouse. The d i f f e r e n c e s between 

these models are the assumptions u n d e r l y i n g t h e i r development 

and the boundary c o n d i t i o n s chosen t o a r r i v e a t a f i n a l s o l u t i o n . 

Probably the most important assumption, where d i s c r e p a n c i e s 

between models occur, i s the treatment o f the heat c a p a c i t y 

of the greenhouse. Some of the models, e i t h e r e x p l i c i t l y o r 

i m p l i c i t l y , t r e a t a l l components of the greenhouse system as 

having a n e g l i g i b l e heat c a p a c i t y ; w h ile o t h e r s , s i n g l e out 

the s o i l component as having a s i g n i f i c a n t heat c a p a c i t y . 

However, some of the authors o f these models have a l s o expressed 

concern about t r e a t i n g the p l a n t canopy component as having a 

n e g l i g i b l e heat c a p a c i t y , but none has c o n s i d e r e d i t otherwise. 

Ob v i o u s l y , the c h o i c e o f the assumptions with r e s p e c t to 

the system component's heat c a p a c i t y depends on the intended 



use of the model. I f the d e t e r m i n a t i o n of psychrometric 

p r o p e r t i e s of the a i r w i t h i n the greenhouse i s the o b j e c t i v e 

of the model development, then the heat c a p a c i t y of the s o i l 

and perhaps t h a t of the p l a n t canopy ( i . e . t a l l p l a n t s a t 

f u l l stage of growth) should be c o n s i d e r e d . On the other 

hand, i f the o b j e c t i v e of the model i s the p r e d i c t i o n of 

greenhouse h e a t i n g requirements, then the steady s t a t e 

a n a l y ses are adequate (Kindelan, 1980). 

Other d i s c r e p a n c i e s between the e x i s t i n g models are the 

s e l e c t i o n s of the boundary c o n d i t i o n s . Primary boundary 

c o n d i t i o n s , t h a t i s c l i m a t i c v a r i a b l e s t h a t are e a s i l y 

o b t a i n a b l e , would be p r e f e r r e d . For example, the use of net 

r a d i a t i o n i n t o the greenhouse or the ground temperature as 

i n p u t s t o the model i s not recommended. P r e f e r a b l y , these 

v a r i a b l e s should be determined by the mathematical model from 

primary boundary c o n d i t i o n s such as s o l a r r a d i a t i o n i n c i d e n t 

on a h o r i z o n t a l s u r f a c e and ambient a i r temperature. 

B r i e f d e s c r i p t i o n s f o l l o w o f the most r e c e n t and f r e q u e n t l y 

r e f e r r e d to mathematical models f o r the p r e d i c t i o n of a green­

house thermal environment: 

Walker (1965) presented an a n a l y t i c a l procedure f o r 

p r e d i c t i n g temperatures w i t h i n both heated and v e n t i l a t e d 

greenhouses. A heat balance i n a greenhouse was expressed 

mathematically i n v o l v i n g s o l a r heat g a i n , c o n d u c t i o n heat 

l o s s , thermal r a d i a t i o n heat l o s s to atmosphere, v e n t i l a t i o n 

heat l o s s , e v a p o t r a n s p i r a t i o n heat l o s s , and furnace heat. 



Experimental t e s t s were conducted to determine the 

a p p l i c a b i l i t y of the a n a l y t i c a l procedure f o r the p r e d i c t i o n 

of greenhouse temperatures* They found a mean d i f f e r e n c e 

between the p r e d i c t e d and observed temperature of 1.4°C 

f o r p e r i o d s of high s o l a r r a d i a t i o n i n p u t when v e n t i l a t i o n 

was r e q u i r e d . The a n a l y t i c a l procedure was r e p o r t e d s u i t a b l e 

f o r p r e d i c t i n g the greenhouse heat requirement d u r i n g c o l d 

weather p e r i o d s but t e s t r e s u l t s were not i n c l u d e d . 

Selcuk (1970) used unsteady s t a t e heat and mass balance 

equations f o r c o n t r o l l e d - e n v i r o n m e n t greenhouses y i e l d i n g 

24 simultaneous n o n - l i n e a r d i f f e r e n t i a l e q u a t i o n s . These 

equations were s o l v e d n u m e r i c a l l y u s i n g the f i n i t e d i f f e r e n c e 

method. A greenhouse a n a l y s i s which i n c l u d e d the e f f e c t s of 

s o i l water e v a p o r a t i o n , p l a n t t r a n s p i r a t i o n , and condensation 

on the cover was presented. 

Formulations of the heat balance on the cover, heat and 

mass balance on t h e . a i r s t r e a m , heat balance over the p l a n t 

canopy and heat balance on moist s o i l were gi v e n i n d e t a i l , 

greenhouse. The model was found to p r e d i c t temperatures of p l a n t , 

cover, s o i l s u r f a c e , and i n l e t and o u t l e t a i r w i t h i n 1.5°C. A f i v e 

percent d i f f e r e n c e between p r e d i c t e d and measured a i r humidity 

r a t i o s was r e p o r t e d . 

Takakura e t al.(1971) presented probably the most 

d e t a i l e d computer s i m u l a t i o n model a v a i l a b l e f o r p r e d i c t i n g 

temperature v a r i a t i o n s of the s o i l - p l a n t canopy-greenhouse 



system components. The a n a l y s i s i n c l u d e d s o i l water 

e v a p o r a t i o n , p l a n t t r a n s p i r a t i o n , condensation on the g l a s s 

cover, and heat storage i n the s o i l . A two-dimensional heat 

conduction e q u a t i o n was used to model the s o i l . The s o l u t i o n 

r e q u i r e s the temperature a t a c e r t a i n depth as a boundary 

c o n d i t i o n . Beam and d i f f u s e components of s o l a r r a d i a t i o n 

were c o n s i d e r e d s e p a r a t e l y . 

Heat balance equations were g i v e n f o r p l a n t s u r f a c e , 

s o i l s u r f a c e , g l a s s s u r f a c e and a i r w i t h i n the greenhouse. 

The model was t e s t e d f o r s p e c i f i c days and found to g i v e 

reasonably a c c u r a t e v a l u e s f o r temperature v a r i a t i o n s . 

Duncan e t a l .(1976) r e p o r t e d on the development and use 

of a greenhouse s i m u l a t i o n model f o r p r e d i c t i n g w i n t e r h e a t i n g 

loads and e v a l u a t i n g the p o t e n t i a l storage and reuse of excess 

s o l a r energy i n a greenhouse with a rock bed. The greenhouse 

energy balance model . accounted f o r s o l a r r a d i a t i o n i n p u t , 

thermal r a d i a t i o n heat l o s s , conduction heat l o s s , v e n t i l a t i o n 

heat l o s s , e v a p o t r a n s p i r a t i o n heat l o s s and heat l o s s to the 

ground. The thermal r a d i a t i o n 'and conduction heat l o s s e s 

were combined u s i n g the o v e r a l l heat t r a n s f e r c o e f f i c i e n t 

method. The s o l a r heat g a i n w i t h i n a greenhouse was taken 

as equal to s o l a r r a d i a t i o n i n c i d e n t on an o u t s i d e h o r i z o n t a l 

s u r f a c e m u l t i p l i e d by two c o n s t a n t s , one r e p r e s e n t i n g the 

t r a n s m i t t a n c e of the greenhouse c o v e r i n g m a t e r i a l and the 

other the a b s o r p t i v i t y of the p l a n t canopy. The a b s o r p t i v i t y 

of p l a n t s and o t h e r o b j e c t s i n the greenhouse to s o l a r 



r a d i a t i o n was taken as 0.70 to 0.85. D e t a i l e d a n a l y s i s of 

heat l o s s to the ground was not g i v e n , but each u n i t l e n g t h 

of greenhouse p e r i m e t e r was assumed to have an e q u i v a l e n t 

o v e r a l l heat t r a n s f e r c o e f f i c i e n t equal to t h a t o f one u n i t 

area o f w a l l . 

C a l i b r a t i o n and v a l i d a t i o n of the model was accomplished 

u s i n g 3-day measured data i n A p r i l w i t h i n an experimental 

greenhouse l o c a t e d a t L e x i n g t o n , Kentucky. They found a 

mean temperature d i f f e r e n c e between simulated and measured 

va l u e s of l e s s than 1°C. Analyses u s i n g the rock bed 

s i m u l a t i o n were performed f o r two 9-day win t e r h e a t i n g p e r i o d s 

r e p r e s e n t i n g c o l d January weather and m i l d e r March weather f o r 

an under-bench rock storage system. T h e i r r e s u l t s showed 

l i t t l e p o t e n t i a l f o r excess s o l a r energy storage i n January 

but p o t e n t i a l l y 11.1% r e d u c t i o n i n h e a t i n g requirement i n 

March. 

F r o e h l i c h e t al.(1979) developed a mathematical model 

f o r p r e d i c t i n g the s t e a d y - p e r i d d i c thermal behavior of 

greenhouses. The temperature of i n t e r n a l greenhouse a i r , 

p l a n t canopy, f l o o r s u r f a c e and c o v e r i n g s u r f a c e s were 

p r e d i c t e d i n c l o s e d form. The model a l s o p r e d i c t s the 

humidity of the greenhouse a i r . T e s t i n g of the model was 

found to p r e d i c t the temperatures with reasonable accuracy. 

But a s i g n i f i c a n t d i f f e r e n c e o c c u r r e d between the measured 

and p r e d i c t e d humidity r a t i o s at low v e n t i l a t i o n r a t e s . 



Kindelan(1980) d e s c r i b e d a model to s i m u l a t e the 

i n t e r n a l greenhouse environment by the energy balance method. 

The system was d i v i d e d i n t o f o u r components s i m i l a r to the 

model presented by Takakura e t a l . ( 1 9 7 1 ) . The s o i l , p l a n t , 

i n t e r n a l a i r and cover were modeled by heat and mass balances. 

For the s o i l heat flow a n a l y s i s , u n l i k e Takakura's model, 

the deep ground temperature was not given as a boundary 

c o n d i t i o n but o b t a i n e d as an a d d i t i o n a l - r e s u l t of the 

s i m u l a t i o n . 

I t was s t a t e d i n the paper t h a t t e s t i n g of the greenhouse 

model was c a r r i e d out by p r e d i c t i n g the ambient c o n d i t i o n s i n 

a s m a l l hydroponic greenhouse, but o n l y p r e d i c t e d values were 

r e p o r t e d . T h e r e f o r e , the p r e d i c t i o n accuracy of the model 

c o u l d not be e v a l u a t e d . 

Chandra e t al.(1981) improved on the model represented 

by F r o e h l i c h et al.(1979) by i n c o r p o r a t i n g a d e t a i l e d a n a l y s i s 

of thermal r a d i a t i o n exchange between p l a n t s and greenhouse 

s u r f a c e s . The s u r f a c e s were assumed gray, i s o t h e r m a l , and 

p e r f e c t l y d i f f u s e . 1 

When the greenhouse a i r temperature and r e l a t i v e humidity 

are g i v e n , the model p r e d i c t s the heat and moisture balances 

of the greenhouse a i r . 

The model was t e s t e d u s i n g measured greenhouse data 

r e p o r t e d by F r o e h l i c h ( 1 9 7 6 ) . The data were gathered i n a 



22 m x 11 m east-west o r i e n t e d s i n g l e - g l a z e d glasshouse 

l o c a t e d a t C o r n e l l U n i v e r s i t y . Hourly data f o r o u t s i d e a i r 

temperature and humidity r a t i o , greenhouse a i r temperature 

and humidity r a t i o , p l a n t canopy and f l o o r s u r f a c e temperatures 

i n the greenhouse, and the t o t a l h o u r l y s o l a r r a d i a t i o n on a 

h o r i z o n t a l s u r f a c e o u t s i d e the greenhouse were used as i n p u t s i n 

the model. F i v e t e s t days (2 i n August, 1 i n November and 

2 i n December) were s e l e c t e d r e p r e s e n t i n g summer and w i n t e r 

c o n d i t i o n s . Comparison of model p r e d i c t i o n s and measured 

greenhouse data i n d i c a t e d t h a t the mathematical model can 

p r e d i c t the greenhouse thermal environment w i t h reasonable 

accuracy. 

B r u n d r e t t and Abbot (1981) developed a thermal model 

f o r p r e d i c t i n g h o u r l y or d a i l y averaged h e a t i n g or v e n t i l a t i n g 

loads of greenhouses. During the development of the model 

the f o l l o w i n g f a c t o r s were c o n s i d e r e d ; c o v e r i n g m a t e r i a l , 

p a s s i v e s o l a r c o n t r i b u t i o n , a i r i n f i l t r a t i o n or v e n t i l a t i o n 

r a t e , temperature s t r a t i f i c a t i o n w i t h i n the greenhouse and 

v a r i a t i o n i n the o u t s i d e a i r temperature. The model i s a l s o 

capable of p r e d i c t i n g h e a t i n g loads f o r greenhouses equipped 

w i t h thermal c u r t a i n s . The thermal model has been e x t e n s i v e l y 

t e s t e d u s i n g an experimental greenhouse l o c a t e d i n southern 

O n t a r i o . They found t h a t monthly average weather c o n d i t i o n s 

are s u i t a b l e f o r p r e d i c t i n g annual f u e l consumption by 

greenhouses. 



During d a y l i g h t hours when s o l a r energy i s a v a i l a b l e , 

the supplemental heat requirement f o r the greenhouse i s zero 

or s m a l l . Most of the f o s s i l f u e l f o r greenhouse h e a t i n g i s 

used a t n i g h t . T h e r e f o r e , heat storage i s a necessary p a r t 

of a s o l a r energy c o l l e c t i o n system. 

With r e s p e c t to s o l a r energy a p p l i c a t i o n s to greenhouse 

h e a t i n g , s o l a r c o l l e c t i o n systems can be d i v i d e d i n t o " i n t e g r a l " 

and " n o n - i n t e g r a l " c o l l e c t o r s depending on whether the c o l l e c t o r 

i s c o n tained i n s i d e the greenhouse, or i s a separate 

c o n s t r u c t i o n o u t s i d e the greenhouse. Furthermore, i n t e g r a l 

s o l a r c o l l e c t i o n systems can be c l a s s i f i e d as " a c t i v e " or 

" p a s s i v e " . 

A comparison of i n t e g r a l versus n o n - i n t e g r a l c o l l e c t o r s 

f o r greenhouses i s g i v e n i n a l i s t of advantages and 

disadvantages by P r i c e e t a l . (1976) . An i n t e g r a l s o l a r 

c o l l e c t i o n system i n a greenhouse w i l l save on the c o s t of 

c o l l e c t o r c o n s t r u c t i o n and on equipment t h a t would be needed 

to t r a n s f e r e x t e r n a l l y c o l l e c t e d heat to the greenhouse. In 

a d d i t i o n , heat l o s s e s i n h e r e n t i n e x t e r n a l c o l l e c t o r s would 

be e l i m i n a t e d or a t l e a s t reduced by i n t e g r a l c o l l e c t o r s . 

However, i n t e r n a l greenhouse c o l l e c t i o n systems u s u a l l y have 

a low e f f i c i e n c y and g i v e lower o p e r a t i n g temperatures than 

e x t e r n a l c o l l e c t o r s . A l s o , an e x i s t i n g greenhouse may have 

a poor o r i e n t a t i o n and c o n f i g u r a t i o n f o r i n s t a l l i n g i n t e r n a l 

s o l a r c o l l e c t o r s . E x t e r n a l c o l l e c t o r s u s u a l l y g i v e h i g h e r 



c o l l e c t i o n e f f i c i e n c y . They can be i n s t a l l e d a t optimum 

o r i e n t a t i o n and t i l t f o r s o l a r energy c o l l e c t i o n . The s i z e 

of i n t e g r a l s o l a r c o l l e c t o r s w i t h i n the greenhouse i s l i m i t e d 

by a v a i l a b i l i t y of s u i t a b l e space s i n c e care must be taken 

not to shade p l a n t growing areas while the s i z e of e x t e r n a l 

c o l l e c t o r s i s u s u a l l y o p t i m i z e d by making use of a p p r o p r i a t e 

economic a n a l y s e s . 

NON-INTEGRAL SOLAR COLLECTORS 

A number of r e s e a r c h e r s have developed low-cost, e x t e r n a l 

s o l a r c o l l e c t o r s f o r greenhouse a p p l i c a t i o n s u s i n g c l e a r 

p l a s t i c covers and a b l a c k p l a s t i c absorber sheet. Much of 

t h i s work was done at Rutgers U n i v e r s i t y , New J e r s e y . 

Mears and B a i r d (1976) d e s c r i b e d the development and 

t e s t i n g of t h i s type of c o l l e c t o r coupled w i t h a water heat 

storage r e s e r v o i r underneath benches i n an a d j o i n i n g greenhouse. 

The- c o l l e c t o r s were 1.52 m x 2.44 m and 3.96 m x 5.49 m with 

a d j u s t a b l e l e g s t h a t allowed f o r d i f f e r e n t s lope angles. A l l 

t e s t s were c a r r i e d out w i t h c o l l e c t o r s a t a 40° t i l t angle. 

The frames had a plywood back over which two sheets of 

p o l y e t h y l e n e p l a s t i c were l a i d and separated by a i r to support 

a b l a c k p o l y e t h y l e n e absorber sheet. At the bottom the b l a c k 

p o l y e t h y l e n e was p u l l e d up over the frame to p r o v i d e a r e t u r n 

g u t t e r f o r the heated water. Water flow over the black sheet 

was maintained by a 31.75 mm PVC header p i p e a t the top of 

the frame w i t h 0.79 mm h o l e s d r i l l e d on 152.4 mm c e n t e r s . 

A c l e a r p l a s t i c sheet was used as a cover. 



I n i t i a l l y the authors found t h a t water flow over the 

b l a c k p l a s t i c sheet was uneven forming r i v u l e t s . T h i s reduced 

the p o s s i b l e e f f i c i e n c y of the c o l l e c t o r s i n c e l a r g e areas 

were not behaving as a c o l l e c t o r . Water coverage was improved 

by adding d e t e r g e n t to the water supply and e f f i c i e n c y was 

improved. A f u r t h e r improvement to s h e e t i n g a c t i o n of water 

was o b t a i n e d by adding a second c l e a r sheet over the c o l l e c t o r 

and u s i n g a i r i n f l a t i o n to separate these two sheets and f o r c e 

one c l e a r sheet a g a i n s t the b l a c k c o l l e c t o r sheet. T h i s a l s o 

improved the i n s u l a t i o n of the c o l l e c t o r . L i g h t absorbed by 

the second p l a s t i c sheet does not c r e a t e an e f f i c i e n c y l o s s 

s i n c e t h i s sheet i s i n c o n t a c t w i t h the water and any heat i t 

c o l l e c t s i s t r a n s f e r r e d t o the water. F i n a l improvements were 

a d d i t i o n of i n s u l a t i o n to the back of the c o l l e c t o r s and 

a d d i t i o n of a p o l y p r o p y l e n e mesh shade c l o t h over the b l a c k 

p o l y e t h y l e n e c o l l e c t o r sheet to improve the evenness of water 

flow. Under t h e i r t e s t c o n d i t i o n s the authors found t h a t f o r 

temperature d i f f e r e n c e s up to 22°C the low c o s t p l a s t i c d e s ign 

compared f a v o r a b l y w i t h c o n v e n t i o n a l c o l l e c t o r s . At 33°C 

temperature d i f f e r e n c e the e f f i c i e n c y f e l l to about o n e - t h i r d 

t h a t of a c o n v e n t i o n a l c o l l e c t o r . These u n i t s can p r o v i d e 

l a r g e amounts of low q u a l i t y heat, but to be w e l l u t i l i z e d 

they should be coupled to l a r g e heat storage u n i t s w i t h high 

c a p a c i t y heat t r a n s f e r u n i t s . ' 

Roberts e t al.(1976) designed a p l a s t i c f i l m s o l a r 

c o l l e c t o r s i m i l a r i n many r e s p e c t to the one d e s c r i b e d by 



Mears and B a i r d (.1976) . T h i s c o l l e c t o r has done away wit h 

the plywood back and used two a i r - i n f l a t e d , c l e a r p o l y e t h y l e n e 

tubes w i t h a b l a c k p o l y e t h y l e n e absorber sheet sandwiched 

between them. A 31.75 mm header pipe w i t h h o l e s on 101.6 mm 

c e n t e r s d i s t r i b u t e s water from the top of the frame to flow 

over the absorber sheet to the r e t u r n g u t t e r a t the bottom. 

Detergent was added to the water supply to achieve good 

s h e e t i n g a c t i o n of water over the b l a c k l a y e r . A l s o , the 

p r e s s u r e of the c l e a r top sheet touching the b l a c k absorber 

helped to produce an even flow of water. These c o l l e c t o r s 

were c o n s t r u c t e d 3.05 m h i g h and 7.32 m long w i t h e a s i l y 

a d j u s t a b l e supports to vary the c o l l e c t o r t i l t a ngle. The 

authors r e p o r t e d these c o l l e c t o r s have withstood 96 km/h winds 

and snow storms without damage. These r e s e a r c h e r s a l s o p o i n t e d 

out t h a t e f f i c i e n c y decreased a t h i g h e r c o l l e c t i o n temperatures. 

At the time of w r i t i n g t h e i r paper i n i t i a l c o n s t r u c t i o n c o s t s 

f o r t h i s d e s i g n were 5.38 d o l l a r s per square metre. The 

p l a s t i c would have to be r e p l a c e d a n n u a l l y at a c o s t of 1.61 

d o l l a r s per square metre. To g a i n b e n e f i t from t h i s type of 

low c o s t s o l a r c o l l e c t o r the greenhouse system should i n c l u d e : 

low-cost, l a r g e storage; heat c o n s e r v a t i o n measures; and 

low-cost, high c a p a c i t y heat exchangers. 

F u r t h e r m o d i f i c a t i o n s and improvements to t h i s c o l l e c t o r 

system were r e p o r t e d by Mears e t a l . ( 1 9 7 7 ) . Four p l a s t i c 

l a y e r s were used i n s t e a d of f i v e . The c o l l e c t o r s had a c l e a r , 

i n f l a t e d tube f o r the f r o n t l a y e r s and a b l a c k tube to a c t as 

the absorber p l a t e , support, and back i n s u l a t i o n . A l s o , i t 



was found t h a t an a l u m i n i z e d l a y e r i n s e r t e d between the 

absorber p l a t e and back i n f l a t e d cushion reduced the heat l o s s 

c o e f f i c i e n t by 10 percent due to r e f l e c t i v e i n s u l a t i o n . 

The authors c a u t i o n t h a t i n d i r e c t s u n l i g h t w i t h no water 

f l o w i n g the black p l a s t i c c o l l e c t o r sheet can become warm 

enough to permanently s t i c k to the f r o n t c l e a r sheet. The 

c o l l e c t o r e f f i c i e n c y ranged between 40 and 60 percent with 

b e s t e f f i c i e n c y on warm days. On the c o l d e s t days e f f i c i e n c y 

f e l l to 35 pe r c e n t . T h i s c o l l e c t o r system was c o n s t r u c t e d on 

a commercial s i t e i n 1978 a t the Kube Pak C o r p o r a t i o n , 

Allentown, New J e r s e y . 

Mears e t a l .(1978) r e p o r t e d on the c o n s t r u c t i o n of a 

0.54 hec t a r e greenhouse w i t h thermal storage and v e r t i c a l 

v i n y l c u r t a i n heat exchanger coupled to 1000 square metres 

of the Rutgers' d e s i g n , n o n - i n t e g r a l , i n f l a t e d - p l a s t i c - f i l m 

s o l a r c o l l e c t o r s . F u r t h e r i n f o r m a t i o n concerning the 

performance of the Rutgers system f o r oth e r s o l a r h e a t i n g 

of greenhouse a p p l i c a t i o n s can be found i n p u b l i c a t i o n s by 

Mears e t al.(1979) and Simpkins e t a l . (1979). 

M i l b u r n e t a l . (1977) at Penns y l v a n i a S t a t e U n i v e r s i t y 

designed a low-cost, a i r - h e a t i n g s o l a r c o l l e c t o r with a f l a t 

f i b e r g l a s s g l a z i n g f o r greenhouse a p p l i c a t i o n s . C o n s t r u c t i o n 

was simple and the c o s t was one-half to o n e - t h i r d t h a t o f a 

c o n v e n t i o n a l s o l a r c o l l e c t o r . The absorber p l a t e was made 

of 28 gauge sheet s t e e l p a i n t e d f l a t b l a c k . The framing was 

wood and the s i d e s and back were i n s u l a t e d with f o i l f a c ed 



polyurethane board. A rock bed storage system was used. 

The system f o r c o l l e c t i n g and s t o r i n g heat, and h e a t i n g the 

greenhouse was f u l l y automated by use of d i f f e r e n t i a l 

thermostats t o operate the a p p r o p r i a t e fans f o r h e a t i n g or 

c o l l e c t i n g mode. 

Another type of s o l a r c o l l e c t o r which may be c l a s s i f i e d 

under n o n - i n t e g r a l systems i s the s o l a r pond. Researchers a t 

the Ohio State U n i v e r s i t y and the Ohio A g r i c u l t u r a l Research 

and Development Center have done experiments u s i n g 'Solar 

ponds' f o r greenhouse h e a t i n g . The s o l a r pond may a c t both as 

a s o l a r energy c o l l e c t o r and a heat s t o r a g e . Long term 

storage of summer heat f o r winter h e a t i n g requirements can 

be achieved. 

Short e t al.(1976) designed an experimental s o l a r 

pond; 3 . 6 m deep, 8.5m wide, and 18 . 3 m long. The pond 

was l i n e d with two 30-mil c h l o r i n a t e d - p o l y e t h y l e n e l i n e r s 

over a sand bottom and i n s u l a t e d s i d e w a l l s . A s a l t concen­

t r a t i o n g r a d i e n t was e s t a b l i s h e d i n the pond so t h a t the 

bottom 1.8 m had a 20 percent s a l t s o l u t i o n c o n v e c t i v e zone. 

The top 1.8 m of the pond had a c o n c e n t r a t i o n g r a d i e n t o f 20 

percent s a l t to zero percent s a l t a t the s u r f a c e . T h i s top 

l a y e r was non-convective, s i n c e the s p e c i f i c g r a v i t y i n c r e a s e s 

w i t h i n c r e a s i n g s a l t c o n c e n t r a t i o n i n the zone fromO - 2.8m depth. Solai 

r a d i a t i o n passes through the s a l t water and heats the black 

pond l i n e r ; t h i s heats the 20 percent s a l t c o n c e n t r a t i o n 

g r a d i e n t a t the bottom of the pond. The non-convective upper 

layer i s e s s e n t i a l l y transparent to incoming u l t r a v i o l e t and v i s i b l e 



r a d i a t i o n and opaque to r e r a d i a t e d thermal energy. The 

non-convective top l a y e r a l s o p r o v i d e s good i n s u l a t i o n 

a g a i n s t c o n d u c t i v e l o s s e s . 

S o l a r ponds of t h i s type must be l e a k - p r o o f or the hot 

b r i n e w i l l be l o s t , as w e l l as the i n s u l a t i o n e f f e c t i v e n e s s 

of dry s o i l around the pond. I n i t i a l o p e r a t i o n showed t h a t 

the pond had a good p o t e n t i a l t o perform as expected, but 

s e v e r a l o p e r a t i n g problems were observed: wind causes s u r f a c e 

mixing o f the s a l t g r a d i e n t ; r a i n water d i l u t e s the proper 

g r a d i e n t at the s u r f a c e ; and o r g a n i c d e b r i s can c o l l e c t i n 

the pond and o b s t r u c t incoming s o l a r r a d i a t i o n . To overcome 

some of the problems caused by wind, r a i n and d e b r i s and a l s o 

to study i n s u l a t i n g b e n e f i t s o f the cover, H u s s e i n i e t a l . 

(1979) c o n s t r u c t e d a p o l y e t h y l e n e cover over the s o l a r pond 

designed by Short e t a l . (1976). They a l s o i n s t a l l e d a 

r e f l e c t o r on the n o r t h w a l l w i t h a t i l t angle of 75° over the 

pond i n an attempt t o i n c r e a s e the s o l a r r a d i a t i o n i n p u t . 

T h e i r t e s t s showed t h a t the p l a s t i c cover was of q u e s t i o n a b l e 

b e n e f i t . The cover and s u p p o r t i n g frame decreased the 

r a d i a t i o n to the pond's s u r f a c e by about 10 pe r c e n t . They a l s o 

found t h a t the maximum b e n e f i t o f the r e f l e c t o r o c c u r r e d i n the 

win t e r months. The annual energy g a i n o f the pond w i t h a 

r e f l e c t o r was 12 percent f o r a slope o f 75°, and 14 percent 

f o r s lope equal t o 90°. 

Shah et al.(1981) added another refinement to the s o l a r 

pond concept by u s i n g a heat pump t h a t uses a s o l a r pond as 



i t s heat source f o r h e a t i n g the greenhouse. T h i s i n c r e a s e s 

the e f f e c t i v e n e s s o f the heat pump as w e l l as the s o l a r pond. 

A heat pump designed f o r a source temperature o f 5°C to 40°C 

i n the pond has g r e a t e r s t a b i l i t y and h i g h e r e f f i c i e n c y than 

a heat pump t h a t uses the ambient a i r as i t s heat source. 

A l s o , the energy storage and a v a i l a b i l i t y o f s t o r e d energy 

i s i n c r e a s e d by a heat pump. Energy can be e f f i c i e n t l y 

e x t r a c t e d down t o lower temperatures i n the heat source even 

when the s o l a r pond temperature i s below t h a t of the greenhouse. 

EXCESS INTERNAL HEAT COLLECTION 

An excess amount of heat from the c o l l e c t e d and trapped 

s o l a r r a d i a t i o n w i t h i n greenhouses i s u s u a l l y a v a i l a b l e around 

noon hours. T h i s excess heat must be e l i m i n a t e d by e i t h e r 

n a t u r a l or f o r c e d v e n t i l a t i o n . Many de s i g n concepts have 

been proposed t o c o l l e c t t h i s excess heat and s t o r e i t f o r 

l a t e r use (Wilson e t a l . ( 1 9 7 7 ) , B a i r d e t a l . ( 1 9 7 7 ) , Rotz and 

A l d r i c h ( 1 9 7 8 ) , M i l b u r n and A l d r i c h ( 1 9 7 9 ) , A l b r i g h t et al.(1979) 

and Chandra and W i l l i t s ( 1 9 8 0 ) ) . 

Wilson e t al.(1977) adopted the n o t i o n o f the greenhouse 

as a s o l a r c o l l e c t o r ; they attempted t o determine i t s s o l a r 

energy c o l l e c t i o n e f f i c i e n c y and ways t o i n c r e a s e t h i s 

e f f i c i e n c y . In t h e i r a n a l y s i s , they c o n s i d e r e d the greenhouse 

as a h o r i z o n t a l f l a t p l a t e s o l a r c o l l e c t o r o f s u r f a c e area 

equal t o i t s f l o o r a r e a. The greenhouse s o l a r c o l l e c t i o n 

e f f i c i e n c y was then c a l c u l a t e d by d i v i d i n g the s o l a r component 

of daytime h e a t i n g l o a d by the measured i n s o l a t i o n as given by 



weather data. They found t h a t f o r the greenhouse under study, 

l o c a t e d at C o r n e l l U n i v e r s i t y , the greenhouse s o l a r c o l l e c t i o n 

e f f i c i e n c y , as d e f i n e d above, was about 32 p e r c e n t . 

Among the methods Wilson e t a l . have proposed to improve the 

greenhouse s o l a r c o l l e c t i o n e f f i c i e n c y were: a d d i t i o n of a 

second cover, i n s u l a t i o n of the n o r t h w a l l , i n s u l a t i o n of a 

p o r t i o n or a l l of the n o r t h r o o f , and m o d i f y i n g the greenhouse 

shape t o maximize s o l a r r a d i a t i o n i n p u t . 

B a i r d e t a l . (1977) d e s c r i b e d the d e s i g n and o p e r a t i o n of 

a greenhouse s o l a r h e a t i n g system t h a t uses p a r t i a l shading 

i n the greenhouse a t t i c as the s o l a r c o l l e c t o r and an under-

bench rock thermal s t o r a g e . The p a r t i a l shading i s accomplished 

by a l a y e r of p o l y p r o p y l e n e shade c l o t h and a l a y e r of c l e a r 

p o l y e t h y l e n e which c o n s t i t u t e the o n l y a d d i t i o n a l c o s t of the 

s o l a r c o l l e c t o r . The authors hope t h i s system would be 

s u i t a b l e f o r ornamental f o l i a g e producers, where a 50 percent 

r e d u c t i o n i n l i g h t w i l l probably be a c c e p t a b l e . The system 

has been t e s t e d i n a glasshouse l o c a t e d a t Bradenton, F l o r i d a . 

T h e i r r e s u l t s showed t h a t t h i s 1 s o l a r h e a t i n g system p r o v i d e s 

enough heat to m a i n t a i n a minimum greenhouse temperature a t 

l e a s t 14°C above ambient. For reason of l i g h t a v a i l a b i l i t y , 

the above d e s c r i b e d system o b v i o u s l y i s not a p p l i c a b l e under 

Canadian c o n d i t i o n s . 

Rotz and A l d r i c h (197 8) attempted to p r e d i c t , through 

computer s i m u l a t i o n s , the p o s s i b l e f u e l s a v i n g s and c o s t 

b e n e f i t s f o r the use of thermal i n s u l a t i o n (double g l a z i n g 



and/or thermal blankets) and s o l a r heat u t i l i z a t i o n 

( i n t e r n a l or e x t e r n a l c o l l e c t i o n ) i n a commercial-sized 

greenhouse a t e i g h t l o c a t i o n s a c r o s s the Un i t e d S t a t e s . 

T h e i r c o n c l u s i o n s i n d i c a t e d t h a t a l l these systems were able 

to reduce the f u e l requirement s u b s t a n t i a l l y a t a l l l o c a t i o n s 

except the i n t e r n a l c o l l e c t i o n system. T h i s system o n l y 

performed w e l l i n the m i l d c l i m a t i c r e g i o n s ( i . e . C a l i f o r n i a , 

F l o r i d a ) . In c o l d c l i m a t e r e g i o n s of the U.S., i n t e r n a l s o l a r 

energy c o l l e c t i o n i n greenhouses was p r e d i c t e d to r e s u l t i n 

l e s s than 5 per c e n t f u e l s a v i n g . 

M i l b u r n and A l d r i c h (1979) s t u d i e d the e f f e c t i v e n e s s of 

c o l l e c t i n g the excess heat generated by s o l a r r a d i a t i o n i n a 

greenhouse by c i r c u l a t i n g the warm a i r as i t i s c o l l e c t e d 

under the ro o f r i d g e of the greenhouse through a rock heat 

storage u n i t . In p a r t i c u l a r , they compared a system using 

a p l a s t i c tube w i t h i n l e t h o l e s p l a c e d along the r i d g e of the 

greenhouse w i t h a fan and d u c t i n g to c i r c u l a t e the warm a i r 

from the r i d g e to the heat storage u n i t s w i t h a s i m i l a r 

system minus the p l a s t i c t u b i n g . in their conclusion to the 

study, the authors found t h a t w i t h t h i s method of c o l l e c t i o n 

o f excess i n t e r n a l heat i n a s i n g l e cover greenhouse, l o c a t e d 

i n P e n n s ylvania, 10 to 20 per c e n t of the annual h e a t i n g l o a d 

c o u l d be met. The performance of t h i s system was found to be 

dependent on ambient temperature, crop zone temperature and 

a i r flow r a t e . The use of the p e r f o r a t e d c o l l e c t i o n duct i n 

the r i d g e improved the c o l l e c t i o n e f f i c i e n c y o f the system. 



Chandra and W i l l i t s (1980) developed a computer 

s i m u l a t i o n model to p r e d i c t the thermal behavior o f a 

greenhouse att a c h e d to a rock bed thermal storage s i t u a t e d 

o u t s i d e the greenhouse. The rock storage i s charged from 

excess s o l a r energy c o l l e c t e d i n the greenhouse. 

The model as presented i n the paper was intended to 

p r e d i c t temperatures, r e l a t i v e h u m i d i t i e s , and heat balances 

f o r the greenhouse a i r and the rock bed. 

The model was t e s t e d u s i n g measured data from a prototype 

o p e r a t i n g system l o c a t e d i n R a l e i g h , North C a r o l i n a . The 

p r e d i c t e d v a l u e s o f temperatures and h u m i d i t i e s were reasonably 

c l o s e to the measured data. However, an estimate f o r the 

system e f f i c i e n c y , e i t h e r p r e d i c t e d o r c a l c u l a t e d from 

e x p e r i mental data, was not g i v e n . 

A l b r i g h t e t al.(1979) t e s t e d y e t another method of 

improving the greenhouse as a p a s s i v e s o l a r c o l l e c t o r . T h i s 

method c o n s i s t e d of l a y i n g f l a t wide p o l y e t h y l e n e t u b i n g , 

f i l l e d w i t h water, on the benches or ground between the rows 

of pots or p l a n t s . These tubes are u s u a l l y r e f e r r e d to as 

Q-mats*. The purpose of these Q-mat tubes i s t o i n c r e a s e 

the thermal mass w i t h i n the greenhouse. T e s t s performed with 

the Q-mats i n d i c a t e d t h a t approximately 55 per c e n t of the 

i n c i d e n t s o l a r r a d i a t i o n was absorbed when they were used 

w i t h the absence of p l a n t canopy. However, when the Q-mat 

* Trade name. 



tubes were p l a c e d under a t h i c k canopy (chrysanthemums i n 

the bud stage), o n l y 25 percent of the s o l a r r a d i a t i o n above 

the canopy was absorbed by the tubes. 

Experiments w i t h Q-mats performed by the authors at 

C o r n e l l U n i v e r s i t y d u r i n g the w i n t e r i n d i c a t e d a c o n t r i b u t i o n 

of about 10 percent t o the n i g h t h e a t i n g requirement o f a 

Brace I n s t i t u t e s t y l e greenhouse. 

Lawand e t al.(1973, 1975) proposed an u n c o n v e n t i o n a l l y 

shaped greenhouse f o r c o l d e r r e g i o n s . The b a s i s f o r the new 

design was t o maximize s o l a r r a d i a t i o n i n p u t and reduce heat 

l o s s e s a s s o c i a t e d w i t h c o n v e n t i o n a l greenhouse d e s i g n s . 

The proposed greenhouse has a l o n g - a x i s o r i e n t e d e a s t -

west, the s o u t h - f a c i n g r o o f and w a l l are t r a n s p a r e n t , and the 

i n s u l a t e d n o r t h - f a c i n g w a l l i s i n c l i n e d toward the south and 

covered w i t h s o l a r r a d i a t i o n r e f l e c t i v e m a t e r i a l on the 

i n t e r i o r f a c e . The angle o f the t r a n s p a r e n t r o o f , and the 

i n c l i n e d w a l l are l o c a t i o n s p e c i f i c . These angles are chosen 

to o p t i m i z e both the s o l a r r a d i a t i o n t r a n s m i s s i o n by the south 

r o o f , and the r e f l e c t i o n of t h i s r a d i a t i o n by the r e a r w a l l on 

the p l a n t canopy. T h i s type of d e s i g n became to be known as 

the Brace I n s t i t u t e greenhouse. 

An experimental Brace I n s t i t u t e greenhouse having the 

t r a n s p a r e n t s u r f a c e s covered w i t h a double l a y e r of p o l y e t h y ­

lene was t e s t e d d u r i n g a c o l d w i n t e r i n Quebec C i t y . The 

authors claimed a r e d u c t i o n i n h e a t i n g requirements of 30 

to 40 percent compared to a c o n v e n t i o n a l , double l a y e r e d 



p l a s t i c covered greenhouse. They a l s o r e p o r t e d an i n c r e a s e 

i n crop yields (tomatoes and l e t t u c e ) grown i n the new 

greenhouse. The improved crop p r o d u c t i o n was a t t r i b u t e d t o 

i n c r e a s e d l i g h t a v a i l a b i l i t y i n the Brace I n s t i t u t e green­

house d u r i n g the w i n t e r p e r i o d . 

INTEGRAL SOLAR COLLECTORS 

Very l i t t l e r e s e a r c h has been done on i n t e g r a l s o l a r 

c o l l e c t o r s f o r greenhouses because of t h e i r l i m i t e d 

a p p l i c a t i o n s . I n t e g r a l s o l a r c o l l e c t o r s are l i k e l y to be 

l i m i t e d t o r e l a t i v e l y s m a l l greenhouses. As a g e n e r a l r u l e , 

the s i z e o f c o l l e c t o r r e q u i r e d f o r s o l a r h e a t i n g o f greenhouses 

should be approximately equal t o the f l o o r area o f the green­

house. I t i s i m p o s s i b l e t o i n s t a l l a c o l l e c t o r system of t h i s 

s i z e w i t h i n the greenhouse without shading the p l a n t s and 

i n t e r f e r i n g with normal greenhouse o p e r a t i o n s . 

Recognizing the above l i m i t a t i o n s , r e s e a r c h e r s who 

attempted to apply i n t e g r a l - s o l a r c o l l e c t o r s t o greenhouse 

h e a t i n g have c o n c e n t r a t e d on t,he use o f the n o r t h - f a c i n g w a l l 

of the greenhouse. P r e v i o u s s t u d i e s showed t h a t i n s u l a t i o n 

of the nor t h w a l l had no e f f e c t on p l a n t y i e l d ( W i l l i t s e t a l . 

1979). 

L i g h t l e v e l s i n i n s u l a t e d greenhouses such as the Brace 

d e s i g n were i n v e s t i g a t e d by Turkewitsch and Brundrett(1979) 

f o r Toronto and Winnipeg, u s i n g a computer s i m u l a t i o n model. 



Four greenhouses were chosen f o r study; a N-S o r i e n t e d gable, 

an E-W o r i e n t e d gable, a Brace type and a Greensol type. The 

l a t t e r i s a m o d i f i e d Brace d e s i g n , developed by the authors. 

Both the Brace and the Greensol have an i n s u l a t e d and r e f l e c t i v e 

n o r t h w a l l . 

F l o o r l e v e l r a d i a t i o n i n the f o u r greenhouses were computed. 

When the r e s u l t s of the two gable greenhouses were compared, 

the N-S r i d g e was found t o c o l l e c t more s o l a r r a d i a t i o n i n the 

summer months, and l e s s i n the w i n t e r months than the one w i t h 

an E-W r i d g e o r i e n t a t i o n . However, when the r e s u l t s of the 

f o u r greenhouses were compared, the authors found t h a t the 

Brace type has the h i g h e s t w i n t e r s o l a r r a d i a t i o n c o l l e c t i o n 

e f f i c i e n c y and the lowest summer c o l l e c t i o n e f f i c i e n c y of a l l 

the greenhouses i n both l o c a t i o n s . 

L i u and Carlson(1976) have proposed a greenhouse design 

u s i n g a f l a t p l a c e c o l l e c t o r f a c i n g south at a t i l t angle of 

60°. I t would be l o c a t e d on the r o o f of an A-frame head house 

b u i l t i n s i d e the n o r t h w a l l of the greenhouse. The authors 

recommended t h a t a s i n g l e - p l a t e , c o r r u g a t e d aluminum c o l l e c t o r 

be used. The aluminum should be dark coated, and a copper tube 

m a n i f o l d , w i t h h o l e s d r i l l e d to match the v a l l e y s i n the 

aluminum c o r r u g a t i o n s , suspended over the top o f the c o l l e c t o r 

t o supply water flow. A g u t t e r at the bottom would c o l l e c t 

the heated water. A s e l e c t i v e r e f l e c t i n g c o l l e c t o r cover may 

be used t o enhance the r a d i a t i o n f o r crop growth i n the p l a n t ­

i n g a r ea. 



C a l c u l a t i o n s f o r t h i s d e s i g n are presented f o r B e l t s v i l l e , 

Maryland at 4 0°N l a t i t u d e f o r a greenhouse 7.32m long by 6.1m 
2 

wide. The i n t e g r a l s o l a r c o l l e c t o r has a s u r f a c e area o f 36m . 

The authors estimated t h a t the s o l a r c o l l e c t o r and storage 

system c o u l d account f o r 78 percent o f the greenhouse h e a t i n g 

l o a d . 
2 

A 46.47m greenhouse wi t h a f l a t p l a t e s o l a r c o l l e c t o r as 

a p a r t of the n o r t h - f a c i n g w a l l w i t h a crushed rock thermal 

storage l o c a t e d underneath the co n c r e t e f l o o r was designed and 

t e s t e d by C l i c k and P i l e ( 1 9 8 0 ) . The greenhouse was b u i l t w i t h 

one-quarter c i r c l e p i p e frame members t o form the south w a l l 

and r o o f . The n o r t h w a l l was an i n s u l a t e d wood frame c o n s t r u c t i o n 

The c o v e r i n g was two a i r separated l a y e r s o f p o l y e t h y l e n e s h e e t i n g 

2 

The 28m f l a t p l a t e c o l l e c t o r on the i n t e r i o r o f the n o r t h -

f a c i n g w a l l used 26 guage, c o r r u g a t e d metal r o o f i n g p a i n t e d 

f l a t b l a c k , f a s t e n e d over a system o f wooden spacers t h a t formed 

a i r - f l o w channels behind the b l a c k metal c o l l e c t o r . A fan i n 

the bottom o f the w a l l p u l l e d a i r through a plenum a t the top 

of the w a l l and then f o r c e d the- heated a i r through the rock 

s t o r a g e . The c o o l e d a i r e x i t e d the rock storage at the f r o n t 

i n s i d e w a l l o f the greenhouse. A d i f f e r e n t i a l thermostat 

c o n t r o l l e d the c i r c u l a t i n g f an moving a i r through the s o l a r 

c o l l e c t o r . When the a i r behind the c o l l e c t o r p l a c e was 10°C 

hig h e r than the rock storage temperature, a i r was c i r c u l a t e d 

through the system. 



Data c o l l e c t e d d u r i n g the w i n t e r of 1979-1980 i n d i c a t e d 

t h a t a greenhouse of t h i s type, l o c a t e d i n C o o k e v i l l e , 

Tennessee, c o u l d r e a l i z e s i g n i f i c a n t energy savings up u n t i l 

l a t e November and b e g i n n i n g again i n l a t e February. The 

authors found t h a t t h i s system c o u l d reduce h e a t i n g c o s t s or 

extend growing seasons i n unheated greenhouses. 

The Boeing Company has i n t r o d u c e d an i n t e r e s t i n g approach 

to i n t e g r a l s o l a r c o l l e c t o r s f o r greenhouse use (Deminet, 1976). 

The g l a s s c o l l e c t o r s f u n c t i o n both as the greenhouse g l a z i n g 

and as a s o l a r c o l l e c t o r . T h i s concept would i n c r e a s e the 

r a t i o o f c o l l e c t o r t o greenhouse f l o o r a r e a . As s t a t e d e a r l i e r , 

low r a t i o s are the major c o n s t r a i n t s t o e f f i c i e n t use of 

i n t e g r a l s o l a r c o l l e c t o r s f o r greenhouses. The Boeing dual 

greenhouse c o v e r - s o l a r c o l l e c t o r system i s b a s i c a l l y a sandwich 

c o n s t r u c t i o n with t h r e e l a y e r s o f g l a s s forming two spaces. 

The top space i s empty wi t h a p a r t i a l vacuum. The bottom l a y e r 

i s designed to conduct the flow of c i r c u l a t i n g c o l l e c t o r f l u i d . 

I d e a l l y , the c o l l e c t o r f l u i d can be chosen to t r a n s m i t o n l y 

s e l e c t e d p o r t i o n s of the s o l a r spectrum so t h a t the most u s e f u l 

p o r t i o n o f i n s o l a t i o n f o r p l a n t growth ( 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 ) i s t r a n s m i t t e d t o the crop. The p o r t i o n of 

the s o l a r spectrum a t o t h e r wavelengths i s absorbed and t r a n s ­

formed to heat i n the c o l l e c t o r f l u i d . I t appears t h a t t h i s 

technology might have a p p l i c a t i o n i n warm c l i m a t e s where mid­

day s c r e e n i n g of some d i r e c t i n s o l a t i o n i s necessary anyway. 

At the time Deminet(1976) presented h i s paper, the system was 

not t r i e d i n a p r a c t i c a l a p p l i c a t i o n and s u i t a b l e c o l l e c t o r 

f l u i d s had not been chosen. 



R e c e n t l y , van Bavel and Sadler(1979) a t Texas A & M 

U n i v e r s i t y , experimented w i t h what they have c a l l e d f l u i d -

r o o f greenhouse concept. The t e s t s were performed i n a s m a l l , 

s p e c i a l l y designed greenhouse. No crops were grown i n the 

greenhouse, but the f l o o r was covered w i t h a standard S t . 

Augustine t u r f . The main o b j e c t i v e s of these p r e l i m i n a r y 

t e s t s were to f i n d s o l u t i o n s t o some c o n s t r u c t i o n e n g i n e e r i n g 

problems, r a t h e r than to conduct a d e t a i l e d study On p l a n t 

behavior i n the d i f f e r e n t environment c r e a t e d by the f l u i d -

f i l t e r r o o f . Experience gained by the authors from these 

p r e l i m i n a r y t e s t s suggested t h a t the plumbing and c i r c u l a t i o n 

of the copper c h l o r i d e s o l u t i o n , used as i n f r a r e d absorbing 

f l u i d , p r e s e n t problems t h a t must be s o l v e d p r i o r to any 

p r a c t i c a l a p p l i c a t i o n . 

I t i s d o u b t f u l t h a t the f l u i d - r o o f greenhouse concept 

would be a p p l i e d i n c o l d e r regions* T h e r e f o r e , no f u r t h e r 

d i s c u s s i o n s of t h i s system w i l l be g i v e n d u r i n g t h i s study. 

The i n t e r e s t e d reader i s r e f e r r e d t o p u b l i c a t i o n s by van Bavel 

(1978), van Bavel and Damagnez(1978), and van Bavel et a l . ( 1 9 8 0 ) . 



Gaseous contaminants found i n c o n f i n e d animal b u i l d i n g s 

o r i g i n a t e not o n l y from manure decomposition but a l s o from 

the animals themselves. M e t a b o l i c processes by the housed 

animals c o n s t i t u t e the main source of carbon d i o x i d e i n barns, 

w h i l e decomposition of manure i s the c h i e f c o n t r i b u t o r to 

ammonia, methane and hydrogen s u l f i d e c o n c e n t r a t i o n s found 

i n animal barns. 

A p p l i c a t i o n of the g r e e n h o u s e - l i v e s t o c k b u i l d i n g 

combination concept r e q u i r e s the knowledge not o n l y of the 

gases p r e s e n t i n the v e n t i l a t e d a i r from the l i v e s t o c k 

b u i l d i n g but a l s o t h e i r c o n c e n t r a t i o n s . U n f o r t u n a t e l y , 

a c t u a l data on gas c o n c e n t r a t i o n s i n exhaust a i r from animal 

barns under Canadian c o n d i t i o n s are not r e a d i l y a v a i l a b l e . 

However, r e c e n t i n f o r m a t i o n g i v e n by McQuitty and Feddes 

(1982) and van D a l f s e n and B u l l e y (1982) c o u l d be used as a 

g u i d e l i n e to estimate the expected c o n c e n t r a t i o n s i n the 

exhaust a i r . 

AMMONIA 

A l i t e r a t u r e review undertaken by McQuitty and Feddes 

(1982) r e v e a l e d t h a t NH^ c o n c e n t r a t i o n s vary c o n s i d e r a b l y i n 

animal barns. In a w e l l v e n t i l a t e d b u i l d i n g , -expected 

c o n c e n t r a t i o n s appear to l i e i n the 5 to 30 ppm range. 

Values of 50 ppm however, are not uncommon d u r i n g p e r i o d s 

o f w i n t e r minimum v e n t i l a t i o n r a t e s . 



McQuitty and Feddes (1982) recorded NH^ c o n c e n t r a t i o n s 

i n the range of 5 to 12 ppm i n f o u r swine b u i l d i n g s ; 2 to 

12 ppm i n two b r o i l e r houses; and l e s s than 2 ppm i n f o u r 

d a i r y barns. van D a l f s e n and B u l l e y (.1982) r e p o r t e d a range 

between 1 to 7 ppm i n f o u r d a i r y u n i t s with s u b f l o o r manure 

stora g e . During a g i t a t i o n of manure, high e r NH^ c o n c e n t r a t i o n s 

can be a n t i c i p a t e d , p o s s i b l y i n the range o f 100 to 200 ppm 

(McQuitty and Feddes, 1982). 

HYDROGEN SULFIDE 

Values of H 2S c o n c e n t r a t i o n s have been found to be 

u n d e t e c t a b l e to low i n many t o t a l confinement animal b u i l d i n g s . 

C o n c e n t r a t i o n s i n swine barns tend to be somewhat h i g h e r than i n 

b u i l d i n g s housing other types of animals. McQuitty and 

Feddes (1982) found mean H 2S c o n c e n t r a t i o n s under win t e r 

c o n d i t i o n s of l e s s than 10 ppb i n two b r o i l e r houses and 

f o u r d a i r y barns. In f o u r swine barns, the authors found 

mean H 2S c o n c e n t r a t i o n s of 70 ppb j u s t above the s l o t t e d -

f l o o r w h i l e l e s s than 10 ppb was measured i n the exhaust a i r . 

van D a l f s e n and B u l l e y (1982) found t h a t H 2S was 

u n d e t e c t a b l e i n the f o u r d a i r y u n i t s d u r i n g normal o p e r a t i n g 

c o n d i t i o n s . However, when n.anure i s d i s t u r b e d , p a r t i c u l a r l y 

by a g i t a t i o n , an immediate r e l e a s e of the gas i n l a r g e 

q u a n t i t i e s w i l l occur r e s u l t i n g i n c o n s i d e r a b l e i n c r e a s e 

i n c o n c e n t r a t i o n s . They r e p o r t e d a c o n c e n t r a t i o n of 2.7 ppm 

d u r i n g a g i t a t i o n of the manure i n the four d a i r y barns. 



METHANE 

McQuitty and Feddes (1982) s t a t e d t h a t CH 4 

c o n c e n t r a t i o n s l i k e l y to be encountered i n v e n t i l a t e d 

animal b u i l d i n g s would not be a d i r e c t h e a l t h hazard, 

even under w i n t e r minimum v e n t i l a t i o n r a t e s . Expected 

c o n c e n t r a t i o n s were not r e p o r t e d . 

CARBON DIOXIDE 

C0 2 i s normally p r e s e n t i n f r e s h a i r a t a c o n c e n t r a t i o n 

i n the order o f 300 ppm. C o n c e n t r a t i o n s i n the range of 500 

to 3000 ppm were experienced i n v e n t i l a t e d animal b u i l d i n g s . 

During w i n t e r c o n d i t i o n s , McQuitty and Feddes(1982) found 

c o n c e n t r a t i o n s of C0 2 to be l e s s than 4000 ppm i n fou r swine 

b u i l d i n g s , two b r o i l e r houses and four d a i r y barns i n A l b e r t a . 



The e f f e c t of C O 2 enrichment on greenhouse crop 

p r o d u c t i o n was r e c e n t l y i n v e s t i g a t e d by W i l l i t s and Peet 

(1981) i n R a l e i g h , North C a r o l i n a . Greenhouse crops t e s t e d 

were tomatoes, cucumbers and bedding p l a n t s . Average concen­

t r a t i o n s o f C 0 2 w i t h i n the greenhouse ranged between 1000 and 

1050 ppm when the s e t p o i n t was e s t a b l i s h e d a t 1000 ppm. 

T h e i r experimental r e s u l t s i n d i c a t e d an average i n c r e a s e d y i e l d 

of 14.6 percent f o r tomatoes, 42 percent f o r cucumbers and 

104 percent f o r bedding p l a n t s . For cucumbers, the percentage 

i n c r e a s e ranged between 32.2% to 60.7% depending on the 

c u l t i v a r w i t h V e t o m i l g i v i n g the greatest i n c r e a s e i n 

p r o d u c t i o n . Among the bedding p l a n t s t e s t e d , pepper p l a n t s 

were h e a v i e r i n the CO^ e n r i c h e d greenhouse by 135 percen t , 

f o l l o w e d by r e g u l a r tomatoes, then c h e r r y tomatoes which 

showed i n c r e a s e s i n ha r v e s t weights of 123 percent and 69 

percent, r e s p e c t i v e l y . No attempt was made to "grow out" 

these p l a n t s to determine CO,, enrichment e f f e c t on f r u i t 

y i e l d s i n the f i e l d . 

O bviously, the i n c r e a s e d y i e l d s due to greenhouse C O 2 

enrichment found by W i l l i t s and Peet (1981) c o u l d o n l y be 

taken as a r e p r e s e n t a t i v e case due to the complexity o f 

the i n t e r a c t i o n s between CO,, c o n c e n t r a t i o n s and oth e r 

environmental f a c t o r s i n c l u d i n g l i g h t i n t e n s i t y and 

temperature. 



In any event, the study by the above mentioned 

authors showed the b e n e f i c i a l e f f e c t s of C 0 2 enrichment 

on greenhouse crop. Since the a c t u a l C 0 2 c o n c e n t r a t i o n s 

i n exhaust a i r from l i v e s t o c k b u i l d i n g i s not w e l l d e f i n e d , 

the p o t e n t i a l i n c r e a s e i n y i e l d s of crops grown i n a 

greenhouse-animal s h e l t e r combination c o u l d not be determined 

without e x p e r i m e n t a t i o n . In a d d i t i o n , exhaust a i r from 

animal barns c o n t a i n s o t h e r gases than C0 2, i n c l u d i n g high 

c o n c e n t r a t i o n s of water vapour which may have an adverse 

e f f e c t on greenhouse crop p r o d u c t i v i t y . 



An e x t e n s i v e review of the l i t e r a t u r e , undertaken 

f o r t h e p r e s e n t r e s e a r c h p r o j e c t , r e v e a l e d t h a t 

n e i t h e r t h e o r e t i c a l nor experimental i n f o r m a t i o n on the 

concept of combined g r e e n h o u s e - l i v e s t o c k b u i l d i n g systems 

was a v a i l a b l e . However, the l i t e r a t u r e search i n d i c a t e d a 

s i g n i f i c a n t amount of r e s e a r c h , development and demonstration 

p r o j e c t s were performed on greenhouse-residence combinations 

by e n g i n e e r s , a r c h i t e c t s and e c o l o g i s t s . The greenhouse i s 

mainly used i n t h i s case as a s o l a r c o l l e c t o r p a r t i a l l y .to 

p r o v i d e the h e a t i n g l o a d o f the att a c h e d house. 

In a g r e e n h o u s e - l i v e s t o c k combination, the b a s i c approach 

i s t o t a l l y d i f f e r e n t than t h a t used with r e s p e c t to the 

greenhouse-residence combination, s i n c e the concept of the 

former combination i s to use animal heat to supply some of 

h e a t i n g requirements of the att a c h e d greenhouse. T h e r e f o r e , 

the i n f o r m a t i o n on greenhouse-residence combination i s 

somewhat i r r e l e v a n t to t h i s study and w i l l not be d i s c u s s e d 

f u r t h e r . The i n t e r e s t e d reader i s r e f e r r e d to the many 

e x c e l l e n t papers p u b l i s h e d i n the Proceedings of the annual 

conferences on S o l a r Energy f o r Heating Greenhouses and 

Greenhouse-residence combinations*. 

* A v a i l a b l e from N a t i o n a l T e c h n i c a l Information S e r v i c e 
U.S. Department of Commerce 
S p r i n g f i e l d , VA 22161 



In 1980, r e s e a r c h e r s a t Kansas S t a t e U n i v e r s i t y 

p u b l i s h e d a study d e a l i n g w i t h a greenhouse-animal s h e l t e r 

combination (Spillman e t a l . 1980). The main o b j e c t i v e s 

of the r e s e a r c h underway a t Kansas S t a t e U n i v e r s i t y were 

to e v a l u a t e y i e l d and q u a l i t y o f greenhouse crops s u p p l i e d 

w i t h exhaust a i r from a hog house, and to compare the amounts 

of f o s s i l f u e l requirements of a c o n v e n t i o n a l greenhouse to 

those of a greenhouse u s i n g exhaust a i r from animal b u i l d i n g s 

w i t h s o l a r energy s t o r a g e . 

The Kansas S t a t e U n i v e r s i t y experimental f a c i l i t y u n i t . 

c o n s i s t e d of an experimental greenhouse a t t a c h e d t o the south-

f a c i n g w a l l of a swine f i n i s h i n g barn and a c o n v e n t i o n a l 

greenhouse f o r c o n t r o l . Both greenhouses have the same 

dimensions of 6 m by 7.3 m and were covered by a i r i n f l a t e d 

double p o l y e t h y l e n e f i l m . The a i r flow r a t e from the hog 

barn was i n t r o d u c e d t o the experimental greenhouse e i t h e r a t 
3 3 680 m per hour or 1200 m per hour. In a d d i t i o n the 

3 

experimental greenhouse had 7.25 m v e r t i c a l rock bed thermal 

storage f o r excess i n t e r n a l s o l a r heat c o l l e c t i o n . 

S p i l l m a n e t a l (1980) d e a l t e x c l u s i v e l y w i t h the e f f e c t s 

of s u p p l y i n g the greenhouse wi t h animal produced carbon 

d i o x i d e on crop p r o d u c t i o n . 

A i r samples taken w i t h i n the atta c h e d greenhouse i n d i c a t e d 

a carbon d i o x i d e c o n c e n t r a t i o n of 1500 ppm when both hoghouse 

and greenhouse were u n v e n t i l a t e d , and 450 ppm to 600 ppm when 

both were v e n t i l a t e d . In a d d i t i o n t o v e n t i l a t i o n r a t e s , CO, 



c o n c e n t r a t i o n s i n the greenhouse depend upon the number and 

weights of the animals i n the barn; 124 to 202 hogs averaging 

30 to 135 kg were prese n t d u r i n g the experiments. 

P l a n t growth s t u d i e s were performed on tomatoes, 

cucumbers and b r o c c o l i . Tomato p l a n t s i n the att a c h e d green­

house were s t o c k i e r w i t h darker green c o l o r e d l eaves than 

p l a n t s i n the c o n t r o l greenhouse d u r i n g the f i r s t t h ree months. 

Then a p p a r e n t l y , they developed i n t e r v e i n a l c h l o r o s i s and 

d r y i n g and c u r l i n g o f the lower l e a v e s . A week l a t e r , the 

f r u i t s were d i s c o v e r e d to have blossom end r o t . About t h r e e 

weeks l a t e r , these symptoms a l s o appeared i n the c o n t r o l green­

house. Average p r o d u c t i o n was very low i n both greenhouses. 

The authors a t t r i b u t e d the d i s e a s e and e v e n t u a l l y the poor 

y i e l d to unbalanced f e r t i l i z a t i o n . 

A n a l y s i s o f the y i e l d data f o r cucumbers grown i n both 

greenhouses showed t h a t marketable f r u i t i n the C0 2 house was 

31 percent more than from the c o n t r o l house. A l s o , the 

marketable f r u i t i n the experimental greenhouse weighed 4a 

percent p l a n t more than those grown i n the c o n t r o l house. 

B r o c c o l i t r a n s p l a n t s grown i n the att a c h e d greenhouse 

had tops weight (above ground) more than 2 1/2 times when 

compared t o the b r o c c o l i p l a n t s grown i n the c o n t r o l house. 

A s u r p r i s i n g r e s u l t was n i t r o g e n content i n the b r o c c o l i t o p s , 

which was over 3 times as much f o r p l a n t s grown i n the C0 2 

house compared to those grown i n the c o n t r o l greenhouse. 
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INTRODUCTION 

To compare greenhouses from a s o l a r energy standpoint, a 

standard or bench mark i s r e q u i r e d so that the e f f e c t of 

l a t i t u d e , s o l a r r a d i a t i o n a v a i l a b i l i t y , s i z e , o r i e n t a t i o n , 

shape and co v e r i n g m a t e r i a l can be estimated. A term which 

the author c a l l s "a greenhouse t r a n s m i s s i o n f a c t o r " i s 

d e f i n e d , then used to compare greenhouses with d i f f e r e n t 

c o n s t r u c t i o n parameters and at d i f f e r e n t l o c a t i o n s for t h e i r 

s o l a r r a d i a t i o n input e f f i c i e n c y . 

This chapter i s d i v i d e d i n t o three s e c t i o n s . The f i r s t 

d e s c r i b e s a method f o r e s t i m a t i n g the monthly average d a i l y 

beam, d i f f u s e and t o t a l transmittance of the greenhouse 

t r a n s p a r e n t s u r f a c e s . The second s e c t i o n g i v e s the 

mathematical e x p r e s s i o n s for the s o l a r r a d i a t i o n t r a n s m i s s i o n 

f a c t o r s of greenhouses. A l s o , the r e l a t i v e c o n t r i b u t i o n to 

beam, d i f f u s e and t o t a l s o l a r r a d i a t i o n by the d i f f e r e n t 

s u r f a c e s of the greenhouse are i n v e s t i g a t e d . In the l a s t 

s e c t i o n , the t o t a l t r a n s m i s s i o n f a c t o r concept i s used to 

i n v e s t i g a t e the e f f e c t of s e v e r a l energy c o n s e r v a t i o n 

s t r a t e g i e s on the s o l a r r a d i a t i o n input i n t o greenhouses 

l e a d i n g to a new design which the author c a l l s "a s o l a r - s h e d " 

greenhouse. 



SECTION A 

ESTIMATION OF THE MONTHLY AVERAGE DAILY 
BEAM, DIFFUSE AND TOTAL TRANSMITTANCE 

OF THE GREENHOUSE TRANSPARENT 
SURFACES 



TRANSMITTANCE OF THE GREENHOUSE TRANSPARENT SURFACES 

The f o l l o w i n g s e c t i o n d e s c r i b e s the method used to 

c a l c u l a t e the monthly average beam and t o t a l t r a n s m i t t a n c e o f 

the greenhouse c o v e r i n g m a t e r i a l t o s o l a r r a d i a t i o n . These 

average val u e s are r e q u i r e d t o estimate the beam and t o t a l 

greenhouse t r a n s m i s s i o n f a c t o r s as i n d i c a t e d i n S e c t i o n B of 

t h i s chapter by equations (13) and (15) r e s p e c t i v e l y . 

ASSUMPTIONS 

The f o l l o w i n g assumptions are made i n order t o c a l c u l a t e 

the weighted average d a i l y beam and t o t a l t r a n s m i t t a n c e f o r the 

greenhouse c o v e r i n g m a t e r i a l s . : 

i ) No condensation or dust accumulation on the 

greenhouse c o v e r i n g such t h a t the t r a n s m i t t a n c e i s 

f o r the c o v e r i n g m a t e r i a l o n l y . However, a b s o r p t i o n 

and r e f l e c t i o n l o s s e s are accounted f o r . 

i i ) The t r a n s m i t t a n c e o f the greenhouse c o v e r i n g 

m a t e r i a l to the d i f f u s e component of r a d i a t i o n i s 

independent of the o r i e n t a t i o n and t i l t o f the 

s u r f a c e . I t i s assumed t o be cons t a n t and equal t o 

t h a t o f the beam. 



THEORETICAL FORMULATION * 

The i n stantaneous beam s o l a r r a d i a t i o n f l u x t r a n s m i t t e d 

through a greenhouse t r a n s p a r e n t cover i s , 

then, the d a i l y energy weighted beam t r a n s m i t t a n c e o f the 

s u r f a c e to the d i r e c t component of s o l a r r a d i a t i o n may be 

c a l c u l a t e d by i n t e g r a t i n g e q u a t i o n (1) from s u n r i s e to 

sunset as f o l l o w s : 

b,day / ^ b * 3 / / 
/ " 

ss 
V w ' (2) 

10 
s r 

S i n c e s o l a r r a d i a t i o n data are u s u a l l y a v a i l a b l e on an 

ho u r l y b a s i s , the d a i l y beam t r a n s m i t t a n c e of the greenhouse 

c o v e r i n g m a t e r i a l may be approximated by: 

(3) 

* The d e f i n i t i o n of symbols used i n t h i s s e c t i o n can be 

found on Pages 89 and 90. 



For f e a s i b i l i t y s t u d i e s of s o l a r energy a p p l i c a t i o n s t o 

greenhouses, i t i s more important t o be able t o estimate 

monthly average d a i l y beam and t o t a l t r a n s m i t t a n c e f o r each 

of the t r a n s p a r e n t greenhouse s u r f a c e s which are l o c a t i o n 

dependent. 

For l o c a t i o n s where both monthly average d a i l y d i f f u s e 

and t o t a l i n s o l a t i o n on a h o r i z o n t a l s u r f a c e are known, the 

monthly average h o u r l y d i f f u s e and t o t a l i n s o l a t i o n may be 

estimated u s i n g the L i u and Jordan method (1960). 

Since most w i d e l y a v a i l a b l e s o l a r r a d i a t i o n data are i n 

the form of monthly average t o t a l i n s o l a t i o n on a h o r i z o n t a l 

s u r f a c e , c o r r e l a t i o n equations must be used to separate the 

monthly average d a i l y t o t a l s o l a r r a d i a t i o n i n t o i t s two 

components. Many e m p i r i c a l equations have been proposed f o r 

such a purpose ( L i u and Jordan (1960) , Page (1961) , T u l l e r 

(1976) and I q b a l (1978). I q b a l (1978) giv e s a d e t a i l e d 

d i s c u s s i o n of these c o r r e l a t i o n s , i n c l u d i n g a comparison o f 

the r e s u l t s o b t a i n e d by each of these methods. 

Here, I q b a l 1 s c o r r e l a t i o n e q u a t i o n , 

H d/H = 0.958 - 0.982 K~T ( 4 ) 

i s used throughout the a n a l y s i s . 

When the monthly average h o u r l y d i f f u s e and t o t a l 

i n s o l a t i o n on a h o r i z o n t a l s u r f a c e are known, then the 

monthly average h o u r l y beam s o l a r r a d i a t i o n i n c i d e n t on a 



t i l t e d s u r face " i " of the greenhouse i s determined as f o l l o w s : 

I b , i = (I ~Id)Rb,i r (5) 

where R 5 / i = c o s 8 j / c o s e n (6) 

where cos6 n= cos* cos 6 cosw + sin<j> sin<5 (7) 

and c o s ^ i = costf^ sin<$ sin<p 

s i n * cos<p sintf^ COSY i 

+ cos<S cos«p costfi COSU) 

+ cosw cos<5 s i n ^ i c o s Y i sin<f 

+ cos<5 s i n t f i s i n Y i sinu> . (8) 

A l s o , the monthly average d a i l y d i f f u s e s o l a r r a d i a t i o n on 

the t i l t e d s u r f a c e i s , 

H d , i = ( 1 / 2 ) d + c o s S i ) H d +(1/2) o ( l - costiiJH . (9) 

In t h i s e q u a t i o n , the s k y - d i f f u s e r a d i a t i o n H,, and the 
d 

ground r e f l e c t e d r a d i a t i o n aH are assumed i s o t r o p i c . — — < . u u j . a i - j . u i i " . i i a i c assuiuea 

Knowing the d i f f e r e n t components o f the r a d i a t i o n on the 

t i l t e d s u r f a c e , the monthly average d a i l y beam t r a n s m i t t a n c e 

of greenhouse s u r f a c e s may be estimated as f o l l o w s : 

ss _ / ss 
T b ' i = S T b , i 1 b , i X) X b , i ( i 0 ) 

sr ' s r 

and for the monthly average d a i l y t o t a l transmittance, 

http://uuj.ai-j.uii


T . 1 ( I D 

where 

( 1 2 ) 

i s the d a i l y t o t a l s o l a r r a d i a t i o n i n c i d e n t on the greenhouse 

tr a n s p a r e n t s u r f a c e , i . 

The beam and d i f f u s e transmittance for tne g l a s s as a 

f u n c t i o n of the angle of i n c i d e n c e and the o p t i c a l p r o p e r t i e s 

of the g l a s s and i t s t h i c k n e s s are c a l c u l a t e d using the 

method d e s c r i b e d by D u f f i e and Beckman (1974). T h i s method 

takes i n t o account both r e f l e c t i o n and a b s o r p t i o n l o s s e s . 

For the d i f f u s e transmittance the angle of in c i d e n c e i s 

assumed to be constant and taken to be equal to 58°. A 

summary of the above method i s in c l u d e d i n Appendix A for the 

sake of completeness. 
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SOLAR RADIATION TRANSMISSION FACTORS OF GREENHOUSES 

DEFINITIONS OF TRANSMISSION FACTORS * 

The greenhouse t r a n s m i s s i o n f a c t o r i s d e f i n e d as the 

r a t i o of the s o l a r energy t r a n s m i t t e d through the greenhouse 

co v e r i n g system to that i n c i d e n t on a h o r i z o n t a l surface area 

equal to the f l o o r s u r f a c e area of the greenhouse with the 

absence of the greenhouse c o v e r i n g . As s o l a r r a d i a t i o n 

i n c i d e n t of the greenhouse s u r f a c e s i s composed of beam and 

d i f f u s e r a d i a t i o n and the t r a n s p a r e n t covering has a d i f f e r e n t 

t r a n s m i t t a n c e value for each of the two components of 

r a d i a t i o n , then we have two d i s t i n c t t r a n s m i s s i o n f a c t o r s 

which could be def i n e d as f o l l o w s : 

BEAM TRANSMISSION FACTOR (BTF) 

Beam s o l a r r a d i a t i o n t r a n s m i t t e d through the 
t r a n s l u c e n t greenhouse cov e r i n g 

BTF = 
Outside beam s o l a r r a d i a t i o n i n c i d e n t on a 

h o r i z o n t a l surface equal to the f l o o r 
of the greenhouse 

n _ _ 
E A T H 

i b , i b , i 
i = 1 ' 

BTF = • (13) 
A H 
f b 

* The d e f i n i t i o n of symbols used i n t h i s s e c t i o n can be 

found on Pages 89 and 90. 



DIFFUSE TRANSMISSION FACTOR (DTF) 

D i f f u s e s o l a r r a d i a t i o n t r a n s m i t t e d through the 
t r a n s l u c e n t greenhouse covering 

DTF = 
Outside d i f f u s e s o l a r r a d i a t i o n i n c i d e n t on a 
h o r i z o n t a l s u r f a c e equal to the f l o o r of the 

greenhouse. 
n _ _ 
I A x H 

i d , i d, i 
i = 1 

DTF = . (14) 
A H 
f d 

TOTAL TRANSMISSION FACTOR (TTF) 

Knowing the beam and d i f f u s e t r a n s m i s s i o n f a c t o r s , a 

t o t a l t r a n s m i s s i o n f a c t o r f o r the greenhouse may a l s o be 

d e f i n e d i n a s i m i l a r manner. 

T o t a l s o l a r r a d i a t i o n t r a n s m i t t e d through the 
t r a n s l u c e n t greenhouse covering 

TTF = . 
Outside t o t a l s o l a r r a d i a t i o n i n c i d e n t on a 
h o r i z o n t a l s urface equal to the f l o o r of the 

greenhouse 

TTF 

n n n 
£ A T H S A T H Z A 

i i i i b, i b, i + 
i=1 i=1 i=1 

A H A H 
f f 

(15) 



DESCRIPTION OF THE COMPUTER MODEL FOR TRANSMISSION FACTORS 

A computer program was w r i t t e n i n FORTRAN to compute the 

s o l a r energy t r a n s m i t t e d through each of the s u r f a c e s of a 

greenhouse, t h e i r percent c o n t r i b u t i o n to s o l a r input, and 

the greenhouse t r a n s m i s s i o n f a c t o r s . The program was 

o r i g i n a l l y w r i t t e n for monthly average d a i l y v a l u e s , but with 

minor m o d i f i c a t i o n s i t could be used f o r s p e c i f i c days. The 

program w i l l a l s o handle any number of s u r f a c e s per 

greenhouse as long as they are f l a t , any number of covers as 

long as they are of the same m a t e r i a l f o r any p a r t i c u l a r 

s u r f a c e . D i f f e r e n t covering m a t e r i a l s for d i f f e r e n t s u r f a c e s 

are p e r m i t t e d . 

Input v a r i a b l e s ; 

1. Monthly average d a i l y t o t a l i n s o l a t i o n on 

a h o r i z o n t a l s u r f a c e . 

2. R e f l e c t i v i t y of surrounding s u r f a c e s to 

s o l a r r a d i a t i o n . 

Input parameters: 

1. L o c a t i o n of the greenhouse ( l a t i t u d e ) 

2. Number of s u r f a c e s which make up the 

greenhouse 

3. O r i e n t a t i o n , t i l t and number of covers 

for each of the s u r f a c e s 

4. O p t i c a l p r o p e r t i e s (index of r e f r a c t i o n 

and e x t i n c t i o n c o e f f i c i e n t ) and t h i c k n e s s 



of greenhouse covering m a t e r i a l f o r each 

of the s u r f a c e s 

Outputs: 

1. Average d a i l y beam, d i f f u s e and t o t a l 

t r a n s m i t t a n c e of each of s u r f a c e s making 

up the greenhouse. 

2. Average d a i l y beam, d i f f u s e and t o t a l 

s o l a r energy t r a n s m i t t e d through v a r i o u s 

surfaces . 

3. C o n t r i b u t i o n of each surface to beam, 

d i f f u s e and t o t a l s o l a r energy i n p u t s . 

4. D a i l y beam, d i f f u s e and t o t a l s o l a r energy 

t r a n s m i t t e d through the greenhouse 

c o v e r i n g . 

5. Average d a i l y beam, d i f f u s e and t o t a l 

t r a n s m i s s i o n f a c t o r s f o r the greenhouse. 

SAMPLE OUTPUT; RESULTS AND DISCUSSION 

A 500 square metre gable glasshouse was used as an 

example. The greenhouse length and width are 50m and 10m 

r e s p e c t i v e l y , with a w a l l height of 2m and an 18° r o o f s l o p e . 

The l o n g - a x i s of the greenhouse i s east-west o r i e n t e d . The 

cover i s s i n g l e g l a s s with the f o l l o w i n g c h a r a c t e r i s t i c s ; 



E x t i n c t i o n C o e f f i c i e n t 0.161 cm 1 

Index of R e f r a c t i o n 1.526 

L o c a t i o n Vancouver, B.C. (49.25°N) 

The monthly average d a i l y t o t a l i n s o l a t i o n on a h o r i z o n t a l 

s u r f a c e and the monthly average ground cover r e f l e c t i v i t y 

f o r s o l a r r a d i a t i o n (albedo) used as i n p u t t o the program 

are i n d i c a t e d i n Table 1.1. 

The c a l c u l a t e d monthly average d a i l y d i f f u s e 

t r a n s m i t t a n c e f o r the s i n g l e g l a s s cover was 0.818, which 

i s independent of o r i e n t a t i o n and t i l t a n g l e s . The monthly 

average d a i l y beam t r a n s m i t t a n c e and t o t a l t r a n s m i t t a n c e f o r 

the v a r i o u s s u r f a c e s o f the greenhouse are shown i n F i g u r e s 

1.1 and 1.2, r e s p e c t i v e l y . 

A sample of r e s u l t s of the other outputs of the computer 

model are shown f o r December and f o r J u l y i n Tables 1.2 and 

1.3, r e s p e c t i v e l y . These two t a b l e s are i n c l u d e d here f o r 

d i s c u s s i o n purposes. Appendix B g i v e s a complete computer 

output f o r a greenhouse having c o n s t r u c t i o n parameters as 

d e s c r i b e d above. The t r a n s m i s s i o n f a c t o r s f o r the beam, 

d i f f u s e and t o t a l s o l a r r a d i a t i o n are shown i n F i g u r e 1.3 

I t i s important t o n o t i c e t h a t the greenhouse d i f f u s e 

t r a n s m i s s i o n f a c t o r (DTF) remains f a i r l y constant over the 



MONTREAL (45.5*N) WINNIPEG (50*N) EDMONTON (53.5'N) VANOOUVER (49.25*N) TUSOON (32.5*N) 

H H H H 

Month kJ.m "2day"' a kJ.B~ "2day-1 a "H kJ.»-2day"' a IT kJ.^day - 1 a IT H" 

Jan 5 272 0.32 0.52 5 230 0.32 0.39 3 682 0.32 0.44 2 970 0.18 0.65 13 180 0.30 

Feb 8 870 0.33 0.45 9 247 0.33 0.33 6 987 0.33 0.40 5 565 0.17 0.59 16 359 0.30 

Mar 14 056 0.25 0.40 14 226 0.25 0.33 12 678 0.25 0.35 10 502 0.12 0.50 22 394 0.23 

Apr lb 192 0.20 0.47 27 447 0.22 0.41 17 615 0.22 0.38 15 188 0.14 0.48 27 425 0.21 

May 20 167 0.20 0.45 20 794 0.20 0.42 20 711 0.20 0.42 20 502 0.14 0.43 30 501 0.20 

Jun 22 092 0.20 0.43 22 259 0.20 0.43 22 259 0.20 0.42 22 845 0.14 0.41 29 246 0.26 

Jul 21 297 0.20 0.44 23 012 0.20 0.39 22 886 0.20 0.39 23 179 0.14 0.38 26 192 0.32 

Aug 17 581 0.20 0.47 10 497 0.20 0.39 18 033 0.20 0.42 19 121 0.14 0.41 24 602 0.31 

Sep 12 975 0.20 0.46 13 472 0.20 0.44 13 054 0.20 0.42 13 682 0.14 0.44 23 849 0.23 

Oct a 954 0.20 0.50 8 494 0.20 0.46 8 075 0.20 0.42 7 280 0.14 0.54 18 493 0.26 

Nov 4 268 0.23 0.64 4 644 0.23 0.51 4 100 0.23 0.47 3 766 0.15 0.61 14 895 0.25 

Dec 3 891 0.28 0.59 3 766 0.28 0.47 2 678 0.28 0.49 2 385 0.18 0.67 12 761 0.27 

Table 1.1 Monthly average d a i l y t o t a l i n s o l a t i o n on a h o r i z o n t a l s u r f a c e , ground albedo 
and r a t i o of d i f f u s e to t o t a l r a d i a t i o n f o r the l o c a t i o n s s e l e c t e d f o r t h i s 
study. 

Note: The values f o r H are taken from "World Survey of C l i m a t o l o g y " , see r e f e r e n c e 
Hare and Hay (19 74). 
- H d/H are c a l c u l a t e d . 

- For source of the ground albedo "a" r e f e r to the t e x t , pages 72 & 74 



FIGURE 1.1 MONTHLY AVERAGE DAILY BEAM TRANSMITTANCE 
( T ^ FOR VARIOUS SURFACES OF A GREENHOUSE 
WITH SINGLE GLASS COVER. 
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FIGURE 3.. 2: MONTHLY AVERAGE DAILY TOTAL TRANSMITTANCE 
(T) FOR VARIOUS SURFACES OF A GREENHOUSE 
WITH SINGLE GLASS COVER. 



VANCOUVER 
DECEMBER 

Area Solar Energy Transmitted 
M**2 (KJ/day) 

Beaa Diffuse Total 

ContrI but i on 
To TotaI 

Beaa Diffuse Total 

100. 

263. 

263. 

28. 

28. 

I 00. 

242904. 

34297 I . 

0. 

8962. 

8962. 

0. 

82072. 

333855. 

333855. 

22958. 

22958. 

81910. 

324976. 

676826. 

333855. 

31919. 

3 19 19. 

81910. 

0.402 

0.568 

0.0 

0.015 

0.0 15 

0.0 

0.094 

0.380 

0.380 

0.026 

0.026 

0.093 

0.2 19 

0.457 

0.225 

0.022 

0.022 

0.055 

T o t a l T r a n s m i t t e d 
Beam D i f f u s e T o t a I 

603799. 877607. 48 I 404. 

BTF DTF TTF 

1.519 1.104 1.242 

Table 1.2 Saaple Computer Output 
(50a x 10m x 2a) and I 

S I : south waI I 
S2: south r o o f 
S3: n o r t h roof 

for an E-H single glass cover greenhouse 
* Roof Slope 

S4: e a s t w a l l 
S5: west wa I I 
S6: n o r t h waI I 

BTF 
DTF 
TTF 

d e f i n e d Eq. I 
d e f i n e d Eq. 2 
d e f i n e d Eq. 3 



VANCOUVER 
JULY 

S Area Solar Energy Transmitted 
M"2 (KJ/day) 

Bean Diffuse Total 

Contri button 
To Total 

Beaa Diffuse Total 

100. 

263 

263. 

28. 

28. 

I 00. 

348908. 

3233063. 

26 I 3476. 

165209. 

I 65209. 

89404 . 

489930. 

I 862202. 

I 862202. 

I 37 I 80. 

I 37 I 80. 

489930. 

838838. 

5095265. 

4475678. 

302389. 

302389. 

573349 . 

0.053 

0.489 

0.395 

0.025 

0.025 

0.014 

0.098 

0.374 

0.374 

0.028 

0.028 

0.098 

0.072 

0.439 

0.386 

0.026 

0.026 

0.050 

Beam 

66 I 5268. 

T o t a l T r a n s m i t t e d 
D i f f u s e T o t a I 

4978622. 1 1593892 . 

BTF 

0.927 

DTF 

I . I I 8 

TTF 

I .000 

Table 1.3 Saaple Computer Output for an E-W single glass cover greenhouse 
(50a x I OB X 2a) and 18* Roof Slope 

S I 
S2 
S3 

south wa I I 
south r o o f 
n o r t h roof 

S4 
S5 
S6 

e a s t waI I 
west wa I I 
n o r t h waI 

BTF 
DTF 
TTF 

d e f i n e d Eq. I 
d e f i n e d Eq. 2 
d e f i n e d Eq. 3 



FIGURE 1.3: MONTHLY AVERAGE DAILY BEAM (BTF), DIFFUSE 
(DTF) AND TOTAL (TTF) SOLAR TRANSMISSION 
FACTORS FOR A GABLE GREENHOUSE. 



year, since the g l a s s transmittance to d i f f u s e r a d i a t i o n i s 

independent of the in c i d e n c e angle. However, the greenhouse 

beam t r a n s m i s s i o n f a c t o r (BTF) i s high during the winter 

months (November, December, January and February), but low 

dur i n g the summer months. The high (BTF) during winter 

months f o r an east-west o r i e n t e d greenhouse i s due to high 

beam tra n s m i t t a n c e of the south roof and south w a l l (Fig.1.1) 

and high s o l a r r a d i a t i o n i n c i d e n t on the south s u r f a c e s 

Table 1.2 shows that for December the 

c o n t r i b u t i o n of the two south s u r f a c e s to the t o t a l beam 

r a d i a t i o n input i s 97%. For the summer months the d a i l y beam 

trans m i t t a n c e of the south w a l l decreases ( F i g . 1.1) and the 

beam r a d i a t i o n i n c i d e n t on the south s u r f a c e s a l s o decreases 

(Table 1.3) which e x p l a i n s the lower (BTF) for the summer 

months. For the month of J u l y the c o n t r i b u t i o n of the two 

south s u r f a c e s to the t o t a l beam s o l a r r a d i a t i o n input i s 

only 54.2% as compared to 97% f o r December. T h e r e f o r e , the 

high greenhouse t o t a l t r a n s m i s s i o n f a c t o r (TTF) during the 

winter p e r i o d for an east-west o r i e n t e d greenhouse i s due to 

the high c o n t r i b u t i o n of the south s u r f a c e s to the beam 

component of s o l a r r a d i a t i o n . 



SECTION C 

USE OF THE TOTAL TRANSMISSION FACTOR 
TO COMPARE 

GREENHOUSES FOR THEIR SOLAR RADIATION 
INPUT EFFICIENCY 



USE OF THE TOTAL TRANSMISSION FACTOR 

The percent l o s s o r g a i n i n s o l a r r a d i a t i o n i n p u t t o 

a greenhouse "y" as compared t o a greenhouse "x" may be 

c a l c u l a t e d from t h e i r greenhouse t o t a l s o l a r r a d i a t i o n 

t r a n s m i s s i o n f a c t o r s (TTF) as f o l l o w s : 

(TTF) - (TTF) x y 
% LOSS/GAIN = X 100. 

(TTF) 
x 

EFFECT OF ORIENTATION ON THE GREENHOUSE TTF 

F i g u r e 1.4 shows the e f f e c t of north - s o u t h and east-west 

o r i e n t a t i o n on the t o t a l t r a n s m i s s i o n f a c t o r . The t o t a l s o l a r 

energy i n p u t i s h i g h e r i n the w i n t e r months and lower i n the 

summer f o r the E-W o r i e n t a t i o n than f o r the N-S o r i e n t a t i o n . 

During January, the s o l a r r a d i a t i o n i n p u t t o the E-W greenhouse 

i s (1.02-1.21/1.02)xl00 = 18.6% high e r than f o r the N-S green­

house, but i t i s 6.6% lower i n June and J u l y . T h e r e f o r e , an 

E-W o r i e n t e d greenhouse r e q u i r e s l e s s supplemental heat d u r i n g 

the h e a t i n g season and l e s s v e n t i l a t i o n i n the summer i f the 

heat l o s s from the greenhouse i s assumed t o be independent of 

o r i e n t a t i o n . 



FIGURE 1.4: EFFECT OF E-W AND N-S ORIENTATION ON THE 
TOTAL TRANSMISSION FACTOR (TTF) FOR A 
GABLE GREENHOUSE. 



EFFECT OF DOUBLE GLAZING ON THE GREENHOUSE TTF 

The e f f e c t o f double g l a z i n g on s o l a r r a d i a t i o n i n p u t 

to the greenhouse i s shown i n F i g u r e 1.5. The l o s s o f s o l a r 

energy i n p u t due to double g l a z i n g i s o n l y 13%. However, 

economics must be c o n s i d e r e d such t h a t the savings i n the 

c o s t of energy w i l l o f f s e t the i n c r e a s e i n c a p i t a l c o s t f o r 

double g l a z i n g . A l s o , l o s s o f p r o d u c t i v i t y due to l i g h t 

r e d u c t i o n i n the double g l a z e d greenhouse must be c o n s i d e r e d . 

EFFECT OF OPAQUE NORTH WALL ON THE 
TTF OF AN EAST-WEST GLASSHOUSE 

The e f f e c t o f c o v e r i n g the n o r t h w a l l o f a greenhouse 

wit h opaque i n s u l a t i o n on the h e a t i n g l o a d was i n v e s t i g a t e d 

t h e o r e t i c a l l y by Chandra e t al.(1976) and e x p e r i m e n t a l l y by 

Wilson e t a l . ( 1 9 7 7 ) . The percent r e d u c t i o n i n h e a t i n g r e q u i r e ­

ments i s p r o p o r t i o n a l to the r e l a t i v e s u r f a c e area o f the nort h 

w a l l t o the t o t a l exposed s u r f a c e area o f the greenhouse. 

Wilson e t al.(1977) found no change i n l i g h t l e v e l s i n the 

greenhouse w i t h an opaque n o r t h w a l l . The Tra n s m i s s i o n F a c t o r s 

method (Figure 1.6) p r e d i c t s a 5.6% l o s s o f t o t a l s o l a r 

r a d i a t i o n i n p u t due to the opaque i n s u l a t i o n o f the nort h w a l l 

of an East-West o r i e n t e d greenhouse. V i r t u a l l y a l l t h i s l o s s 

i s d i f f u s e r a d i a t i o n . T h e r e f o r e , i t s e f f e c t i s r e s t r i c t e d t o 

a narrow band near the n o r t h w a l l . 



FIGURE 1.5: EFFECT OF DOUBLE GLAZING OF AN E-W ORIENTED 
GLASSHOUSE ON THE TOTAL TRANSMISSION FACTOR 
(TTF). 



FIGURE 1.6: EFFECT OF INSULATING THE NORTH WALL OR 
NORTH WALL AND.ROOF OF AN E-W ORIENTED 
GLASSHOUSE ON THE TOTAL TRANSMISSION 
FACTOR (TTF). 



EFFECT OF OPAQUE NORTH WALL AND NORTH ROOF 
ON THE TTF OF AN EAST-WEST GLASSHOUSE  

I n s u l a t i n g the no r t h w a l l and the no r t h r o o f t o t a l l y 

o r p a r t i a l l y with an opaque m a t e r i a l was proposed by Wilson 

e t a l . (1977). F i g u r e 1.6 shows t h a t a c o n s i d e r a b l e l o s s i n 

s o l a r energy i n p u t may be experienced w i t h t h i s system o f 

i n s u l a t i o n . From F i g u r e 1.6, the average l o s s e s may be 

c a l c u l a t e d to be i n the order o f 25% f o r January and i n c r e a s i n g 

to about 5 0% i n June f o r a greenhouse l o c a t e d at Vancouver, B.C. 

(49.25°N) w i t h a l l the no r t h w a l l and ro o f being i n t r a n s p a r e n t . 

In a d d i t i o n , one expects a shading problem d u r i n g most 

times of the year, depending on the l a t i t u d e o f the greenhouse. 

A movable o r a d j u s t a b l e opaque i n s u l a t i o n system might a l l e v i a t e 

the shading problem. 

EFFECT OF LOCATION ON THE GREENHOUSE TTF 

An east-west o r i e n t e d greenhouse (100m x 10m x 2m) was 

analyzed f o r four d i f f e r e n t l o c a t i o n s i n Canada, t o determine 

the e f f e c t o f l a t i t u d e and s o l a r r a d i a t i o n a v a i l a b i l i t y on the 

s o l a r energy i n p u t t o a greenhouse. The r e s u l t s expressed i n 

terms of d a i l y t o t a l t r a n s m i s s i o n f a c t o r s are i n c l u d e d i n 

F i g u r e 1.7. The monthly average d a i l y t o t a l s o l a r r a d i a t i o n 

on a h o r i z o n t a l s u r f a c e and the ground albedo used as i n p u t 

v a r i a b l e s t o the computer model are i n c l u d e d i n Table 1.1. 

The v a l u e s f o r the ground albedo f o r Montreal 



FIGURE 1.7: EFFECT OF LOCATION OF AN E-W ORIENTED 
GLASSHOUSE ON THE TOTAL TRANSMISSION 
FACTOR (TTF). 



were taken from Hay (1976) and those of Winnipeg and Edmonton were 

were assumed to be the same as those of Montreal w h i l e those o f 

Vancouver were from Hare & Hay (1974). The e f f e c t s of e r r o r s i n the 

e s t i m a t i o n of the ground albedo on the s o l a r energy input to 

a greenhouse i s expected to be small since the c o n t r i b u t i o n 

of the r e f l e c t e d component to t o t a l s o l a r r a d i a t i o n i n c i d e n t 

on the v a r i o u s s u r f a c e s of the greenhouse i s s m a l l , 

e s p e c i a l l y on the roof where the c o n f i g u r a t i o n f a c t o r between 

the roof and ground i s only 0.03 for a 20° s l o p e . F i g u r e 1.7 

shows that the same greenhouse l o c a t e d at a d i f f e r e n t 

l o c a t i o n w i l l have d i f f e r e n t s o l a r r a d i a t i o n t r a n s m i s s i o n 

f a c t o r s , e s p e c i a l l y d u r i n g the winter p e r i o d . Among the four 

l o c a t i o n s s t u d i e d , the greenhouse loca t e d at Edmonton has the 

highest (TTF), while Montreal and Vancouver the lowest 

(TTF). For example, for the month of January, the 

t r a n s m i s s i o n f a c t o r f o r the greenhouse used i n t h i s a n a l y s i s 

i s 1% higher for Montreal than for Vancouver, 16% for 

Winnipeg and 25% f o r Edmonton. The greenhouse t o t a l 

t r a n s m i s s i o n f a c t o r i s not only 

a f f e c t e d by the l a t i t u d e of i t s l o c a t i o n as shown by the 

d i f f e r e n c e i n (TTF) between Winnipeg and Vancouver which are 

l o c a t e d at approximately the same l a t i t u d e , but a l s o by 

weather f a c t o r s ( i . e . c l o u d , smog e t c . ) . The e f f e c t of 

weather f a c t o r s on s o l a r r a d i a t i o n may be estimated by the 

r a t i o of d i f f u s e to t o t a l i n s o l a t i o n Hd/H. The c a l c u l a t e d 



v a l u e s of these r a t i o s are i n c l u d e d i n Table 1.1. These 

v a l u e s suggest a c o r r e l a t i o n between t o t a l s o l a r r a d i a t i o n 

t r a n s m i s s i o n and capture and H^/H w i t h lower r a t i o s f a v o u r i n g 

the t r a n s m i s s i o n f a c t o r . 

SHED VS. GABLE GREENHOUSE 

Changing the shape of a greenhouse from a c o n v e n t i o n a l 

gable to a shed type c o n s t r u c t i o n i n c r e a s e s the south f a c i n g 

s u r f a c e area, thus improving the s o l a r r a d i a t i o n i n p u t to the 

greenhouse d u r i n g the w i n t e r months, as shown i n F i g u r e 1.8 

f o r M o ntreal. However, d u r i n g the summer months, the s o l a r 

r a d i a t i o n i n p u t to the shed greenhouse i s i n the same order 

of magnitude as t h a t f o r the gable greenhouse. The expected 

average i n c r e a s e i n s o l a r energy i n p u t to the shed greenhouse 

d u r i n g the w i n t e r months over.the gable greenhouse i s about 

20% (Figure 1.8). 

Another advantage of the shed d e s i g n i s the f a c i l i t y by 

which a s o l a r c o l l e c t o r may be i n t e g r a t e d w i t h i n the greenhouse 

at the upper p o r t i o n o f the opaque n o r t h w a l l . 

SHED VS. BRACE GREENHOUSE 

The Brace greenhouse was developed by T.A. Lawand e t a l . 

(1975) at the Brace Research I n s t i t u t e . The d e s i g n was 

s p e c i f i c a l l y c onceived f o r c o l d c l i m a t e r e g i o n s . A diagram 

o f the Brace greenhouse i s shown i n F i g u r e 1.8 (Shape B). The 

greenhouse must be east-west o r i e n t e d w i t h the n o r t h w a l l 

i n s u l a t e d and sloped at an angle equal t o the sun's z e n i t h . 



MONTH 

FIGURE 1.8: COMPARISON OF THE TOTAL TRANSMISSION 
FACTORS (TTF) FOR GABLE, BRACE AND SHED-
TYPE GREENHOUSES. 

* % S o l a r R a d i a t i o n Input Gain/Loss f o r 
Shed vs Gable 



angle d u r i n g the summer s o l s t i c e . The i n n e r s u r f a c e o f the 

n o r t h w a l l i s covered with a s o l a r r a d i a t i o n r e f l e c t i o n 

m a t e r i a l ( i . e . aluminum f o i l ) to d i r e c t r a d i a t i o n on to the 

p l a n t canopy. 

The t r a n s m i s s i o n f a c t o r method i s used here to compare 

the Brace and the shed greenhouse f o r t h e i r s o l a r r a d i a t i o n 

i n p u t e f f i c i e n c y as a f u n c t i o n of the time of the year. The 

r e s u l t s f o r Montreal are shown i n F i g u r e 1.8. When the t o t a l 

t r a n s m i s s i o n f a c t o r s f o r Brace and shed are compared to t h a t 

o f a c o n v e n t i o n a l gable greenhouse, i t can be seen from 

F i g u r e 1.8 t h a t d u r i n g the c o l d months (October to March 

i n c l u s i v e ) , the Brace i s e q u i v a l e n t to the gable greenhouse 

w h i l e the shed admits more s o l a r r a d i a t i o n d u r i n g t h a t same 

p e r i o d o f the y e a r . During the warm months (May to August 

i n c l u s i v e ) , the shed becomes e q u i v a l e n t t o the gable green­

house w h i l e the Brace captures l e s s s o l a r r a d i a t i o n . Thus, 

the Brace greenhouse i s more e f f i c i e n t than the gable or shed 

greenhouse due to i t s lower energy requirement f o r v e n t i l a t i o n . 

EFFECT OF LOCATION ON SHED GREENHOUSE TTF 

The monthly average t o t a l t r a n s m i s s i o n f a c t o r s (TTF) 

were c a l c u l a t e d f o r f i v e l o c a t i o n s having l a t i t u d e s r a n g i n g 

from 32.5°N (Tuscon, AZ.) to 53.5°N (Edmonton, A l t a . ) . The 

r e s u l t s f o r a shed greenhouse having a roof s l o p e o f 20 

degrees and o n l y the n o r t h w a l l i n s u l a t e d are shown i n F i g u r e 

1.9. These r e s u l t s are based on data f o r H and a as given i n 

Table 1.1. The ground albedo f o r Tuscon was assumed to be 
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FIGURE 1.9: EFFECT OF LOCATION ON THE TOTAL TRANSMISSION 
FACTOR (TTF) FOR A SHED-TYPE GREENHOUSE. 



constant over the year and equal to 0.20. 

A simultaneous examination of Table 1.1 and Fig u r e 1.9 

i n d i c a t e s c l e a r l y the e f f e c t of l a t i t u d e and c l o u d i n e s s index 

Krp on the t o t a l t r a n s m i s s i o n f a c t o r . As expected, the e f ­

f e c t of l a t i t u d e and K t on (TTF) i s small i n the summer, 

g i v i n g a t o t a l t r a n s m i s s i o n f a c t o r c l o s e to u n i t y for a l l the 

f i v e l o c a t i o n s s t u d i e d . However, during the winter months, 

the i n f l u e n c e of K-p and l a t i t u d e on (TTF) becomes more 

pronounced. I t i s i n t e r e s t i n g to n o t i c e the low (TTF) f o r 

Montreal f o r the month of November which can be exp l a i n e d by 

the r e l a t i v e l y high c l o u d i n e s s index ( K ^ = 0.64) f o r that 

month. The e f f e c t of the c l o u d i n e s s index on (TTF) can a l s o 

be seen by comparing the r e s u l t s f o r Vancouver with those of 

Winnipeg. Even though these two c i t i e s are l o c a t e d at app­

r o x i m a t e l y the same l a t i t u d e , the t o t a l t r a n s m i s s i o n f a c t o r s 

f o r Winnipeg during the winter months are s i g n i f i c a n t l y h i g h ­

er than those f o r Vancouver. Examination of Table 1.1 i n d i c a t e s 

that Winnipeg has lower c l o u d i n e s s i n d i c e s during the c o r r e s ­

ponding months. 

The i n f l u e n c e of l a t i t u d e (TTF) can e a s i l y be seen i f 

the r e s u l t s of Tuscon, Winnipeg and Edmonton are examined 

si m u l t a n e o u s l y (Figure 1.9 and Table 1.1). For the month of 

December, the average t o t a l t r a n s m i s s i o n f a c t o r f o r the shed 

greenhouse i s p r a c t i c a l l y the same for Montreal, Vancouver 

and Tuscon (Figure 1.9). However (TTF) f o r Winnipeg and 

Edmonton, when compared to that of Montreal, are 23% and 37% 

higher r e s p e c t i v e l y . 



EFFECT OF LENGTH, WIDTH AND OPAQUE EAST AND WEST  

WALLS ON THE TTF OF A SHED GREENHOUSE 

The c o n t r i b u t i o n of the south w a l l , east and west walls 

and the south roof of a shed-type greenhouse to the beam, 

d i f f u s e and t o t a l s o l a r r a d i a t i o n input i n t o the s t r u c t u r e as 

i t v a r i e s with time of the year i s d e p i c t e d i n F i g u r e 1.10. 

The shed greenhouse used i n t h i s example i s 100 metres long 

by 10 metres wide with a south roof slope of 20 degrees from 

the h o r i z o n t a l . The height of the t r a n s p a r e n t s e c t i o n of the 

south w a l l i s assumed to be 2 metres. 

Fig u r e 1.10 shows that the c o n t r i b u t i o n of the south w a l l 

to the d i r e c t component of s o l a r r a d i a t i o n input i n t o the 

greenhouse i s i n the order of 20 percent during the winter 

months and decreased to a lowvalue of only 3 percent during the 

summer p e r i o d . T h i s decrease in the beam r a d i a t i o n 

c o n t r i b u t i o n can be a t t r i b u t e d to the high i n c i d e n c e angle 

causing a r e d u c t i o n i n the beam transmittance of the south 

cover. 

On the other hand, the c o n t r i b u t i o n of the same w a l l to 

the d i f f u s e component of s o l a r r a d i a t i o n input remained 

f a i r l y constant throughout the year at an approximate value 

of 12 p e r c e n t . T h i s i s a d i r e c t r e s u l t of the assumed 

constant d i f f u s e transmittance of the covering m a t e r i a l . 

The c o n t r i b u t i o n of the east and west w a l l s combined 

to beam s o l a r r a d i a t i o n input to the shed greenhouse i s 
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very s m a l l throughout the year as i s c l e a r l y i n d i c a t e d by 

F i g u r e 1.10(a). The c o n t r i b u t i o n of these w a l l s to the 

d i f f u s e component i s s l i g h t l y h i g h e r than t h a t f o r the d i r e c t 

component, but s t i l l r e l a t i v e l y low as can be d e p i c t e d i n 

F i g u r e 1.10(b). T h e r e f o r e , f o r t h i s s i z e of greenhouse, the 

east and west w a l l s c o u l d be made opaque without a 

s i g n i f i c a n t l o s s of t o t a l s o l a r r a d i a t i o n i n p u t , as can be 

seen from F i g u r e 1.10(c). 

The e f f e c t of l e n g t h on the t o t a l s o l a r r a d i a t i o n 

t r a n s m i s s i o n f a c t o r (TTF) of a 10 metre wide and 20 degree 

r o o f s l o p e shed-type greenhouse i s shown i n F i g u r e 1.11. The 

r e s u l t s i n d i c a t e d i n the above mentioned f i g u r e are f o r a 

greenhouse l o c a t e d i n the Montreal r e g i o n . I t i s c l e a r from 

F i g u r e 1.11 t h a t i n c r e a s i n g the l e n g t h of the shed greenhouse 

wi t h t r a n s p a r e n t e a s t and west w a l l decreases the t o t a l t r a n s ­

m i s s i o n f a c t o r s i g n i f i c a n t l y . The decrease i n the d a i l y 

TTF i s more pronounced f o r the r e l a t i v e l y s h o r t e r greenhouses. 

T h i s i s due to the l a r g e c o n t r i b u t i o n of d i f f u s e s o l a r r a d i a t i o n 

t r a n s m i t t e d through the east and west w a l l s when compared to 

the t o t a l r a d i a t i o n i n p u t t o the greenhouse. I f the east and 

west w a l l s of the shed greenhouse were i n s u l a t e d w i t h an 

opaque m a t e r i a l , then the monthly d a i l y average t o t a l t r a n s ­

m i s s i o n f a c t o r s become the same f o r any greenhouse l e n g t h . 

O b v i o u s l y , t h i s i m p l i e s t h a t i n s u l a t i n g the e a s t and west w a l l s 

of a s h o r t shed greenhouse r e s u l t s i n a significant decrease i n solar 
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EAST AND WEST WALLS OF A SHED-TYPE 
GREENHOUSE ON ITS TOTAL TRANSMISSION 
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FIGURE 1.12: CONTRIBUTION OF THE EAST AND WEST WALLS OF A SHED-TYPE GREENHOUSE 
TO THE DIFFUSE AND TOTAL SOLAR RADIATION INPUT AS A FUNCTION OF 
GREENHOUSE LENGTH. (L o c a t i o n : M o n t r e a l , Quebec). 
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FIGURE 1.13: EFFECT OF LENGTH, WIDTH AND INSULATING 

EAST AND WEST WALLS OF AN E-W SHED 
GREENHOUSE ON ITS MONTHLY AVERAGE DAILY 
TOTAL TRANSMISSION FACTOR (TTF). 

Curves A & B North W a l l I n s u l a t e d 
Curves C & D N, E & W Walls I n s u l a t e d 

Other C o n s t r u c t i o n Parameters: 
Roof Slope: 20° 
South Wall Height: 2 m 
Covering M a t e r i a l : S i n g l e Layer G l a s s 

L o c a t i o n : Montreal, Quebec. 



energy input to i t ( F i g . 1.11). 

The above f a c t can b e t t e r be seen by examination of 

F i g u r e 1.12, which i n d i c a t e s the e f f e c t of the length on the 

percent c o n t r i b u t i o n of the east and west w a l l s of the shed 

greenhouse to the d i f f u s e and t o t a l s o l a r r a d i a t i o n input. 

A c c o r d i n g to the above f i g u r e , i n s u l a t i n g the east and west 

w a l l s of a shed greenhouse having a length of 50 metres or 

more r e s u l t s i n only a small l o s s ( l e s s than 5 percent) i n 

s o l a r r a d i a t i o n input. 

The e f f e c t of the width of a shed-type greenhouse on the 

t o t a l s o l a r r a d i a t i o n t r a n s m i s s i o n f a c t o r i s shown i n Figure 

1.13. Doubling the width from 10 metres to 20 metres has 

r e s u l t e d in a maximum decrease of the greenhouse TTF of only 

9 p e r c e n t . T h i s decrease i s due to the lower percent 

c o n t r i b u t i o n of s o l a r r a d i a t i o n input through the south w a l l 

r e l a t i v e to the south roof for the case of the wider 

greenhouse. 

CONCLUSIONS 

Using the t o t a l t r a n s m i s s i o n f a c t o r as a c r i t e r i o n , the 

f o l l o w i n g c o n c l u s i o n s were drawn for s i n g l e span glasshouses 

as fa r as t h e i r s o l a r r a d i a t i o n input e f f i c i e n c y was 

concerned. 

1. An east-west o r i e n t e d greenhouse captures more 

s o l a r r a d i a t i o n during the winter than a north-south 

o r i e n t e d greenhouse. 



2. Double g l a z i n g (glass) r e s u l t s i n 13% l o s s o f s o l a r 

energy i n p u t t o an east-west o r i e n t e d greenhouse as 

compared to s i n g l e g l a s s cover. 

3. Opaque i n s u l a t i o n o f the n o r t h w a l l o f an east-west 

o r i e n t e d gable greenhouse causes l e s s than 6% l o s s i n 

the t o t a l s o l a r r a d i a t i o n i n p u t . V i r t u a l l y a l l t h i s 

l o s s i s d i f f u s e r a d i a t i o n , and i t s e f f e c t i s r e s t r i c t e d 

to a narrow r e g i o n near the n o r t h w a l l . 

4. Opaque i n s u l a t i o n o f the n o r t h w a l l and r o o f of an e a s t -

west o r i e n t e d gable greenhouse r e s u l t s i n a c o n s i d e r a b l e 

l o s s i n s o l a r energy i n p u t . For the greenhouse s t u d i e d , 

the l o s s was from 29% i n January to 50% i n June. 

5. On a per u n i t f l o o r area b a s i s , the s o l a r energy i n p u t 

to a shed type greenhouse i s h i g h e r d u r i n g the h e a t i n g 

season p e r i o d than t h a t t o a gable greenhouse. 

6. In g e n e r a l , an i n c r e a s e i n the l e n g t h of a shed-type 

greenhouse r e s u l t s i n a decrease i n the t o t a l s o l a r 

r a d i a t i o n t r a n s m i s s i o n f a c t o r (TTF). T h i s r a t e of 

decrease i n TTF i s found to be i n the order of 1%, 0.25% 

and 0.05% per metre f o r the greenhouse l e n g t h ranges of 

10 to 20m, 20 to 50m and 50 to 100m, r e s p e c t i v e l y 

(Figure 1.11). 

7. Doubling the width from 10 to 20m of a 100m long shed-

type greenhouse has decreased the TTF by l e s s than 9%. 



8. Opaque i n s u l a t i o n of the e a s t and west w a l l s of a shed-

type greenhouse r e s u l t s i n o n l y a s l i g h t decrease i n 

t o t a l s o l a r r a d i a t i o n i n p u t (<5%) p r o v i d e d i t s l e n g t h 

i s kept above 50 metres. 

9. The greenhouse t o t a l t r a n s m i s s i o n f a c t o r was found to 

be a f u n c t i o n of l a t i t u d e and the r a t i o of d i f f u s e to 

t o t a l s o l a r r a d i a t i o n on a h o r i z o n t a l s u r f a c e . 



NOMENCLATURE 

Symbol D e f i n i t i o n U n i t s 
2 

A^ - area of greenhouse f l o o r -m 

A. - area o f a s p e c i f i c s u r f a c e " i " o f the 
/-r v* /~\ <r\ T-\ V-\ /~\ n n / ~ i <\ »-\ <<~» 1 s-\ •» •» greenhouse e n c l o s u r e m 2 

H b ' H d ' H ~ m o n t n l y average d a i l y beam, d i f f u s e 
and t o t a l r a d i a t i o n i n c i d e n t on a 
h o r i z o n t a l s u r f a c e o u t s i d e the 
greenhouse, r e s p e c t i v e l y kJ-m~ 

H b i ' H d i ' H i ~ m o n t n l - y average beam, d i f f u s e and 
' ' t o t a l r a d i a t i o n i n c i d e n t on a s p e c i f i c 

s u r f a c e " i " o f the greenhouse e n c l o s u r e , 
r e s p e c t i v e l y kJ.m 

monthly average d a i l y e x t r a t e r r e s t r i a l / 
s o l a r r a d i a t i o n on a h o r i z o n t a l s u r f a c e k j / 

-2 

H q - monthly average da 

I b ~ instantaneous beam r a d i a t i o n i n c i d e n t 
on a s p e c i f i c s u r f a c e 

I b > t ~ i n s t a n t a n e o u s beam r a d i a t i o n t r a n s m i t t e d 
through the s p e c i f i c s u r f a c e 

- h o u r l y beam r a d i a t i o n i n c i d e n t on a 
s u r f a c e 

monthly average h o u r l y beam r a d i a t i o n 
i n c i d e n t on a s p e c i f i c s u r f a c e " i " of 
the greenhouse e n c l o s u r e 

I
d - monthly average h o u r l y d i f f u s e 

r a d i a t i o n i n c i d e n t on a h o r i z o n t a l 
s u r f a c e o u t s i d e the greenhouse 

monthly average h o u r l y t o t a l 
r a d i a t i o n i n c i d e n t on a h o r i z o n t a l 
s u r f a c e o u t s i d e the greenhouse kJ 

K
T - c l o u d i n e s s index (K T = H/Ho) 

R b , i ~ r a t i ° o f beam r a d i a t i o n on a t i 
s u r f a c e " i " t o t h a t on a hor i z c 

t i l t e d 
a h o r i z o n t a l 

s u r f a c e , r e s p e c t i v e l y 

:b' *b' Tb,day ~ i n s t a n t a n e o u s , average h o u r l y and 
average d a i l y t r a n s m i t t a n c e o f a 
t r a n s p a r e n t s u r f a c e to beam s o l a r 
r a d i a t i o n r e s p e c t i v e l y 



b , i d , i i 

e h 

0. 
1 

monthly average d a i l y t r a n s m i t t a n c e 
of a s p e c i f i c s u r f a c e " i " to beam, 
d i f f u s e and t o t a l s o l a r r a d i a t i o n 
r e s p e c t i v e l y 

s o l a r r a d i a t i o n i n c i d e n c e angle f o r 
a h o r i z o n t a l s u r f a c e 

s o l a r r a d i a t i o n i n c i d e n c e angle w i t h 
r e s p e c t to a s p e c i f i c s u r f a c e " i " of 
the greenhouse e n c l o s u r e 

l a t i t u d e angle ( l o c a t i o n of the 
greenhouse) 

sun's d e c l i n a t i o n angle 

hour angle 

t i l t angle of a s p e c i f i c s u r f a c e " i " 
o f the greenhouse e n c l o s u r e 
( v e r t i c a l , e = 90°) 

r a d i a n s 

r a d i a n s 

r a d i a n s 

r a d i a n s 

r a d i a n s 

r a d i a n s 

4> 

1 

Y• - o r i e n t a t i o n angle of a s p e c i f i c 
s u r f a c e " i " o f the greenhouse 
e n c l o s u r e (south, y = 0°) r a d i a n s 

UJ , a) - s u n r i s e and sunset hour angles 
r e s p e c t i v e l y r a d i a n s 

a - ground albedo near the greenhouse 



CHAPTER 2 

TOTAL SOLAR RADIATION CAPTURE FACTORS 
OF 

GREENHOUSES 



INTRODUCTION 

T h i s chapter d i s c u s s e s the d i f f u s e s o l a r r a d i a t i o n 

l o s s e s from greenhouses. The f i r s t s e c t i o n o f the chapter 

i s devoted t o the s p e c i a l case of a gable greenhouse where 

two sources o f d i f f u s e l o s s e s are i d e n t i f i e d : d i r e c t l o s s 

from the gable r o o f and i n d i r e c t l o s s o f d i f f u s e r a d i a t i o n 

due to the e f f e c t i v e albedo of the p l a n t canopy and the 

uncovered greenhouse f l o o r . Taking these two l o s s e s i n t o 

account, the t o t a l s o l a r r a d i a t i o n t r a n s m i s s i o n f a c t o r 

p r e v i o u s l y d e f i n e d i n chapter 1 i s m o d i f i e d to gi v e what the 

author c a l l s "a greenhouse t o t a l capture f a c t o r " . A 

mathematical e x p r e s s i o n f o r the s o l a r r a d i a t i o n t o t a l capture 

f a c t o r i s a l s o g i v e n f o r the case of a gable greenhouse. 

The second s e c t i o n of t h i s chapter i n t r o d u c e s a method 

of c a l c u l a t i n g the r a d i a t i o n c o n f i g u r a t i o n f a c t o r s f o r green­

house a p p l i c a t i o n s . Numerical va l u e s o f the c o n f i g u r a t i o n 

f a c t o r s are r e q u i r e d f o r the e s t i m a t i o n o f the greenhouse 

capture f a c t o r s . 



SECTION A 

TOTAL CAPTURE FACTORS 
FOR 

GABLE GREENHOUSES 



TOTAL CAPTURE FACTORS FOR GABLE GREENHOUSES 

The greenhouse t o t a l t r a n s m i s s i o n f a c t o r as def i n e d 

p r e v i o u s l y does not take i n t o account the d i f f u s e r a d i a t i o n 

l o s s e s through the roof and the r e f l e c t i o n l o s s e s from the 

p l a n t canopy. These two sources of s o l a r r a d i a t i o n l o s s 

w i l l be considered i n the f o l l o w i n g chapter for the case of 

a gable greenhouse. 

ASSUMPTIONS 

With res p e c t to the d e r i v a t i o n of the greenhouse s o l a r 

r a d i a t i o n capture f a c t o r , the f o l l o w i n g assumptions are 

made: 

i ) Only the ab s o r p t i o n and r e f l e c t i o n l o s s e s of the 

g l a s s cover are accounted f o r . 

i i ) No condensation or dust accumulation on the glass 

cover. 

i i i ) The e f f e c t of the s t r u c t u r a l frame i s neg l e c t e d . 

iv) A l l the beam r a d i a t i o n t r a n s m i t t e d through the 

g l a s s cover i s i n c i d e n t on p l a n t canopy ( i . e . t a l l 

p l a n t s and low roof s l o p e ) . 

v) Plant r e f l e c t i o n for s o l a r r a d i a t i o n i s p e r f e c t l y 

d i f f u s e d . 

v i i ) M u l t i p l e r e f l e c t i o n s between the p l a n t canopy and 

the greenhouse cover are neglected (only the f i r s t 

r e f l e c t i o n i s c o n s i d e r e d ) . 



THEORETICAL FORMULATION* 

Assumption ( i v ) s t a t e s that a l l the beam r a d i a t i o n 

t r a n s m i t t e d through any greenhouse s u r f a c e i reaches the 

p l a n t s . Then the beam r a d i a t i o n from surface i t h a t i s 

i n c i d e n t on the p l a n t canopy i s simply, 

A. T. .5, . . (1) 
l b, l b, l 

But, only a f r a c t i o n of the d i f f u s e r a d i a t i o n t r a n s m i t t e d 

through the sur f a c e i i s reaching the p l a n t s . T h e r e f o r e , 

the d i f f u s e r a d i a t i o n from surface i which i s i n c i d e n t on 

the p l a n t canopy may be represented by 

A i 7 d # i H d / i ( l - x d f i F ) . (2) 

The above ex p r e s s i o n i s v a l i d only i f the two r o o f s l o p e s are 

made of the same m a t e r i a l such that the d i f f u s e t r a n s m i t ­

tance can be considered equal for both s l o p e s . Furthermore, 

i n the case of t a l l p l a n t canopies, such as tomatoes and 

ro s e s , the f a c t o r F i s clo s e to zero for the v e r t i c a l s u r ­

faces of the greenhouse, which i m p l i e s that a l l the d i f f u s e 

r a d i a t i o n t r a n s m i t t e d through the v e r t i c a l w a l l s of the 

greenhouse reaches the p l a n t canopy. However, i n the case 

of the greenhouse roof, a f r a c t i o n of the d i f f u s e r a d i a t i o n 

coming from one side of the roof i s t r a n s m i t t e d and l o s t to 

the o u t s i d e through the other side of the roof. The d i f f u s e 

r a d i a t i o n l o s s through the greenhouse roof i s represented i n 

* The d e f i n i t i o n of symbols used i n t h i s s e c t i o n can be 

found on Page 113. 



equation (2) by the term which i s p r o p o r t i o n a l to T , . F, 
Q , I 

where F i s the r a d i a t i o n c o n f i g u r a t i o n f a c t o r between the 

two s l o p e s of the greenhouse r o o f . The f a c t o r F may be 

c a l c u l a t e d u s i n g the method d e s c r i b e d by F e i n g o l d (1966). 

A summary of the method and i t s a p p l i c a t i o n to greenhouse 

c o n f i g u r a t i o n f a c t o r s i s d i s c u s s e d i n a l a t e r s e c t i o n of 

t h i s chapter. 

The t o t a l s o l a r r a d i a t i o n from any s u r f a c e i of the 

greenhouse which i s i n c i d e n t on the p l a n t canopy i s then 

c a l c u l a t e d u s i n g equations 1 and 2 as f o l l o w s : 

A. H. = A. Ex. . H. . + T . .H. . (1 - T , - F ) ] . (3) i i l b , i b , i d , i d , i d , i 

The t o t a l s o l a r r a d i a t i o n coming from any s u r f a c e i of 

the greenhouse t h a t i s absorbed by the p l a n t can be c a l c u l a t e d 

by m u l t i p l y i n g e q u a t i o n 3 by a c o r r e c t i o n f a c t o r f o r 

r e f l e c t i o n l o s s e s due to the p l a n t albedo, to g i v e , 

A i 5 i ( 1 - p T d , i } ' ( 4 ) 

In e q u a t i o n 4 o n l y the f i r s t r e f l e c t i o n i s c o n s i d e r e d as shown 

i n the sketch below. A l s o , the r e f l e c t e d r a d i a t i o n by the 

p l a n t canopy i s assumed to be d i f f u s e d r e g a r d l e s s of the 

o r i g i n a l i n c i d e n t r a d i a t i o n . 

PT, .A.H 
' d, l I i 

c o ver 
( d i f f u s e t r a n s m i t t a n c e , 

d, i 

p l a n t canopy 
( e f f e c t i v e albedo, p ) 



Now, a " t o t a l s o l a r r a d i a t i o n capture f a c t o r " f o r the 

greenhouse may be d e f i n e d as the r a t i o o f the s o l a r energy 

captured by the p l a n t canopy to t h a t i n c i d e n t on a 

h o r i z o n t a l o u t s i d e s u r f a c e whose area i s equal t o the 

greenhouse ground area. The greenhouse t o t a l capture f a c t o r 

(TCF) may be c a l c u l a t e d as f o l l o w s : 
n 
E A i [ T b / i H b f i + T d f i H d i ( l - T D i F ) ] ( l - P T D i ) 
1 = 1 

TCF= - . (5) 
Af H 

The t o t a l s o l a r r a d i a t i o n capture f a c t o r for a 

greenhouse i s u s e f u l for comparing greenhouses at d i f f e r e n t 

l o c a t i o n s and with v a r i o u s greenhouse c o n s t r u c t i o n 

parameters ( i . e . i n s u l a t i o n , r oof s l o p e , e t c . ) f o r t h e i r 

e f f e c t i v e n e s s as pas s i v e s o l a r energy c o l l e c t o r s . 

RESULTS AND DISCUSSION 

The e f f e c t of s o l a r r a d i a t i o n l o s s through the 

greenhouse roof and the r a d i a t i o n l o s s due to the e f f e c t i v e 

albedo of the p l a n t canopy are shown i n Figure 2.1. The 

curves represented i n the f i g u r e are for a gable greenhouse 

l o c a t e d i n the Vancouver, B.C. area and having the 

c o n s t r u c t i o n parameters as i n d i c a t e d on the diagram i n 

Figu r e 2.1. The d i r e c t l o s s of s o l a r r a d i a t i o n through the 

roof can be seen from F i g u r e 2.1 by comparing the t o t a l 

t r a n s m i s s i o n f a c t o r (TTF) curve to the curve for an 

e f f e c t i v e p l a n t canopy albedo of zero. The word d i r e c t l o s s 

i s used here to d i s t i n g u i s h i t from that due to the 



MONTH 

FIGURE 2.1: EFFECT OF PLANT ALBEDO ON THE SOLAR 
RADIATION CAPTURE FACTOR FOR A GABLE 
GREENHOUSE. 

Dimensions: 100 m x 10 m 
O r i e n t a t i o n : E-W l o n g - a x i s 
Cover: S i n g l e Layer 3 mm Glass 
L o c a t i o n : Vancouver, B.C. (49.25°N) 



r e f l e c t i o n of s o l a r r a d i a t i o n by the p l a n t canopy. The 

d i r e c t l o s s c o n s t i t u t e s the s o l a r r a d i a t i o n t r a n s m i t t e d 

through the roof but has never reached the p l a n t s or any 

other o b j e c t i n s i d e the greenhouse. As can be seen from 

F i g u r e 2.1, t h i s l o s s i s small provided the roof slope i s 

kept low. For the example c i t e d here, t h i s l o s s was found 

to be in the order of f i v e percent of the t o t a l s o l a r 

r a d i a t i o n e n t e r i n g the greenhouse. 

On the other hand, the s o l a r r a d i a t i o n l o s s due to 

r e f l e c t i o n by the p l a n t canopy and o b j e c t s i n s i d e the 

greenhouse are found to be r e l a t i v e l y more s i g n i f i c a n t than 

the d i r e c t l o s s through the r o o f . Obviously , r e f l e c t i o n 

l o s s e s are d i r e c t l y dependent on the e f f e c t i v e albedo of the 

p l a n t canopy i n c l u d i n g f l o o r and other o b j e c t s . 

Experimental values of the e f f e c t i v e albedo w i t h i n 

greenhouses are not r e a d i l y a v a i l a b l e ; however, two 

h y p o t h e t i c a l values of 0.1 and 0.3 were used for 

i l l u s t r a t i o n purposes. The s o l a r r a d i a t i o n l o s s e s due to 

p l a n t canopy r e f l e c t i o n as expressed i n terms of the 

greenhouse t o t a l capture f a c t o r are shown i n F i g u r e 2.1. 

These l o s s e s were found to be 8 and 24 percent for e f f e c t i v e 

albedos of 0.1 and 0.3 r e s p e c t i v e l y when compared to an 

albedo of zero. 

In t h i s a n a l y s i s , the e f f e c t i v e albedo i s taken as a 

constant throughout the year. In r e a l i t y , i t s value i s 



c l o s e l y r e l a t e d to the type of crop grown and i t s stage of 

development. The e f f e c t i v e albedo could a l s o be a r t i f i c a l l y 

m o d i f i e d to improve the greenhouse s o l a r r a d i a t i o n capture 

f a c t o r . T h i s indeed has been done with the use of Q-mats* 

f o r s o l a r energy c o l l e c t i o n and storage. One e f f e c t of the 

Q-mats i s a r e d u c t i o n i n the e f f e c t i v e greenhouse albedo. 

Q -mats i s a trade name for a s o l a r c o l l e c t o r developed 

i n France s p e c i f i c a l l y for greenhouse a p p l i c a t i o n s , i t 

c o n s i s t s of black p l a s t i c mats which are layed f l a t on 

the greenhouse f l o o r and/or under the p l a n t s , then 

f i l l e d with water to t r a n s p o r t the energy c o l l e c t e d to 

a thermal storage tank. Q-mats are a l s o used as a heat 

d i s t r i b u t i o n system i n waste energy recovery 

a p p l i c a t i o n s to greenhouses. 
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CALCULATION OF  

CONFIGURATION FACTORS 

In the f i r s t s e c t i o n of t h i s chapter, i t was found that 

the s o l a r r a d i a t i o n capture f a c t o r f o r gable greenhouses i s 

dependent on the d i f f u s e r a d i a t i o n c o n f i g u r a t i o n f a c t o r s 

between the two slopes of the r o o f . T h i s s e c t i o n 

c o n c e n t r a t e s on an a n a l y t i c a l method to c a l c u l a t e these 

c o n f i g u r a t i o n f a c t o r s to be used with res p e c t to gable 

greenhouses. 

ASSUMPTIONS 

The f o l l o w i n g assumptions are made with respect to the 

d e r i v a t i o n of the r a d i a n t - i n t e r c h a n g e c o n f i g u r a t i o n f a c t o r s 

f o r greenhouse a p p l i c a t i o n s : 

i ) The r a d i a t i o n from any sur f a c e i i s p e r f e c t l y 

d i f f u s e . 

i i ) The su r f a c e i s i s o t h e r m a l . 

THEORY* 

The r a d i a t i o n c o n f i g u r a t i o n f a c t o r F-|_2 i s d e f i n e d as 

the f r a c t i o n of the r a d i a t i o n l e a v i n g an isothermal w a l l of 

sur f a c e area A-̂  that i s i n c i d e n t upon another w a l l of area 

A geometric shape commonly present with respect to 

* The d e f i n i t i o n o f symbols used i n t h i s s e c t i o n can 
be found on Page 113. 



greenhouses can be t r e a t e d as two r e c t a n g l e s having a common 

edge. The s p e c i a l case o f such r e c t a n g l e s forming a r i g h t 

angle leads to a simple formula found i n most heat t r a n s f e r 

textbooks. The g e n e r a l case o f two r e c t a n g l e s forming an 

a r b i t r a r y angle has been f i r s t t r e a t e d by Hamilton and Morgan 

(1952) who ob t a i n e d the e x p r e s s i o n shown i n F i g u r e 2.2. 

Numerical va l u e s o f the c o n f i g u r a t i o n f a c t o r s as c a l c u l a t e d 

u s i n g Hamilton and Morgan's eq u a t i o n are gi v e n by F e i n g o l d 

(1966) f o r c e r t a i n angles and dimensions. U n f o r t u n a t e l y , the 

t a b u l a t e d v a l u e s do not cover the range o f dimensions u s e f u l 

f o r greenhouse a p p l i c a t i o n s . I t i s the o b j e c t o f t h i s s e c t i o n 

to o b t a i n v a l u e s f o r c o n f i g u r a t i o n f a c t o r s to be used f o r 

d i f f u s e r a d i a t i o n a n a l y s i s i n gable greenhouses. For a 

d e t a i l e d a n a l y s i s and more comprehensive r e s u l t s o f 

c o n f i g u r a t i o n f a c t o r s f o r t r i a n g u l a r and c i r c u l a r r o o f green­

houses, the reader i s r e f e r r e d t o McAdam e t a l . ( 1 9 7 1 ) . 

RESULTS AND DISCUSSION 

The e x p r e s s i o n shown i n F i g u r e 2.2 i s used to determine 

the c o n f i g u r a t i o n f a c t o r F between the two r o o f s l o p e s o f a 

gable greenhouse, and the c o n f i g u r a t i o n f a c t o r from one ro o f 

slope t o the p l a n t canopy, F'. Then, the r a d i a t i o n 

c o n f i g u r a t i o n f a c t o r from one r o o f s l o p e to the two gable 

ends F" i s c a l c u l a t e d as f o l l o w s : 

F" = 1 - F - F' (6) 

The r a d i a t i o n c o n f i g u r a t i o n f a c t o r s are determined f o r 

greenhouse le n g t h s from 10 t o 100 metres and having a width 

from 5 to 15 metres w i t h roof s l o p e s chosen to cover the 



L = cjb; N = a/b. 

i •• Wb\ l\ - (1+N2)V+L*) 1«»*.-o»*+cot»» r L 2(l + AT2 + £2_-2ATLcos_<P) 1 L 2) 
+ it,in n ( [ i + ; v 2 + Z 2 _ 2 ^ j L ( . o s ^ J [(l + L*f(N* + L*-ML cos / 

, cos8 

+ J A 2 sin- <D In J (-Y2 + i 2 _ 2 i V L -os ,h) ( t + Nz + £•> J j A TZ cos"*) 

+ .V tan-1 j - V(A'2 + X2 - 2ATZ, cos 0 ) cot"1 y/(N2 + X2 - 2 ATZ, cos «D) 

+ J A7 sin <D sin 2<J> ̂ ( 1 + iVs sin2 

+ Ltan-1j 

+ cos 

* J * i / A* cos* \ ,/ £-ATcos<t>Y] 
0 ) [ t a n (,7^A' 2siOT)) + t a n _ 1 ( v T l T A^n^ J 

d) f % ( l + s W O ) f t a n - i ( d z l Jo L \.V(l+22sms<I>)/ \ >/(l + 2 2sin*0)/J J| 

FIGURE 2.2: RADIATION CONFIGURATION FACTOR BETWEEN 
TWO RECTANGLES FORMING AN ARBITRARY 
ANGLE.* 

* Source: F e i n g o l d , A. (1966) 



range commonly used by the greenhouse i n d u s t r y . Three r o o f 

s l o p e s were s e l e c t e d , namely 15°, 20° and 25° f o r which the 

r e s u l t s are shown i n F i g u r e s 2.3, 2.4 and 2.5, r e s p e c t i v e l y . 

For each roof s l o p e , the v a l u e s of F and F" are p l o t t e d as a 

f u n c t i o n of greenhouse l e n g t h and width. The e f f e c t o f roof 

slope on the r a d i a t i o n c o n f i g u r a t i o n f a c t o r s can be seen i n 

Table 2.1. 

EFFECT OF GREENHOUSE WIDTH 

For any r o o f s l o p e , i n c r e a s i n g the width decreases the 

c o n f i g u r a t i o n f a c t o r . T h i s e f f e c t i s s i g n i f i c a n t o n l y f o r 

r e l a t i v e l y s h o r t greenhouse. For example, f o r a r o o f slope 

of 20° (Figure 2.4) and a greenhouse l e n g t h of 20 metres, 

an i n c r e a s e i n the greenhouse width from 5 to 10 metres 

r e s u l t s i n a decrease f o r the va l u e o f the f a c t o r F from 

0.05657 to 0.05298. However, f o r the same r o o f s l o p e but 

f o r a greenhouse l e n g t h of 70 metres, the v a l u e s of F become 

0.0592 and 0.0582 f o r a 5 and 10 metres greenhouse width 

r e s p e c t i v e l y . 

EFFECT OF GREENHOUSE LENGTH 

For r o o f s l o p e s and widths i n v e s t i g a t e d , the c o n f i g u r a t i o n 

f a c t o r F i s found to i n c r e a s e w i t h i n c r e a s i n g greenhouse l e n g t h . 

The r a t e of i n c r e a s e of F wi t h l e n g t h i s l a r g e r f o r s h o r t e r 

greenhouses. For long greenhouses, the e f f e c t o f l e n g t h on 

the v a l u e of F becomes s m a l l . T h i s i s due to the e f f e c t o f 

the gable ends which becomes very s m a l l f o r the long 
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greenhouses as d e p i c t e d i n F i g u r e s 2.3 to 2.5 by the s m a l l 

v a l u e s o f the c o n f i g u r a t i o n f a c t o r s between the r o o f slope 

and the gable ends F". For the purpose of i l l u s t r a t i o n , 

take f o r example a greenhouse having a r o o f slope of 20 

degrees and a width of 10 metres; then by F i g u r e 2.4 i t 

can be seen t h a t the value o f F i n c r e a s e s from 0.0466 to 

0.0573 f o r an i n c r e a s e i n l e n g t h from 10 to 50 metres. 

However, i f the greenhouse l e n g t h i s i n c r e a s e d from 60 to 

100 metres, the valu e s of F has i n c r e a s e d o n l y from 0.0578 

to 0.0588. 

EFFECT OF ROOF SLOPE 

The greenhouse r o o f slope has more e f f e c t on the value 

of the c o n f i g u r a t i o n f a c t o r F than the l e n g t h and width of 

the greenhouse. Table 2.1 g i v e s the valu e s of. F and F" as 

a f u n c t i o n o f greenhouse l e n g t h f o r three r o o f s l o p e s and a 

cons t a n t width of 10 metres. 

I t i s important t o n o t i c e t h a t the valu e s of F" are 

much high e r than those of F f o r s h o r t greenhouse r e g a r d l e s s 

of the r o o f s l o p e . T h i s i m p l i e s t h a t the r a d i a t i o n l o s s 

from the gable, ends must be c o n s i d e r e d when d e a l i n g w i t h 

s h o r t greenhouses d u r i n g the c a l c u l a t i o n o f the t o t a l capture 

f a c t o r s (TCF) d e f i n e d i n the p r e v i o u s s e c t i o n . In long 

greenhouses (say > 50 metres) the end e f f e c t s may be n e g l e c t e d 

s i n c e the f r a c t i o n of r a d i a t i o n t r a n s m i t t e d through one roof 

slope t h a t i s l o s t through the gable ends i s expected to be 

l e s s than 2%. T h e r e f o r e , equation 5 f o r the c a l c u l a t i o n of 



TABLE 2.1 

RADIATION CONFIGURATION FACTORS BETWEEN THE TWO SLOPES OF ROOF (F)  

AND FROM ONE ROOF SLOPE TO GABLE ENDS (F") FOR A GABLE GREENHOUSE 

HAVING A WIDTH OF 10 METRES 

Greenhouse Roof Slope 
Length 1 5 ° 2 0 ° 25° 
(m) 

F F" F F" F F" 

10 0.0264 0.0674 0.0466 0.0902 0.0722 0.1130 

20 0.0300 0.0342 0.0530 0.0461 0.0822 0.0581 

30 0.0313 0.0229 0.0553 0.0309 0.0859 0.0390 

40 0.0320 0.0172 0.0566 0.0232 0.0878 0.0293 

50 0.0324 0.0138 0.0573 0.0181 0.0890 0.0235 

60 0.0327 0.0115 0.0578 0.0155 0.0898 0.0196 

70 0.0329 0.0098 0.0582 0.0133 0.0903 0.0168 

80 0.0330 0.0086 0.0584 0.0116 0.0907 0.0147 

90 0.0331 0.0077 0.0586 0.0103 0.0911 0.0130 

100 0.0332 0.0069 0.0588 0.0093 0.0913 0.0117 



the greenhouse t o t a l capture f a c t o r (TCF) as d e r i v e d i n 

s e c t i o n A of t h i s chapter i s v a l i d f o r long greenhouses 

o n l y , s i n c e d u r i n g the d e r i v a t i o n , the r a d i a t i o n l o s s by 

the gable ends has been n e g l e c t e d . 

For the case of the greenhouse shown i n F i g u r e 2.1, 

having the dimensions of 100 m x 10 m wit h 18° r o o f s l o p e , 

the f a c t o r F has a va l u e of 0.0477 wh i l e t h a t o f F" i s o n l y 

0. 00 8. T h e r e f o r e , the e f f e c t of F" on the r a d i a t i o n l o s s 

from the greenhouse was not c o n s i d e r e d d u r i n g the a n a l y s i s , 

thus the r e s u l t s g i v e n i n F i g u r e 2.1. 

CONCLUSIONS 

Based upon the c a l c u l a t e d greenhouse c o n f i g u r a t i o n 

f a c t o r s the f o l l o w i n g c o n c l u s i o n s may be made w i t h r e s p e c t 

to d i f f u s e r a d i a t i o n l o s s : 

1. For a giv e n r o o f s l o p e , i n c r e a s i n g the width r e s u l t s i n 

a decreased d i r e c t d i f f u s e r a d i a t i o n l o s s through the 

greenhouse r o o f . T h i s e f f e c t i s more s i g n i f i c a n t f o r 

r e l a t i v e l y s h o r t greenhouses. 

2. For roof s l o p e s and widths commonly used by the greenhouse 

c o n s t r u c t i o n i n d u s t r y , i n c r e a s i n g the l e n g t h tends to 

i n c r e a s e the d i r e c t d i f f u s e r a d i a t i o n l o s s through the 

greenhouse r o o f . T h i s e f f e c t i s found t o be more 

s i g n i f i c a n t f o r r e l a t i v e l y s h o r t greenhouses. 

3. The extent of d i r e c t d i f f u s e r a d i a t i o n l o s s through the 

greenhouse r o o f i s more dependent on i t s r o o f slope than 

i t s l e n g t h or width. 



of l e n g t h and width on the d i r e c t l o s s of d i f f u s e r a d i a t i o n 

be n e g l e c t e d . 

5. During the c a l c u l a t i o n of the t o t a l s o l a r r a d i a t i o n 

capture f a c t o r s of greenhouses, the gable ends e f f e c t 

may be n e g l e c t e d when d e a l i n g w i t h long greenhouses 

(> 50 m) having low r o o f s l o p e s (< 20°). 

6. The t o t a l s o l a r r a d i a t i o n capture f a c t o r s (TCF) of 

greenhouses are h i g h l y dependent on the e f f e c t i v e 

albedo of the p l a n t canopy w i t h i n the greenhouse. 

A h i g h albedo r e s u l t s i n l a r g e d i f f u s e r a d i a t i o n l o s s , 

thus a low t o t a l s o l a r r a d i a t i o n capture f a c t o r . 



NOMENCLATURE 

Symbol 

A f 
A. l 

F 

F' 

F" 

b , i ' 

H 

d , i 

D e f i n i t i o n 

f l o o r area o f a greenhouse 

area o f a s p e c i f i c s u r f a c e " i " o f the 
greenhouse e n c l o s u r e 

r a d i a t i o n c o n f i g u r a t i o n f a c t o r between 
the two ro o f s l o p e s o f the greenhouse 

r a d i a t i o n c o n f i g u r a t i o n f a c t o r from one 
ro o f slope t o the p l a n t canopy 

r a d i a t i o n c o n f i g u r a t i o n f a c t o r from one 
ro o f slope t o the two gable ends 

monthly average d a i l y i n s o l a t i o n 

monthly average d a i l y beam and d i f f u s e 
r a d i a t i o n i n c i d e n t on a s p e c i f i c s u r f a c e 
" i " of the greenhouse e n c l o s u r e , 
r e s p e c t i v e l y 

U n i t s 

as d e f i n e d by equ a t i o n (3) 

T . , T, monthly average d a i l y t r a n s m i t t a n c e 
b , i d , i a S p e c i f i c s u r f a c e " i " t o beam and 

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

of 

2 m 

m 

. _ -2 kJ .m 

kJ .m -2 

kJ .m -2 

P e f f e c t i v e p l a n t canopy albedo 
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INTRODUCTION 

The f i r s t c hapter of t h i s study i s mainly intended to 

examine the energy requirements of c o n v e n t i o n a l l i v e s t o c k 

b u i l d i n g s . I t i s d i v i d e d i n t o two s e c t i o n s . 

The f i r s t s e c t i o n deals p r i m a r i l y w i t h the development 

of the mathematical model f o r the l i v e s t o c k b u i l d i n g . 

The purpose o f the model i s to p r e d i c t the thermal and 

e l e c t r i c a l energy r e q u i r e d to p r o v i d e a c o n t r o l l e d 

atmospheric environment w i t h i n the l i v e s t o c k f a c i l i t y . 

F a c t o r s c o n s i d e r e d i n the computer model development 

are v e n t i l a t i o n , animal s e n s i b l e and l a t e n t heat p r o d u c t i o n , 

heat t r a n s m i s s i o n through the b u i l d i n g envelope, and s o l a r 

r a d i a t i o n e f f e c t s on heat l o s s or g a i n from the s t r u c t u r e . 

The computer model i n i t s p r e s e n t form i s designed to 

perform energy a n a l y s e s on l i v e s t o c k b u i l d i n g s . I t i s not 

intended to p r e d i c t the environmental c o n d i t i o n s w i t h i n the 

b u i l d i n g . However, with simple m o d i f i c a t i o n s to some of 

the s u b r o u t i n e s , the computer model c o u l d p r e d i c t the 

i n s i d e temperature and r e l a t i v e humidity o f a l i v e s t o c k 

f a c i l i t y . 

The model c o u l d be used to examine the e f f e c t o f 

v a r y i n g the o r i e n t a t i o n and the l e v e l o f i n s u l a t i o n of the 

b u i l d i n g , and the e f f e c t of v a r y i n g the minimum winter and 

the maximum summer v e n t i l a t i o n r a t e s on the t o t a l energy 

consumption by the l i v e s t o c k b u i l d i n g . 



The second s e c t i o n g i v e s a d e t a i l e d d i s c u s s i o n of the 

s o l - a i r methods a v a i l a b l e f o r c a l c u l a t i n g the t r a n s m i s s i o n 

heat t r a n s f e r from b u i l d i n g s . A comparison between the r e s u l t s 

o b t a i n e d by two s o l - a i r methods to those r e s u l t i n g from a 

d e t a i l e d heat balance about the b u i l d i n g w a l l s i s i n c l u d e d . 

The l a s t s e c t i o n o f t h i s chapter d e s c r i b e s the a p p l i c a t i o n 

of the computer model through a case study. The model was used 

to determine the h e a t i n g and v e n t i l a t i o n requirements of a 

c o n v e n t i o n a l swine f i n i s h i n g barn. A l s o , the r e s u l t s are 

analyzed to examine i f excess heat i s a v a i l a b l e f o r the 

purpose of s u p p l y i n g p a r t i a l l y the h e a t i n g l o a d of an adjacent 

greenhouse. 



SECTION A 

MATHEMATICAL MODEL DEVELOPMENT 

FOR THE 

LIVESTOCK BUILDING 



MODEL DEVELOPMENT 

ASSUMPTIONS 

In d e v e l o p i n g the model, s e v e r a l assumptions were 

made: 

i ) E f f e c t of heat storage i n the w a l l s and the f l o o r 

i s n e g l e c t e d . 

i i ) Heat t r a n s f e r through the f l o o r i s accounted f o r 

d u r i n g the heat t r a n s f e r c a l c u l a t i o n s through the 

peri m e t e r o f the b u i l d i n g . 

i i i ) Complete mixing o f the a i r i n the b u i l d i n g . 

iv) Constant heat and moisture p r o d u c t i o n by the 

animals housed w i t h i n the b u i l d i n g . 

HEAT BALANCE ABOUT THE LIVESTOCK BUILDING 

When the above assumptions are taken i n t o c o n s i d e r a t i o n , 

the g e n e r a l heat balance about the b u i l d i n g can be represented 

as: 

ANIMAL SENSIBLE HEAT PRODUCTION + SUPPLEMENTAL HEAT 

= HEAT FOR VENTILATION + HEAT TRANSMISSION ; 

or i n equation form: 

QSENS + QSUP = QVENT + QTRAN ^ 

D e t a i l s o f each o f the terms of the energy balance equation 

are r e p r e s e n t e d i n t h i s chapter. 



The t r a n s m i s s i o n heat t r a n s f e r i n c l u d e s the c o n d u c t i v e , 

c o n v e c t i v e and r a d i a t i v e heat exchange between the b u i l d i n g 

and i t s environment. The e f f e c t of s o l a r r a d i a t i o n on the 

t r a n s m i s s i o n heat t r a n s f e r a l s o needs to be c o n s i d e r e d . Two 

methods are a v a i l a b l e to e s t imate the e f f e c t of the s o l a r 

energy absorbed by the w a l l s o f the b u i l d i n g on the t r a n s m i s s i o n 

heat t r a n s f e r . The s o l - a i r temperature method i s w i d e l y used 

and i s w e l l d e s c r i b e d by T h r e l k e l d (.1970) and O'Callaghan 

(1978) and the ASHRAE Handbook of Fundamentals (1977). 

The s o l a r r a d i a t i o n absorbed by a w a l l has the same 

e f f e c t as a r i s e i n the o u t s i d e temperature. The r i s e i n 

the o u t s i d e temperature i s d i r e c t l y p r o p o r t i o n a l t o the 

a b s o r p t i v i t y o f a s u r f a c e t o s o l a r r a d i a t i o n anfl' t o the s o l a r 

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

to the c o n v e c t i v e heat t r a n s f e r c o e f f i c i e n t due to wind. The 

o u t s i d e temperature c o r r e c t e d f o r s o l a r r a d i a t i o n e f f e c t i s 

termed s o l - a i r temperature and may be d e f i n e d i n i t s s i m p l e s t 

form ( T h r e l k e l d , 1970). by the f o l l o w i n g e x p r e s s i o n : 

T . = Tn + a. I ./h . (2) s a , i 0 l s , i ' w,i v ' 

O'Callaghan (1978) m o d i f i e d the above e x p r e s s i o n to take 

i n t o account the e f f e c t of the emission of long-wave 

r a d i a t i o n by the s u r f a c e . H i s m o d i f i e d e x p r e s s i o n f o r 

s o l - a i r t e n p e r a t u r e . i s : 

T . = ? + Ca. I . - e.I„)/h . (3) s a , i 0 l s , i l I ' w,i 



where 1^ i s the i n t e n s i t y of long-wave r a d i a t i o n from a 

b l a c k body at the temperature of the ambient a i r . 

T.£ i s taken as zero f o r a v e r t i c a l w a l l because i t i s 

assumed t h a t thermal r a d i a t i o n from the ground balances 

r a d i a t i o n l o s t to the sky. S o l - a i r methods are d i s c u s s e d 

f u r t h e r i n S e c t i o n B. 

A second method based on a d e t a i l e d heat balance about 

the outer s u r f a c e of each of the w a l l s making up the envelope 

of the b u i l d i n g can be used to determine the e f f e c t of s o l a r 

and thermal r a d i a t i o n on the t r a n s m i s s i o n heat t r a n s f e r . 

T h i s method i s s u i t a b l e f o r d i g i t a l computer c a l c u l a t i o n s . 

For the purpose of t h i s a n a l y s i s , the second method i s 

used i n order to take i n t o c o n s i d e r a t i o n the e f f e c t of sky 

and ground r a d i a n t heat exchange to the e x t e r i o r s u r f a c e s 

of the b u i l d i n g . 

The f o l l o w i n g g e n e r a l heat balance equation about each 

of the outer s u r f a c e s of the b u i l d i n g envelope i s used to 

c a l c u l a t e the s u r f a c e temperatures: 

e.o [T 4 . - 0.5 (1 + cos 3.) T 4. - 0.5 (1 - cos 0.) T 4 ] l s , i l sky l g 

+ h • (T . - T_) - U. (T. - T .) - a. I . = 0 w,i s , i 0 l b s , i l s , i 

(4) 

where h , the wind heat t r a n s f e r c o e f f i c i e n t i s estimated w 
u s i n g McAdams (1954) r e l a t i o n s h i p 

h = 20.52 + 13.68 W . (5) 
w 



equal to the ambient a i r temperature. The t o t a l s o l a r 

r a d i a t i o n i n c i d e n t on a s u r f a c e o f any t i l t and o r i e n t a t i o n 

I . i s c a l c u l a t e d i n Appendix C. The e f f e c t i v e sky s, 1 
temperature i s a f u n c t i o n o f many m e t e o r o l o g i c a l v a r i a b l e s 

such as water vapour content and a i r temperature. S e v e r a l 

c o r r e l a t i o n equations between the e f f e c t i v e sky temperature 

and the m e t e o r o l o g i c a l v a r i a b l e s have been proposed (Brunt 

(1932 ), B l i s s (1961) , Swinbank (1963 ) , W h i l l i e r (1967 ), 

Morse and Read (1968)>. In t h i s a n a l y s i s , Swinbank's 

c o r r e l a t i o n 

T s k y = ° ' 0 5 5 2 T u * 5 C 6 ) 

r e l a t i n g the sky temperature t o the l o c a l environmental 

temperature i s employed. 

S o l u t i o n o f equation (A) i s r e q u i r e d f o r each 

exposed s u r f a c e " i " o f the b u i l d i n g t o determine i t s o u t e r 

surface temperature, T g ^. 

For a b u i l d i n g w i t h an u n v e n t i l a t e d a t t i c space, the 

a t t i c temperature can be estimated whence the outer s u r f a c e 

temperature of the r o o f s u r f a c e s are known using the 

f o l l o w i n g r e l a t i o n s h i p : 

m m 
T = (U A T, + 7 U.A.T .)/(U A + > U.A.) . (7) a c c b j 3 s , : ) ' / v c c D 3 

j = l j = l 

where U^A^ are f o r the exposed s u r f a c e s of the a t t i c space. 

The o v e r a l l heat t r a n s f e r c o e f f i c i e n t s U.'s exclude the 



o u t s i d e f i l m c o e f f i c i e n t s . 

The t o t a l heat t r a n s m i s s i o n between the b u i l d i n g 

and i t s environment may then be c a l c u l a t e d u s i n g the 

f o l l o w i n g e q u a t i o n : 

where U.'s are the o v e r a l l heat t r a n s f e r c o e f f i c i e n t s f o r 

the w a l l s e x c l u d i n g the o u t s i d e f i l m c o e f f i c i e n t s . The 

terms on the r i g h t hand s i d e o f the above e q u a t i o n r e p r e s e n t 

the heat l o s s or g a i n by the f o u n d a t i o n , the perim e t e r , the 

c e i l i n g and. the w a l l s o f the b u i l d i n g , r e s p e c t i v e l y . 

VENTILATION HEAT TRANSFER 

V e n t i l a t i o n system d e s i g n f o r l i v e s t o c k housing i n v o l v e s 

d e t e r m i n i n g the optimum a i r flow r a t e and p r o v i d i n g an even 

a i r d i s t r i b u t i o n w i t h i n the b u i l d i n g . In t h i s study, o n l y 

the v e n t i l a t i o n r a t e i s determined and i t i s assumed t h a t the 

v e n t i l a t i o n system i s p r o p e r l y designed f o r good a i r 

d i s t r i b u t i o n . 

V e n t i l a t i o n o f a l i v e s t o c k b u i l d i n g c o n s i s t s o f three 

stages depending on the o u t s i d e c l i m a t i c c o n d i t i o n s . For 

low o u t s i d e temperature, v e n t i l a t i o n i s used f o r moisture 

c o n t r o l w i t h i n the b u i l d i n g . At i n t e r m e d i a t e o u t s i d e 

temperatures, the i n s i d e temperature i s m a i n t a i n e d at i t s 

QTRAN = U f A f ( V T 0 ) + . U p P ( W 

n_ 
(8) 

i = l 



optimum l e v e l by i n c r e a s i n g the v e n t i l a t i o n r a t e . When 

the o u t s i d e temperature approaches or exceeds the optimum 

i n s i d e temperature, animal comfort determines the r e q u i r e d 

v e n t i l a t i o n r a t e ( C h r i s t i a n s o n a n d - H e l l i c k s o n , 1977) . The MWPS* 

handbook C1980) and the Canadian Farm B u i l d i n g Code (1977) 

recommend t y p i c a l v e n t i l a t i o n r a t e s f o r animal comfort 

based on animal type and s i z e . 

VENTILATION SYSTEM CONTROL 

I d e a l l y , the v e n t i l a t i o n system should keep the i n s i d e 

temperature and r e l a t i v e humidity at t h e i r optimum l e v e l s 

f o r any o u t s i d e c l i m a t i c c o n d i t i o n s . T h i s i s o b v i o u s l y not 

p o s s i b l e without the i n s t a l l a t i o n o f a c o o l i n g system. 

S e v e r a l c o n t r o l systems have been used f o r l i v e s t o c k 

b u i l d i n g v e n t i l a t i o n c o n t r o l . The most commonly used c o n t r o l 

system i s a cons t a n t low flow r a t e f o r winter v e n t i l a t i o n and 

a constant h i g h flow r a t e f o r summer v e n t i l a t i o n . T h i s type 

of system c o n t r o l can be ac h i e v e d by e i t h e r a two-speed fan 

and a thermostat or two - s i n g l e speed fans with the low speed 

fan o p e r a t i n g c o n t i n u o u s l y . The Midwest Plan S e r v i c e (19 80) 

d e s c r i b e s some v e n t i l a t i o n c o n t r o l systems and g i v e s t h e i r 

w i r i n g diagrams. 

For the purpose o f t h i s s i m u l a t i o n , two s e t s o f v a r i a b l e 

speed fans are s e l e c t e d . The v a r i a b l e low speed fans are used 

f o r moisture c o n t r o l d u r i n g c o l d p e r i o d s . These fans are 

c o n t r o l l e d by a hu m i d i s t a t . For summer v e n t i l a t i o n , 

* MWPS: Midwest Plan S e r v i c e 



t h e r m o s t a t i c a l l y c o n t r o l l e d v a r i a b l e high-speed fans are 

used to c o n t r o l the i n s i d e temperature near an optimum l e v e l . 

The low a i r flow r a t e i s determined a c c o r d i n g t o the 

mass balance e q u a t i o n when the h u m i d i s t a t i s s e t a t the 

maximum r e l a t i v e humidity a l l o w a b l e . For t h a t r e l a t i v e 

humidity an a i r flow r a t e i s determined u s i n g a moisture 

balance d e f i n e d below; then, the supplementalsheat 

r e q u i r e d t o keep the i n s i d e temperature at an optimum l e v e l 

i s c a l c u l a t e d from the energy balance equation. T h i s 

procedure i s c o n t i n u e d u n t i l the heat balance p r e d i c t s 

c o o l i n g requirements then the h i g h flow r a t e fans a re 

a c t i v a t e d and the a i r flow r a t e i n c r e a s e d to maintain the 

i n s i d e temperature a t the d e s i r e d l e v e l , r e s u l t i n g i n a 

lower r e l a t i v e h umidity w i t h i n the b u i l d i n g . The a i r flow 

rate w i l l i n c r e a s e w i t h i n c r e a s i n g o u t s i d e a i r temperature 

to a maximum r a t e recommended by l o c a l b u i l d i n g codes f o r 

animal comfort. At t h i s p o i n t , the r e s u l t i n g i n s i d e 

temperature i s d i c t a t e d by the o u t s i d e c l i m a t i c c o n d i t i o n s . 

VENTILATION RATE FOR HUMIDITY CONTROL 

The v e n t i l a t i o n r a t e f o r humidity c o n t r o l i s determined 

by performing a moisture balance about the l i v e s t o c k b u i l d i n g . 

Under normal o p e r a t i n g c o n d i t i o n s , there are two sources o f 

water vapour p r o d u c t i o n w i t h i n the l i v e s t o c k b u i l d i n g : 

a) The water vapour r e l e a s e d by the animals through 

r e s p i r a t i o n f o r non-sweating farm animals. 



b) The water vapour evaporated from wetted s u r f a c e s w i t h i n 

the b u i l d i n g , i n c l u d i n g f e c e s and u r i n e . 

The two sources o f water vapour p r o d u c t i o n are u s u a l l y 

combined and r e f e r r e d t o as the t o t a l b u i l d i n g l a t e n t heat. 

I f we l e t m w be the t o t a l m o i s t u r e produced, then the t o t a l 

b u i l d i n g l a t e n t heat may be c a l c u l a t e d u s i n g the l a t e n t heat 

o f v a p o r i z a t i o n o f water as f o l l o w s : 

Q = m h_ ... e w f g (9) 

where the formula f o r i s g i v e n by Cooper (1969) as 

h, = 2504.44 - 2.4 (T, - 273.16). (10) r g b 

When the r a t e o f m o i s t u r e p r o d u c t i o n w i t h i n the b u i l d i n g i s 

known, t h e mass b a l a n c e about the open system w i l l take the 

form 

*a W b - m a W 0 + mw ' U 1 ) 

T h e r e f o r e , the a i r mass f l o w r a t e r e q u i r e d t o remove the 

m o i s t u r e produced i s 

(12) m a 

Then, the s e n s i b l e h e a t l o s t due to the i n t r o d u c t i o n of f r e s h 

a i r i n t o the b u i l d i n g can be c a l c u l a t e d from the mass flow 

r a t e o f v e n t i l a t i n g a i r and the e n t h a l p y change o f the a i r 

as f o l l o w s : 

where the enthalpy of the a i r in the building, h£, i s taken 



at the barn dry-bulb temperature and a t the dew-point 

temperature of the o u t s i d e a i r . 

The v e n t i l a t i o n r a t e , f o r an exhaust fan system, may 

then be c a l c u l a t e d u s i n g the s p e c i f i c volume o f the a i r 

at the i n s i d e c o n d i t i o n , thus: 

V = v m /3600 . C14) 

Whence, the v e n t i l a t i o n r a t e r e q u i r e d t o remove the moisture 

produced i s known, the supplemental heat necessary t o maintain 

the d e s i r e d i n s i d e temperature may be estimated from the 

f o l l o w i n g heat balance e q u a t i o n about the b u i l d i n g 

QSUP = QSENS " QTRAN " QVENT * ( 1 5 ) 

VENTILATION RATE FOR TEMPERATURE CONTROL 

The v e n t i l a t i o n r a t e r e q u i r e d f o r temperature c o n t r o l 

i s determined by performing a heat balance about the b u i l d i n g . 

In t h i s case, no supplemental heat i s needed, but the 

v e n t i l a t i o n r a t e must be i n c r e a s e d t o keep the i n s i d e 

temperature at i t s optimum l e v e l . 

The heat balance f o r the i n s i d e temperature c o n t r o l can 

be w r i t t e n as 

QVENT = QSENS " QTRAN * ( " 1 6 ) 

Then, the a i r mass flow r a t e r e q u i r e d f o r temperature c o n t r o l 

can be c a l c u l a t e d from Qy^jjrp and the enthalpy change of the 

incoming f r e s h a i r as f o l l o w s : 



m a - Q V E N T / ( h b - h O ) ' ( 1 7 ) 

The r e s u l t i n g r e l a t i v e humidity i n s i d e the b u i l d i n g i s then 

determined from the s o l u t i o n o f the mass balance equation. 

D e t a i l s o f the method used here f o r the c a l c u l a t i o n 

of the ps y c h r o m e t r i c p r o p e r t i e s o f moist a i r are i n c l u d e d 

i n Appendix D. 

VENTILATION RATE FOR ANIMAL COMFORT 

The v e n t i l a t i o n r a t e r e q u i r e d f o r animal comfort du r i n g 

periods o f hot weather i s d i c t a t e d by the type and age of 

the animal, l o c a t i o n and c o n s t r u c t i o n parameters o f the 

b u i l d i n g and the a i r d i s t r i b u t i o n system. 

For t h i s s i m u l a t i o n model the maximum v e n t i l a t i o n r a t e 

i s l e f t as a parameter to be s e l e c t e d by the user depending 

on the p a r t i c u l a r a p p l i c a t i o n o f the model. 

HEAT AND MOISTURE PRODUCTION BY LIVESTOCK 

The use of the mathematical model r e q u i r e s accurate 

i n f o r m a t i o n on the heat and moisture r e l e a s e d w i t h i n the 

l i v e s t o c k confinement s t r u c t u r e f o r the type o f animals 

housed. The heat and moisture p r o d u c t i o n r a t e i s dependent 

upon the breed and s i z e o f the animals housed, the temperature 

and the r e l a t i v e humidity w i t h i n the b u i l d i n g and upon the 

management p r a c t i c e s used i n o p e r a t i n g the l i v e s t o c k 

f a c i l i t y . 



E x t e n s i v e data are a v a i l a b l e f o r p r e d i c t i n g the amounts 

of heat and water vapour generated by v a r i o u s types o f 

l i v e s t o c k . The b a s a l heat p r o d u c t i o n of many types o f 

animals i s r e a d i l y a v a i l a b l e i n many p u b l i c a t i o n s r e l a t e d 

to farm animal environmental p h y s i o l o g y . The b a s a l heat 

p r o d u c t i o n f o r most homeothermes may a l s o be c a l c u l a t e d 

using the equation developed by Brody (1945) . 

Data on the s e n s i b l e and l a t e n t heat p r o d u c t i o n by 

i n d i v i d u a l animals are a l s o w i d e l y a v a i l a b l e f o r most domestic 

animals (Bond e t al.(1952, 1959, 1963, 1965), Hazen and Mangold 

(1960), K e l l y e t a l . ( 1 9 4 8 ) , Longhouse et al.<1960>, Ota e t 

a l . (1953), Restrepo e t al.(1977) and Riskowski e t a l . (1977)). 

However, data o b t a i n e d through t e s t s on s i n g l e animals i s not 

s u i t a b l e f o r the design of h e a t i n g , v e n t i l a t i n g and a i r 

c o n d i t i o n i n g systems f o r l i v e s t o c k housing s i n c e t h i s type 

of data does not r e p r e s e n t the a c t u a l o p e r a t i n g c o n d i t i o n s 

of l i v e s t o c k f a c i l i t i e s . 

Care must be taken when u s i n g p u b l i s h e d r e s e a r c h data 

on heat and moisture p r o d u c t i o n r a t e o f domestic animals 

since the c o n d i t i o n s under which the experiments were 

conducted and the methods o f measurements used i n f l u e n c e 

the r e s u l t s o b t a i n e d , thus, t h e i r range of a p p l i c a b i l i t y . 

For example, when e s t i m a t i n g the moisture produced, i t i s 

necessary t o d i s t i n g u i s h between animal moisture p r o d u c t i o n 

and room moisture p r o d u c t i o n . The l a t t e r i n c l u d e s both water 

vapour r e l e a s e d by the animals and the moisture evaporated 



from the wetted s u r f a c e s w i t h i n the b u i l d i n g and from 

waste products (feces and u r i n e ) . The room moisture 

production i s more u s e f u l f o r h e a t i n g and v e n t i l a t i n g 

systems d e s i g n than animal moisture g e n e r a t i o n alone provided 

the management techniques to be adopted i n the a c t u a l 

b u i l d i n g are s i m i l a r to those used to o b t a i n the 

experimental data. 

ENERGY CONSUMPTION BY VARIABLE SPEED FANS 

Fan power requirements f o r v a r i a b l e a i r volume systems 

using v a r i a b l e speed fans as a means of volume c o n t r o l can 

be estimated from the r a t i o of the a i r flow d e l i v e r e d to 

the design a i r c a p a c i t y f o r the f a n . H i t t l e (1979) g i v e s 

the f o l l o w i n g r e g r e s s i o n equation to c a l c u l a t e the f r a c t i o n 

of f u l l - l o a d power: 

P f = 0.00153 + 0.005208 L f + 1.1086 L^ - 0.11635563 L 3 . (18) 

In the above e q u a t i o n , L f i s the p a r t - l o a d r a t i o d e f i n e d as 

the d e l i v e r e d a i r flow i n any p e r i o d of one hour d i v i d e d by 

the design a i r flow r a t e f o r the f a n . I t i s recommended 

that L j be kept above 0.4. 



SECTION B 

COMPARISON BETWEEN 

SOL-AIR AND HEAT BALANCE 

METHODS FOR TRANSMISSION 

LOSS CALCULATION 



BUILDING TRANSMISSION LOSS: SOL-AIR TEMPERATURE  

METHODS VS HEAT BALANCE METHOD 

In S e c t i o n A of t h i s c hapter, i t has been s t a t e d t h a t 

two s o l - a i r temperature methods are a v a i l a b l e f o r e s t i m a t i n g 

the t r a n s m i s s i o n heat t r a n s f e r from b u i l d i n g s : Threlkeld,'s 

e q u a t i o n and 0'Callaghan's e q u a t i o n . 

T h i s s e c t i o n i s devoted to a d i s c u s s i o n o f the two 

s o l - a i r temperature equations i n c l u d i n g a comparison of 

r e s u l t s o b t a i n e d by the two equations to those c a l c u l a t e d 

u s i n g a d e t a i l e d heat balance about the w a l l s o f a t y p i c a l 

farm b u i l d i n g . 

SOL-AIR TEMPERATURE METHODS 

1. T h r e l k e l d ' s Equation: 

T h r e l k e l d ' s s o l - a i r temperature method as r e p r e s e n t e d 

by e q u a t i o n 2 of t h i s chapter does not take i n t o account the 

thermal r a d i a t i o n l o s s e s from the b u i l d i n g outer s u r f a c e s to 

the ground and sky. T h e r e f o r e , the t r a n s m i s s i o n heat as 

determined through the use of equation 2 i s expected t o be 

under-estimated. The un d e r - e s t i m a t i o n of the heat l o s s w i l l 

be more pronounced i f the b u i l d i n g m a t e r i a l making up the 

oute r s u r f a c e o f w a l l s has a high e m i s s i v i t y f o r i n f r a - r e d 

r a d i a t i o n . 



2. Q'Callaghan's Equation: 

Equation 3 of t h i s chapter estimates the s o l - a i r 

temperature as g i v e n by O'Callaghan (1978). When compared 

wit h T h r e l k e l d ' s e q u a t i o n , 0*Callaghan's e x p r e s s i o n i n c l u d e s 

the thermal r a d i a t i o n heat l o s s from the o u t e r s u r f a c e of the 

w a l l s t o the s u r r o u n d i n g s . T h i s l o s s i s r e p r e s e n t e d i n 

e q u a t i o n 3 by the i n c l u s i o n of the term E l ^ . 

During the a p p l i c a t i o n of 0 ' C a l l a g h a n 1 s e q u a t i o n the 

f o l l o w i n g two assumptions are made: 

1. For v e r t i c a l s u r f a c e s , I £ becomes zero. T h i s i s based 

upon the argument t h a t the thermal r a d i a t i o n l o s s from 

the w a l l to the sky i s o f f s e t by the r a d i a t i v e . g a i n 

from the ground. 

2. For n o n - v e r t i c a l w a l l s , r e g a r d l e s s of t i l t a n g l e s , the 

net r a d i a t i v e l o s s by the surface i s p r o p o r t i o n a l to 

the a b s o l u t e temperature of the ambient a i r r a i s e d 

t o the f o u r t h power, or i n equation form, 

(19) 

The net r a d i a t i v e energy l o s s from a v e r t i c a l w a l l t o 

the ground and the sky i s i l l u s t r a t e d i n F i g u r e 3.1(a)-. 

The net r a d i a t i v e l o s s i n t h i s case i s p r o p o r t i o n a l t o : 

< - 0 ^ < k y - 0.5 T< . (20) 

In o r d e r f o r the f i r s t assumption t o h o l d , the above 

e x p r e s s i o n must be i d e n t i c a l to zero. In a s i m i l a r manner, 

an examination of F i g u r e 3.1(b) f o r a n o n - v e r t i c a l w a l l 
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FIGURE. 3.1: THERMAL RADIATION EXCHANGE BETWEEN A WALL 

AND ITS ENVIRONMENT. 



r e v e a l s t h a t the net r a d i a t i v e l o s s from the s u r f a c e to 

the sky and ground i s p r o p o r t i o n a l t o : 

T 4 - 0.5 (1 + cos3)T 4, - 0.5 (1 - c o s p ) T 4 . (21) 
s sky 9 

T h e r e f o r e the second assumption i s v a l i d o n l y i f the above 

e x p r e s s i o n i s equal to T 4 . 

I t i s i n t e r e s t i n g t o note t h a t f o r the s p e c i a l case 

of a h o r i z o n t a l s u r f a c e , the second assumption becomes 

v a l i d when, 
4 4 4 T - T , = T . (22) s sky o 

HEAT BALANCE METHOD 

From the above d i s c u s s i o n o f the s o l - a i r temperature 

methods f o r e s t i m a t i n g t r a n s m i s s i o n heat l o s s from b u i l d i n g s , 

i t i s c l e a r t h a t the assumptions u n d e r l y i n g these methods 

are not always a p p l i c a b l e . T h e r e f o r e , a d e t a i l e d heat 

balance about the o u t e r s u r f a c e of the w a l l s i s p r e f e r r e d 

i f a d i g i t a l computer i s used. D e t a i l s o f the heat balance 

method i s i n c l u d e d i n S e c t i o n A of t h i s chapter, e q u a t i o n 4 

to equation 8. T h i s method e l i m i n a t e s the two assumptions 

a s s o c i a t e d with 0 ' C a l l a g h a n 1 s e q u a t i o n . However, i n 

equation 4 f o r c a l c u l a t i n g the s u r f a c e temperature of the 

w a l l the ground temperature (T ) appears as an unknown. 

Si n c e , t h i s temperature i s seldom measured, i t must be 

c a l c u l a t e d or assumed. With the e x c e p t i o n of s p e c i a l cases 

( i . e . a s p h a l t s u r f a c e exposed t o s u n l i g h t ) , the ground 



temperature may be c o n s i d e r e d equal to the a i r temperature. 

T h i s assumption i s not expected t o s i g n i f i c a n t l y a f f e c t the 

r e s u l t s c o n s i d e r i n g the a p p l i c a t i o n s of the an a l y s e s are 

p r i m a r i l y intended f o r r u r a l grass covered areas. 

COMPARISON OF THE RESULTS BY THE THREE METHODS 

The t r a n s m i s s i o n heat l o s s from a t y p i c a l swine b u i l d i n g 

i s c a l c u l a t e d u s i n g T h r e l k e l d ' s e q u a t i o n , 0 * C a l l a g h a n 1 s 

equation and by a heat balance about the o u t e r s u r f a c e s 

of b u i l d i n g w a l l s . The h o u r l y heat l o s s from the s e l e c t e d 

b u i l d i n g i s c a l c u l a t e d f o r the environmental temperature 

and s o l a r r a d i a t i o n shown i n F i g u r e 3.2. The valu e s i n t h i s 

f i g u r e r e p r e s e n t an average day f o r the month of December i n 

the H a l i f a x area. The cor r e s p o n d i n g h o u r l y heat t r a n s m i s s i o n 

l o s s e s are g i v e n i n F i g u r e s 3.3 and 3.4 f o r a constant indoor 

temperature of 18°C. Two types of s u r f a c e c o a t i n g are 

i n v e s t i g a t e d , because of the e f f e c t o f r a d i a t i o n p r o p e r t i e s 

of the s u r f a c e on the r a d i a t i v e exchange. 

In F i g u r e 3.3, the a b s o r p t i v i t y f o r s o l a r r a d i a t i o n 

of the s u r f a c e o f the w a l l s i s taken as 20 per c e n t while 

i t s e m i s s i v i t y to i n f r a - r e d r a d i a t i o n i s 90 pe r c e n t . T h i s 

s u r f a c e c o n d i t i o n i s r e p r e s e n t a t i v e of white p a i n t e d w a l l s . 

F i g u r e 3.4 i s f o r the case where both the a b s o r p t i v i t y and 

the e m i s s i v i t y are equal to 20 pe r c e n t . T h i s s u r f a c e 

c o n d i t i o n u s u a l l y r e p r e s e n t s a b u i l d i n g w i t h aluminum s i d i n g 

f i n i s h . 
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FIGURE 3.2: HOURLY TEMPERATURE AND SOLAR RADIATION ON A HORIZONTAL SURFACE 

USED FOR THE CALCULATION OF TRANSMISSION HEAT LOSS BY THE SOL-AIR 
M 
U) 

TEMPERATURE AND HEAT BALANCE METHODS. ^ 



An examination of F i g u r e 3.3 i n d i c a t e s t h a t T h r e l k e l d ' s 

equation, as expected, under-estimates the t r a n s m i s s i o n heat 

l o s s because i t does not c o n s i d e r the thermal r a d i a t i o n heat 

l o s s from the s u r f a c e . On the o t h e r hand, 0'Callaghan's 

s o l - a i r temperature e q u a t i o n g i v e s heat t r a n s m i s s i o n v a l u e s 

h i g h e r than those p r e d i c t e d by the d e t a i l e d heat balance 

method. T h i s i n d i c a t e s t h a t the r o o f r a d i a t i v e heat l o s s 

i s o v e r - e s t i m a t e d , s i n c e the r a d i a t i v e l o s s from the v e r t i c a l 

w a l l s i s taken as zero w i t h t h i s method of t r a n s m i s s i o n heat 

l o s s c a l c u l a t i o n . 

I t i s i n t e r e s t i n g to note when the s u r f a c e e m i s s i v i t y 

i s reduced from 0.9 ( F i g . 3.3) to 0.2 ( F i g . 3.4), the 

d i s c r e p a n c i e s between the r e s u l t s f o r t r a n s m i s s i o n heat l o s s 

by the three methods become s m a l l . T h i s f u r t h e r i n d i c a t e s 

t h a t the d i f f e r e n c e between the three methods i s due to the 

manner by which the r a d i a t i v e l o s s i s t r e a t e d . T h e r e f o r e , 

i t can be concluded t h a t f o r w a l l s with an o u t s i d e s u r f a c e 

having a low e m i s s i v i t y f o r long-wave r a d i a t i o n , the 

r a d i a t i v e heat l o s s becomes l e s s s i g n i f i c a n t ; thus, the 

simpl e r s o l - a i r temperature methods c o u l d be used to 

c a l c u l a t e t r a n s m i s s i o n l o s s from b u i l d i n g s i n s t e a d o f the 

more complex heat balance method without i n t r o d u c i n g 

s i g n i f i c a n t e r r o r s i n the f i n a l r e s u l t s . 

The s o l - a i r temperature methods have a l s o been compared 

to the heat balance method f o r the month of June. A s i m i l a r 

t r e n d i n the comparative r e s u l t s to those obtained f o r 



December was found i n d i c a t i n g t h a t the above c o n c l u s i o n s 

c o u l d be a p p l i e d t o oth e r months of the year as w e l l . 

* 
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FIGURE 3.4: COMPARISON OF HOURLY TRANSMISSION HEAT LOSS AS ESTIMATED USING SOL-AIR 
TEMPERATURE EQUATIONS (THRELKELD , 0*CALLAGHAN) AND CALCULATED BY HEAT 
BALANCE ABOUT THE WALLS OF A TYPICAL FARM BUILDING. 
{a g = 0.2; E £ = 0.2} 



SECTION C 

CASE STUDY I 

HEATING AND VENTILATION 

REQUIREMENTS 

OF A 

CONVENTIONAL SWINE FINISHING BARN 



DESCRIPTION AND ASSUMPTIONS 

The computer s i m u l a t i o n model developed i n S e c t i o n A 

of t h i s chapter was used t o p r e d i c t the supplemental heat 

requirement as w e l l as the necessary v e n t i l a t i o n r a t e f o r 

a swine f i n i s h i n g barn. For the purpose o f the case study, 

the f o l l o w i n g assumptions are made: 

i) The p i g s e n t e r the b u i l d i n g at an average weight of 

50 kg t o be f i n i s h e d t o a market weight o f 90 kg. 

i i ) The s i z e d i s t r i b u t i o n o f the animals i n the barn i s 

u n i f o r m l y d i s t r i b u t e d between s t a r t and f i n i s h weight 

such t h a t the average hog weight may be taken as 

70 kg. 

i i i ) The optimum d r y - b u l b temperature f o r maximum d a i l y 

weight g a i n and maximum feed c o n v e r s i o n e f f i c i e n c y 

i s taken as 20°C (T u r n b u l l and B i r d , 1979). 

iv) The maximum a l l o w a b l e r e l a t i v e humidity i n the barn 

d u r i n g c o l d weather p e r i o d s i s taken as 85 percent. 

v) The maximum summer v e n t i l a t i o n r a t e f o r animal comfort 

i s chosen as 0.05 m 3/s per p i g (MWSP-1, 1980),. 
2 

v i ) A net f l o o r space requirement o f 0.6 m per p i g i s 

used. 

Figures 3.5and 3.6 show the f l o o r p l a n and the c r o s s - s e c t i o n a l 

view of the f i n i s h i n g hog barn, r e s p e c t i v e l y . The b u i l d i n g 

used i n the case study i s 100 m long by 11 m wide. A storage 
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FIGURE 3.5: FLOOR PLAN OF THE SWINE FINISHING BARN USED IN CASE STUDY I 



FIGURE 3.6: CROSS-SECTION OF THE SWINE FINISHING BARN USED IN CASE STUDY I . 
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and i s o l a t i o n area having a width o f 4 m d i v i d e s the barn 

i n t o two equal s e c t i o n s of 64 pens each. A l l the pens 

are of equal s i z e and have the dimensions of 4.8 m x 1.5 m. 

Each pen houses on the average 12 p i g s ; t h e r e f o r e , the t o t a l 

number of animals i n the b u i l d i n g a t any i n s t a n t would be 

around 1536 hogs i f the barn i s f u l l y o c c u p i e d . Assuming 

an average o f ten weeks per f i n i s h i n g p e r i o d , then the 

expected annual p r o d u c t i o n would be 7 980 hogs.7~ 

The t o t a l confinement swine b u i l d i n g chosen f o r the case 

study has a s o l i d concrete f l o o r and i s w e l l i n s u l a t e d . The 
2 

r e s i s t a n c e s t o heat conduction are 5.88 and 4.0m K/W f o r 

the c e i l i n g and f o r the w a l l s , r e s p e c t i v e l y . More i n f o r m a t i o n 

concerning the c o n s t r u c t i o n parameters o f the b u i l d i n g as w e l l 

as the management p r a c t i c e s used are i n c l u d e d i n Table 3.1. 

The t o t a l heat and room l a t e n t heat produced by the hogs 

i s estimated u s i n g the work done by Bond e t a l (1959) and 

Carson (1972). D e t a i l e d c a l c u l a t i o n s f o r heat and moisture 

p r o d u c t i o n w i t h i n the hog barn are i n c l u d e d i n Appendix E. 

RESULTS AND DISCUSSION 

Hourly computer s i m u l a t i o n r e s u l t s f o r a t y p i c a l day 

of each month o f the year are i n c l u d e d i n Appendix F. Tables 

F . l to F.12 show the h o u r l y and d a i l y heat l o s s e s due to 

t r a n s m i s s i o n through the b u i l d i n g envelope and those due to 

v e n t i l a t i o n f o r the o u t s i d e d r y - b u l b and dew-point temperatures 

are i n d i c a t e d i n the t a b l e s . The h o u r l y supplemental heat and 



TABLE 3.1 

VARIABLES USED TO CALCULATE HEATING VENTILATION  

REQUIREMENTS OF A CONVENTIONAL SWINE FINISHING BARN 

C o n s t r u c t i o n Parameters 

Length: 
Width: 
Height; 
Roof Slope: 
O r i e n t a t i o n : 

100 m 
11 m 
2.5 m 
26.57° 
East-West Long A x i s 

C o n s t r u c t i o n M a t e r i a l s P r o p e r t i e s 

B u i l d i n g Area RSI U 
Component , 2 , ^ -*1 

^ (m ) 
RSI 

(m 2 K/W) (kJ m" 2h" 1K" 1 

South Roof 
North Roof 
South Wall 
North W a l l 
E a s t Wall 
West Wall 
Gable E a s t 

End Wall 
Gable West 

End Wall 
C e i l i n g 
Foundation 
(Insulated) 

615 
615 
200 
200 
22 
22 
15 

15 

1100 
111 

0.19 
0.19 
4.00 
4.00 
4. 00 
4.00 
0.24 

0.24 

5.88 
1.49 

18.61 
18.61 
0.90 
0.90 
0.90 
0.90 

15.19 

15.19 

0.61 
2.41 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

0.2 

0.22 
0.22 
0.22 
0.22 
0.22 
0.22 
0.22 

0.22 

Pe r i m e t e r 222 
(Insu l a t e d ) (m) 

1.45 
(m.K/W) 

2.48 
(kJ.m-lh-lK.-l) 

Management Parameters 

L o c a t i o n : 

Number o f hogs: 
Average weight: 
Minimum i n s i d e temperature: 
Maximum i n s i d e r e l a t i v e h u m i d i t y : 
Maximum v e n t i l a t i o n r a t e : 

V e n t i l a t i o n system type: 

Vancouver, B.C. 
Mo n t r e a l , Quebec 
H a l i f a x , N.S. 
1536 
70 kg 
20°C 
85% 
50 l i t r e s per second 
per hog 
V a r i a b l e speed fans 
(12 kW peak load) 

a s 

http://kJ.m-lh-lK.-l


v e n t i l a t i o n r a t e requirements as w e l l as the e l e c t r i c a l 

energy consumed by the fans are i n c l u d e d i n the Tables 

of Appendix F. 

As expected, the s i m u l a t i o n r e s u l t s i n d i c a t e t h a t 

supplemental heat i s not needed f o r the swine f i n i s h i n g 

barn with the c o n s t r u c t i o n parameters and the i n s i d e 

environmental c o n d i t i o n s p r e v i o u s l y d e s c r i b e d i n Table 3.1. 

The hogs produced enough s e n s i b l e heat to compensate f o r 

the t r a n s m i s s i o n heat l o s s and the energy needed to heat 

the amount o f v e n t i l a t i o n a i r t h a t i s r e q u i r e d t o keep the 

i n s i d e r e l a t i v e humidity below 85 percent. 

I t i s i n t e r e s t i n g t o note t h a t the recommended 

v e n t i l a t i o n r a t e f o r animal comfort o f 50 l i t r e s per second 

per hog i s adequate, s i n c e the i n s i d e temperature remained 

at the design l e v e l o f 2 0°C u n t i l the o u t s i d e temperature 

has r i s e n above 18°C. The i n c r e a s e o f the i n s i d e temperature 

above the optimum l e v e l o c c u r r e d i n the day time d u r i n g the warm 

months of June, J u l y , August and September. 

Winter and summer h o u r l y v e n t i l a t i o n r a t e s as p r e d i c t e d 

by the s i m u l a t i o n model are shown i n F i g u r e s 3.7 and 3.8, 

r e s p e c t i v e l y . The curve f o r h o u r l y v e n t i l a t i o n r a t e s f o r 

a t y p i c a l day d u r i n g the month o f January CFig. 3.7) f o l l o w s 

very c l o s e l y the o u t s i d e d r y - b u l b temperature curve which 

i n d i c a t e s t h a t the v e n t i l a t i o n a i r i s used f o r temperature 

c o n t r o l . F i g u r e 3.8 shows the h o u r l y v e n t i l a t i o n r a t e s f o r 

a t y p i c a l day i n August. I t can be seen t h a t the v e n t i l a t i o n 
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FIGURE 3.7: VENTILATION RATE REQUIREMENT OF THE SWINE FINISHING BARN FOR A MINIMUM 

INSIDE TEMPERATURE OF 20°C AND A MAXIMUM INSIDE RELATIVE HUMIDITY OF 85% 
FOR THE OUTSIDE DRY-BULB AND DEW-POINT TEMPERATURES INDICATED IN THE GRAPH. M 



FIGURE 3.8: VENTILATION RATE REQUIREMENT OF THE SWINE FINISHING BARN FOR A MINIMUM 
INSIDE TEMPERATURE OF 2 0°C AND A MAXIMUM INSIDE RELATIVE HUMIDITY OF 85% M 

FOR THE OUTSIDE DRY-BULB AND DEW-POINT TEMPERATURES INDICATED IN THE GRAPH. ° 



r a t e i s a t i t s maximum value f o r most of the day time 

hours i n d i c a t i n g t h a t the i n s i d e temperature i s above 

the set p o i n t of 20°C. 

Appendix F a l s o g i v e s the e l e c t r i c a l power i n p u t 

to the fans from which the monthly, then the y e a r l y 

e l e c t r i c a l energy consumption by the v e n t i l a t i o n system 

may be e s t i m a t e d . By Tables F. 1 to F.12, i t can be 

c a l c u l a t e d t h a t a t o t a l annual e l e c t r i c a l energy of 

16869 kWh was used to v e n t i l a t e the t y p i c a l swine f i n i s h i n g 

barn. The expected annual hog p r o d u c t i o n f o r the barn 

under study i s i n the order of 7980 hogs which r e s u l t s i n 

a v e n t i l a t i o n energy requirement per hog produced o f about 

2.11 kWh. 

F i g u r e 3.9 i s a nomograph which can be used 

to determine the r e l a t i v e c o s t of energy to the market value 

of the product as a f u n c t i o n of the u n i t c o s t o f e l e c t r i c i t y 

and the market value of the f i n i s h e d hog. By F i g u r e 3.9, i t 

can be seen t h a t a t the p r e s e n t c o s t of e l e c t r i c i t y a t s i x 

cents per kWh and f o r s a l e s v a l u e of $100 per hog, the cost 

of e l e c t r i c a l energy used f o r v e n t i l a t i o n r e p r e s e n t s only 

0.1 p e r c e n t o f the market v a l u e . T h e r e f o r e , f o r a hog 

f i n i s h i n g e n t e r p r i s e , an i n c r e a s e i n the c o s t o f energy i s 

not expected to a f f e c t s i g n i f i c a n t l y the o p e r a t i n g c o s t i n 

a d i r e c t manner; but, i n d i r e c t l y through the i n f l u e n c e of 

the c o s t of energy on feed p r i c e s . Due to the sma l l f r a c t i o n 

of the o p e r a t i n g c o s t of a hog f i n i s h i n g e n t e r p r i s e t h a t can 



Percent cost of energy of the market value Energy requirement (kWh per hog produced) 

FIGURE 3.9: NOMOGRAPH FOR DETERMINING THE COST OF ENERGY USED FOR VENTILATION OF SWINE 
FINISHING BARNS. I—' 

t o 



be a t t r i b u t e d to energy c o s t , i t i s u n l i k e l y t h a t a 

combined g r e e n h o u s e - l i v e s t o c k b u i l d i n g , designed s t r i c t l y 

f o r the purpose of energy c o n s e r v a t i o n , w i l l be b e n e f i c i a l 

to the hog producer. 

The amount of s e n s i b l e heat a v a i l a b l e i n the 

v e n t i l a t i o n a i r f o r p o t e n t i a l use i n greenhouse h e a t i n g 

may be es t i m a t e d using the t o t a l v e n t i l a t i o n r a t e from 

Tables F . l t o F.12 of Appendix F as f o l l o w s : 

= 3600 PV C p . (23) 

The v e n t i l a t i o n r a t e V v a r i e d from a win t e r low o f 3.66 m3/s 
3 

to a maximum of 76.80 m /s d u r i n g the summer months. As a 

f i r s t approximation, assume t h a t the exhaust a i r from the 

swine b u i l d i n g i s at 20°C and standard atmospheric pressure, ~ r— —— i 
3 

1.204 kg/m and the than the d e n s i t y "p" may be taken as 1.204 kg/n 

s p e c i f i c heat "C p" at constant p r e s s u r e a t 1.012 kJ/kg. °C. 

Th e r e f o r e , the amount of heat a v a i l a b l e i n the exhaust a i r 

"q/AT" i s i n the range of 16 MJ/°C to 337 MJ/°C w i t h the 

a c t u a l v a l u e depending on the o u t s i d e temperature. The 

p o t e n t i a l a v a i l a b l e energy i n the upper s c a l e o f the range 

w i l l not be u s e f u l s i n c e i t corresponds to p e r i o d s o f high 

o u t s i d e temperature when the greenhouse does not r e q u i r e 

heat. I t i s expected t h a t most o f the energy g a i n from the 

l i v e s t o c k b u i l d i n g w i l l be f o r moderate o u t s i d e temperatures 

d u r i n g the s p r i n g and f a l l p e r i o d s . Note t h a t d i r e c t waste 

heat r e c o v e r y from the swine b u i l d i n g v e n t i l a t i o n system i s 

u s e f u l o n l y when the greenhouse temperature i s below 2 0°C. 



CONCLUSIONS 

The f o l l o w i n g c o n c l u s i o n s can be drawn from the r e s u l t s 

of the s i m u l a t i o n of h e a t i n g and v e n t i l a t i o n requirements 

of the hog f i n i s h i n g barn d e s c r i b e d i n t h i s s e c t i o n : 

1. For a w e l l i n s u l a t e d b u i l d i n g , no supplemental heat 

i s r e q u i r e d f o r an i n s i d e temperature o f 20°C and a 

r e l a t i v e humidity below 85 percent. 

2. For a v a r i a b l e speed fan system, i t i s found t h a t 

about 2.1 kWh of e l e c t r i c a l energy i s r e q u i r e d to 

f i n i s h a hog from 50 kg to market weight. 

3. The c o s t of energy f o r v e n t i l a t i o n i s a small f r a c t i o n 

o f the o p e r a t i n g c o s t and re p r e s e n t s o n l y 0.1 percent 

of the hog market v a l u e . The above estimated value i s 

based upon $0.06/kWh f o r e l e c t r i c a l power and $100 hog 

market value. 

4. The amount of s e n s i b l e heat a v a i l a b l e i n the exhaust 

a i r from the swine barn i s found to be between 16 and 

337 MJ/°C. The a c t u a l v a l u e depends on the o u t s i d e 

temperature. 

5. A greenhouse-swine b u i l d i n g combination i s not b e n e f i c i a l 

t o the hog producer i f o n l y energy i s c o n s i d e r e d . 



NOMENCLATURE 

D e f i n i t i o n 

A 
c 

A, 

A. 
1 

A. 
3 

C 

P 

h b 

h 0 

w, 1 

h f g 

h 

I 
S , l 

L f 

Surface area o f the c e i l i n g 

Surface area o f the founda t i o n 

Surface area o f any w a l l " i " 

S u rface area o f any exposed s u r f a c e 

" j " of the a t t i c space 

S p e c i f i c heat of a i r at constant 

pressure 

S p e c i f i c enthalpy o f moist a i r a t 

the i n s i d e d r y - b u l b temperature and 

at the dew-point temperature o f the 

ou t s i d e a i r 

S p e c i f i c enthalpy of moist a i r a t the 

ou t s i d e c o n d i t i o n s 

Average c o n v e c t i v e heat t r a n s f e r 

c o e f f i c i e n t due to the wind f o r the 

ou t s i d e s u r f a c e o f any w a l l " i " 

L a t e n t heat o f v a p o r i z a t i o n of water 

Black body r a d i a t i o n a t the o u t s i d e 
4 

dry-bulb temperature (1^ = OTQ) 

T o t a l s o l a r r a d i a t i o n i n c i d e n t on any 

w a l l " i " 

P a r t - l o a d r a t i o o f the fan d e f i n e d as 

the d e l i v e r e d a i r flow i n any one hour 

d i v i d e d by the de s i g n a i r flow r a t e f o r 

the fan 

m 

m 

m 

m 

k J . k g - 1 . K - 1 

^a 

k J . k g - 1 

^a 

kJ.kg ~̂ ^a 

kJ.h 1.m"2.K 1 

kJ.kg ^ 
3w « __ , -1 -2 k J . h . m 

, _ , -1 -2 kJ.h .m 

dimensionless 



m Mass flow r a t e o f the v e n t i l a t i o n a i r kg .h 1 

a a 
m w T o t a l moisture produced w i t h i n the k9 w'h ^ 

l i v e s t o c k b u i l d i n g 

P B u i l d i n g parameter m 

P j F r a c t i o n o f f u l l - l o a d power f o r a dimensionless 

v a r i a b l e speed fan 

Q S e n s i b l e heat a v a i l a b l e i n v e n t i l a t i o n kJ.h 1 

a i r 

Q e T o t a l b u i l d i n g l a t e n t heat kJ.h ̂  

Q S E N S T o t a l s e n s i b l e heat p r o d u c t i o n w i t h i n kJ.h 1 

the b u i l d i n g 

Q s u p Supplemental heat requirement f o r the kJ.h ̂  

l i v e s t o c k b u i l d i n g 

Q T R A N Heat l o s s o r gai n through the b u i l d i n g kJ.h * 

envelope 

Q V E N T Heat l o s s or gain due to v e n t i l a t i o n kJ.h ̂  

T A t t i c temperature K 

T^ I n s i d e d r y - b u l b temperature K 

T Q Outside d r y - b u l b temperature K 
T s k y E f f e c t i v e temperature o f the sky K 

T S o l - a i r temperature f o r s u r f a c e " i " K 
S c l / X 

T Outside s u r f a c e temperature of any K 
s / 1 

w a l l " i " 

T Outside s u r f a c e temperature o f any K 
s i 3 

exposed s u r f a c e " j " of the a t t i c space 

T Temperature o f the ground at the s u r f a c e K 
g 



U 

U. 

U. 
3 

U 

V 

v 

W 

W b 
w o 

O v e r a l l heat t r a n s f e r c o e f f i c i e n t o f 

the c e i l i n g 

O v e r a l l heat t r a n s f e r c o e f f i c i e n t o f 

the f o u n d a t i o n 

Heat t r a n s f e r c o e f f i c i e n t o f any w a l l 

" i " e x c l u d i n g the o u t s i d e f i l m 

c o e f f i c i e n t 

Heat t r a n s f e r c o e f f i c i e n t o f any 

exposed s u r f a c e " j " o f the a t t i c e 

space e x c l u d i n g the o u t s i d e f i l m 

c o e f f i c i e n t 

E f f e c t i v e heat t r a n s f e r c o e f f i c i e n t 

f o r the perimeter 

V e n t i l a t i o n r a t e 

S p e c i f i c volume of i n s i d e a i r (exhaust 

v e n t i l a t i o n system) 

Wind speed 

Humidity r a t i o of i n s i d e a i r 

Humidity r a t i o of o u t s i d e a i r 

Slope of s u r f a c e " i " from the 

-1 -2 -1 kJ.h .m .K -1 

k J . h ~ 1 . i r f 2 . K ~ 1 

kJ.h - 1.m 2 . K _ 1 

-1 -2 -1 kJ.h x.m .K x 

, T , -1 -1 v - l kJ.h .m .K 

3 -1 m . s 
3 v. -1 m . k g a 

m. s -1 

kg .kg" 1 

rw 3 a 
kg . kg 
ŵ a 

r a d i a n s 

-1 
a 

r f a c e " i " t o s o l a r 

h o r i z o n t a l 

A b s o r p t i v i t y of su 

r a d i a t i o n 

E m i s s i v i t y of su r f a c e " i " t o l o n g ­

wave r a d i a t i o n 



-1 -2 -4 
Stefan-Boltzmann constant kJ.h .m .K 
(a = 20.411 x 10" 8) 

p D e n s i t y o f a i r kg.m 

AT Operating temperature d i f f e r e n c e K 

between the l i v e s t o c k b u i l d i n g 

and the greenhouse 



CHAPTER i\ 

COMPUTER SIMULATION 

MODEL 

OF 

HEATING REQUIREMENTS 

FOR A 

CONVENTIONAL GABLE GREENHOUSE 



INTRODUCTION 

T h i s chapter i s devoted t o an a n a l y s i s of energy flows 

with r e s p e c t to a c o n v e n t i o n a l greenhouse. I t c o n s i s t s of 

two separate s e c t i o n s . 

The f i r s t s e c t i o n d e a l s w i t h the development of a 

mathematical model u s i n g energy balances about the d i f f e r e n t 

components of the greenhouse. A l s o s t a t e d i n t h i s s e c t i o n , 

are the assumptions made d u r i n g the greenhouse mathematical 

model development. 

In the second s e c t i o n , s i m u l a t i o n r e s u l t s of a case 

study are g i v e n f o r a c o n v e n t i o n a l gable glasshouse. The 

computer s i m u l a t i o n analyses c o n c e n t r a t e on the e f f e c t s o f 

i n s i d e greenhouse temperature and i n f i l t r a t i o n on the h e a t i n g 

l o a d s . A l s o , the p a s s i v e s o l a r c o n t r i b u t i o n s to the green­

house h e a t i n g requirements f o r d i f f e r e n t minimum indoor 

temperatures are i n v e s t i g a t e d i n d e t a i l . 



SECTION A 

MATHEMATICAL MODEL 

DEVELOPMENT 

FOR THE 

GABLE GREENHOUSE 



"ASSUMPTIONS 

In developing the model, the f o l l o w i n g assumptions 

were made: 

i ) E f f e c t o f heat storage i n the greenhouse f l o o r i s 

neg l e c t e d . 

i i ) E f f e c t o f shading by the s t r u c t u r a l frame i s 

negl e c t e d . 

i i i ) No condensation or dust accumulation on the 

greenhouse c o v e r i n g such t h a t the tra n s m i t t a n c e 

f o r s o l a r r a d i a t i o n i s f o r the c o v e r i n g m a t e r i a l 

only. 

i v ) The greenhouse c o v e r i n g m a t e r i a l i s assumed to be 

opaque to long wave r a d i a t i o n . 

v) The tran s m i t t a n c e of the greenhouse c o v e r i n g 

m a t e r i a l to d i f f u s e r a d i a t i o n i s assumed to be 

constant and equal to t h a t o f the beam transmittance 

f o r an angle of i n c i d e n c e o f 1.0123 r a d i a n s . 

v i ) The p l a n t canopy r e f l e c t s d i f f u s e l y r e g a r d l e s s of 

whether the o r i g i n a l i n c i d e n t r a d i a t i o n i s beam 

or d i f f u s e i n nature. 

v i i ) M u l t i p l e r e f l e c t i o n between the p l a n t canopy and 

the greenhouse cover i s n e g l e c t e d . 

v i i i ) Energy consumption by p h o t o s y n t h e s i s and 

e v a p o t r a n s p i r a t i o n i s assumed t o be n e g l i g i b l e . 



The f i r s t assumption i m p l i e s t h a t the heat storage 

c a p a c i t y of the s o i l i s n e g l i g i b l e r e l a t i v e to the d a i l y 

energy i n p u t to the greenhouse. T h i s assumption i s adequate 

i f the purpose o f the s i m u l a t i o n model i s to compute he a t i n g 

requirements r a t h e r than i n s i d e environmental c o n d i t i o n s , 

response times or time c o n s t a n t s of d i f f e r e n t h e a t i n g 

elements (Kindelan, 1980) . 

The second assumption may be j u s t i f i e d f o r s t e e l and 

aluminum greenhouse s t r u c t u r e s , s i n c e the percentage s u r f a c e 

occupied by s t r u c t u r a l members i s very s m a l l compared to 

the t o t a l area of the t r a n s p a r e n t cover. For wood c o n s t r u c t i o n 

t h i s percentage u s u a l l y does not exceed 5 p e r c e n t . 

The t h i r d assumption i m p l i e s t h a t the greenhouse cover 

must be c l e a n from dust which i s u s u a l l y the case s i n c e 

greenhouse o p e r a t o r s p e r i o d i c a l l y wash the g l a s s . As f a r as 

condensation i s concerned, i t u s u a l l y does not occur i n a 

s i g n i f i c a n t amount to a f f e c t s o l a r r a d i a t i o n i n p u t . I t s 

e f f e c t i s mainly on the n i g h t heat l o s s from p l a s t i c covered 

greenhouses. I t s e f f e c t on heat l o s s from glasshouses was 

found to be n e g l i g i b l e due to the low t r a n s m i s s i v i t y of g l a s s 

to long wave r a d i a t i o n compared to t h a t of some p l a s t i c s 

(Walker and Walton, 1971). 

The f o u r t h assumption i s v a l i d f o r greenhouse covered 

w i t h g l a s s and probably polycarbonate and f i b e r g l a s s . The 

t r a n s m i s s i v i t y of the above greenhouse c o v e r i n g m a t e r i a l s to 

long wave r a d i a t i o n as measured by Godbey e t a l . (1977) are 



0.03. 0.06 and f o r g l a s s , p o l y c a r b o n a t e and c o r r u g a t e d 

f i b e r g l a s s , r e s p e c t i v e l y . For p o l y e t h y l e n e covered greenhouses, 

the theory formulated i n t h i s study should be m o d i f i e d 

a c c o r d i n g l y to take i n t o account the t r a n s m i s s i v i t y o f the 

p l a s t i c f i l m to long wave r a d i a t i o n . 

The f i f t h assumption was used by D u f f i e and Beckman 

(1974) f o r g l a s s covered s o l a r c o l l e c t o r a n a l y s e s . I t i s 

assumed to e q u a l l y h o l d f o r glasshouse a n a l y s e s . 

Assumption (vi) o f p e r f e c t d i f f u s e r e f l e c t i o n may not 

be i n s e r i o u s e r r o r p r o v i d e d the whole p l a n t canopy i s 

c o n s i d e r e d . 

The seventh assumption i m p l i e s t h a t o n l y the f i r s t 

r e f l e c t i o n i s c o n s i d e r e d . That i s , s o l a r r a d i a t i o n exchange 

a s s o c i a t e d w i t h m u l t i p l e r e f l e c t i o n s compared t o the f i r s t 

r e f l e c t i o n i s n e g l i g i b l e , because of the hig h a b s o r p t i o n 

of the p l a n t canopy and the hig h t r a n s m i t t a n c e of the cover 

to s o l a r r a d i a t i o n . 

I t has been proven by many r e s e a r c h e r s ( F r o e h l i c h e t a l . 

(1979), Walker (1965))that s o l a r r a d i a t i o n used by p l a n t s f o r 

p h o t o s y n t h e s i s , and energy r e l e a s e d d u r i n g the r e s p i r a t i o n 

p r ocess are n e g l i g i b l e r e l a t i v e t o other energy i n p u t s to the 

greenhouse. T h i s j u s t i f i e s the f i r s t p a r t o f the e i g h t h 

assumption. On the oth e r hand, e v a p o t r a n s p i r a t i o n may be s i g ­

n i f i c a n t d u r i n g p e r i o d s , the greenhouse u s u a l l y does not r e q u i r e 

supplemental h e a t i n g . T h e r e f o r e , the e f f e c t o f evapotrans­

p i r a t i o n on e s t i m a t i n g d a i l y h e a t i n g loads i s n e g l i g i b l e . 



HEAT BALANCE ABOUT THE GREENHOUSE 

When a l l the above assumptions are taken i n t o 

c o n s i d e r a t i o n , the heat balance about the greenhouse 

may be s t a t e d as f o l l o w s : 

SUPPLEMENTAL HEAT + SOLAR RADIATION INPUT 

- INFILTRATION - HEAT TRANSMISSION = 0 

or i n equation form: 

QSOL + QSUP " QINF " QTRAN = ° 

TRANSMISSION HEAT TRANSFER 

B a s i c a l l y the same method employed w i t h r e s p e c t t o 

the l i v e s t o c k b u i l d i n g i s used t o estimate the heat 

t r a n s f e r by conduction, c o n v e c t i o n and r a d i a t i o n between 

the greenhouse and i t s environment. T h i s method i s v a l i d 

s i n c e the greenhouse g l a s s cover i s assumed t o be opaque 

to thermal r a d i a t i o n . The o u t s i d e s u r f a c e temperature of 

the g l a s s cover f o r each o f the w a l l s o f the greenhouse 

i s c a l c u l a t e d using equation (4) of Chapter 3. Then, the 

t r a n s m i s s i o n heat t r a n s f e r between the greenhouse and i t s 

environment i s c a l c u l a t e d as f o l l o w s : 

Qm_... = U_A£ (T -T ) + U P (T -T ) + > U.A. (T -T .) (2) TRAN f f g o p g o / J I I g s , i ,) + U„P (T„-T^) + 
T=l 

The heat t r a n s f e r c o e f f i c i e n t U^ i n c l u d e s the i n s i d e f i l m 

c o e f f i c i e n t and the r e s i s t a n c e o f the c o v e r i n g m a t e r i a l 

of any s u r f a c e i of the greenhouse. 



where R. = + R . (4) 
1 h. . 

The f i r s t term on the r i g h t hand sid e of e q u a t i o n (2) 

represents the heat l o s s or gain through the f o u n d a t i o n , 

the second term r e p r e s e n t s t h a t of the greenhouse p e r i m e t e r , 

and the t h i r d term r e p r e s e n t s the heat l o s s or g a i n through 

the w a l l s and the r o o f of the greenhouse. 

INFILTRATION HEAT LOSS 

The s e n s i b l e heat l o s s or gain due to a i r i n f i l t r a t i o n / 

e x f i l t r a t i o n from the greenhouse i s c a l c u l a t e d u s i n g the 

air-exchange method. 

Q I N F = PCpVa (V To> ( 5 ) 

I f the a i r i s assumed at standard pressure and temperature 

of 20°C, then 

C p = 1.012 kJ.kg~ 1.K~ 1 

and 

p = 1.204 kg.m - 3 , 

and equation (5) becomes, 

Q I N F - 1 ' 2 1 8 V g N a CV To } ( 6 ) 

The number of a i r changes f o r any greenhouse w i l l depend 

on the s t r u c t u r e , c o v e r i n g m a t e r i a l , maintenance, the extent 

of wind p r o t e c t i o n and the indoor-outdoor temperature 

d i f f e r e n t i a l . R e p r e s e n t a t i v e values of a i r i n f i l t r a t i o n 



r a t e s t h a t can be expected i n v a r i o u s types of greenhouse 

are g i v e n i n a p u b l i c a t i o n by the On t a r i o M i n i s t r y of 

A g r i c u l t u r e and Food*. For newly c o n s t r u c t e d glasshouses 

the estimated a i r i n f i l t r a t i o n r a t e i s between 0.75 and 

1.5 a i r changes per hour. For o l d glasshouses, the 

i n f i l t r a t i o n r a t e ranges between 1.0 and 2.0 a i r changes 

per hour, depending on the q u a l i t y o f the maintenance, to 

the greenhouse g l a z i n g . For p l a s t i c - c o v e r e d greenhouses, 

the i n f i l t r a t i o n and e x f i l t r a t i o n r a t e s range from 0.2 to 

1.0 a i r changes per hour. 

SOLAR ENERGY CAPTURED BY THE GREENHOUSE 

The t o t a l s o l a r r a d i a t i o n e n t e r i n g the greenhouse i s 

the sum of the s o l a r energy t r a n s m i t t e d through each of 

the t r a n s p a r e n t s u r f a c e s making up the greenhouse envelope. 

Since the t r a n s m i s s i o n of the c o v e r i n g m a t e r i a l t o s o l a r 

r a d i a t i o n i s dependent on the form of the o r i g i n a l r a d i a t i o n 

i n c i d e n t on the s u r f a c e , the s o l a r r a d i a t i o n t r a n s m i t t e d 

through each s u r f a c e i s t r e a t e d s e p a r a t e l y f o r the beam 

and d i f f u s e components of the t o t a l i n s o l a t i o n . 

For the v e r t i c a l w a l l s o f the greenhouse, the d i r e c t 

r a d i a t i o n t r a n s m i t t e d through any s u r f a c e " i " i s 

B . = B T, . A. . (7) w,i v,y b , i l 

* Energy C o n s e r v a t i o n i n O n t a r i o Greenhouses. P u b l i c a t i o n 
65. M i n i s t r y of A g r i c u l t u r e and Food, O n t a r i o . 



And, f o r the d i f f u s e component, the d i f f u s e s o l a r r a d i a t i o n 

t r a n s m i t t e d through s u r f a c e " i " may be w r i t t e n as: 

D . = D T , . A. , (8) w,i v,y d , 1 1 

where " Y " i s the o r i e n t a t i o n of the v e r t i c a l w a l l . 

I f the p l a n t s i n the greenhouse are t a l l , then a l l 

the s o l a r r a d i a t i o n t r a n s m i t t e d through the v e r t i c a l w a l l s 

of the greenhouse i s i n t e r c e p t e d by the p l a n t canopy. 

The s o l a r r a d i a t i o n t r a n s m i t t e d through s u r f a c e " i " 

o f the greenhouse t h a t i s captured by the p l a n t canopy can 

be e s timated by 

I . = (B + D .) ( 1 - C ) [1 + G ( 1 - T , .-a.)] (9)* w,i w,x w,i a , 1 1 

where "c" i s the albedo of the p l a n t canopy and "a^" i s 

the a b s o r p t i v i t y of the c o v e r i n g m a t e r i a l to s o l a r r a d i a t i o n . 

Two assumptions are made wit h r e s p e c t to the above 

equation. F i r s t , the r a d i a t i o n r e f l e c t e d by the p l a n t 

canopy i s d i f f u s e r e g a r d l e s s of the form of the o r i g i n a l 

r a d i a t i o n i n c i d e n t on the p l a n t s . The second assumption 

i s t h a t the t r a n s m i s s i v i t y of the c o v e r i n g m a t e r i a l to > 

d i f f u s e s o l a r r a d i a t i o n i s high and t h a t the albedo of 

the p l a n t s i s low such t h a t the c o n t r i b u t i o n of m u l t i p l e 

r e f l e c t i o n s i s n e g l i g i b l e . Equation (9) takes i n t o account 

onl y the f i r s t r e f l e c t i o n . 

The t o t a l s o l a r r a d i a t i o n t r a n s m i t t e d through the 

v e r t i c a l w a l l s of the greenhouse and captured by the p l a n t 

canopy i s simply. 

* D e r i v a t i o n of equation (9) i s g i v e n i n Appendix K. 



n 
Jw = Z ( B w , i + Dw,i> [ 1 ^ ( 1 - T d , i - a i ) ] ' ( 1 0 ) 

i = l 

The c o n t r i b u t i o n o f the gable r o o f to the s o l a r energy 

i n p u t to the greenhouse may be estimated i n a s i m i l a r 

manner. F i r s t the s o l a r r a d i a t i o n i n c i d e n t on each slope 

of the r o o f i s d i v i d e d i n t o i t s d i r e c t and d i f f u s e 

components. Then, the s o l a r r a d i a t i o n t r a n s m i t t e d through 

slope " j " of the ro o f and i n t e r c e p t e d by the p l a n t canopy 

i s c a l c u l a t e d as f o l l o w s : 

I . = B x, A . + D . T , . A r , D r,j b,j r,j r,j d,j r,j 

[(1-F ) + F ( 1 - T , . * - a . J F ] (11)* r->r r-*-r d , j * j * r-*p 

Equation (11) assumes t h a t a l l the beam r a d i a t i o n t r a n s m i t t e d 

through the ro o f o f the greenhouse i s i n t e r c e p t e d by the 

p l a n t canopy. T h i s assumption i s v a l i d f o r r e l a t i v e l y low 

roof s l o p e s . A l s o , o n l y the f i r s t r e f l e c t i o n i s c o n s i d e r e d 

i n the above a n a l y s i s . The " j * " i n equation (11) i n d i c a t e s 

t h a t the r a d i a t i o n p r o p e r t i e s o f the o p p o s i t e slope are used 

i f the two slopes of the gable r o o f are not of the same 

m a t e r i a l . The t o t a l s o l a r r a d i a t i o n o r i g i n a t i n g from the 

gable r o o f o f the greenhouse and i n t e r c e p t e d by the p l a n t 

canopy i s c a l c u l a t e d from equation (11) through a simple 

summation to g i v e , 
2 

I' = ^ B . x, . A . + D . T , . A . [(1-F ) r Z-/ r,j b,D r,3 r,j &,i r,j r-*r 
j = l 

+ F ( 1 - T , - * - a . J F ] (12) r-»-r d , ] * j* r+p 

* D e r i v a t i o n of the d i f f u s e component of equation (11) 
i s g i v e n i n Appendix K. 



The r a d i a t i o n c o n f i g u r a t i o n f a c t o r s F and F i n 
r->r r+p 

equations (11) and (12) can be c a l c u l a t e d u s i n g the method 

d e s c r i b e d i n S e c t i o n B of Chapter 2. 

The c a l c u l a t i o n o f the t r a n s m i t t a n c e o f the greenhouse 

c o v e r i n g m a t e r i a l s f o r beam and d i f f u s e s o l a r r a d i a t i o n i s 

d e s c r i b e d i n d e t a i l i n Appendix A. 

The amount of t o t a l s o l a r r a d i a t i o n o r i g i n a t i n g from 

the r o o f s l o p e s and captured by the greenhouse i s dependent 

on the albedo of the p l a n t canopy and the r a d i a t i o n 

p r o p e r t i e s o f the r o o f - c o v e r i n g m a t e r i a l . Again, i f o n l y 

the f i r s t r e f l e c t i o n i s c o n s i d e r e d then the s o l a r energy 

captured by the top of the p l a n t canopy may be estimated by 

I r = I'r ( 1 - s ) [1 + ? d - r d f r - a r ) 1 (13) 

Equation (13) i s v a l i d when the two sl o p e s o f the gable r o o f 

have approximately the same va l u e s f o r the t r a n s m i t t a n c e and 

absorptance to s o l a r r a d i a t i o n . 

The t o t a l s o l a r energy captured by the greenhouse i s 

the sum of the s o l a r r a d i a t i o n from the v e r t i c a l w a l l s and 

roo f of the greenhouse. Thus, 

Q C_ T = 1 + 1 (14) SOL w r 



S E C T I O N B 

CASE STUDY I I 

HEATING REQUIREMENTS 

OF A 

CONVENTIONAL GABLE GLASSHOUSE 



DESCRIPTION AND ASSUMPTIONS 

The computer s i m u l a t i o n model developed i n S e c t i o n A of 

t h i s chapter was used to p r e d i c t hourly values of the 

t r a n s m i s s i o n heat l o s s from the greenhouse envelope, the 

heat l o s s due to i n f i l t r a t i o n , and the s o l a r energy captured 

by the greenhouse. Then, the supplemental heat requirement 

as w e l l as the f r a c t i o n of the t o t a l heat load s u p p l i e d 

through n a t u r a l s o l a r r a d i a t i o n capture by the greenhouse 

were c a l c u l a t e d using the p r e d i c t e d hourly heat l o s s and 

s o l a r energy i n p u t s . 

The f o l l o w i n g a d d i t i o n a l assumptions are made with 

r e s p e c t to the c o n v e n t i o n a l greenhouse case study. 

i ) Only the minimum greenhouse temperature i s s p e c i f i e d 

and assumed constant throughout the time of the 

s i m u l a t i o n (This assumption i s adequate i f the main 

o b j e c t i v e i s the determination of heating l o a d s ) . 

i i ) I n f i l t r a t i o n r a t e i s assumed to be constant. 

i i i ) The albedo of the p l a n t canopy w i t h i n the greenhouse i s 

constant and assumed equal to ten percent. 

The gable greenhouse used i n the case study has a length of 

100m and a width of 10m. The long a x i s of the greenhouse i s 



east-west o r i e n t e d . The f o o t i n g and the perimeter of the 

greenhouse are i n s u l a t e d to minimize heat l o s s to the 

ground. The greenhouse i s covered with a s i n g l e l a y e r of 

g l a s s . Other p e r t i n e n t c o n s t r u c t i o n parameters, the 

p r o p e r t i e s of the c o n s t r u c t i o n m a t e r i a l s as w e l l as the 

greenhouse management parameters are given i n Table 4.1. To 

complete the d e s c r i p t i o n of the f a c i l i t y a c r o s s - s e c t i o n a l 

view of the greenhouse i s shown i n Figure 4.1. 

RESULTS AND DISCUSSION 

A sample computer s i m u l a t i o n output for a con v e n t i o n a l 

gable greenhouse l o c a t e d i n Vancouver, B.C. i s inc l u d e d i n 

Appendix G (Tables G.l to G.12). These t a b l e s give the hourly 

and d a i l y r e s u l t s f o r a t y p i c a l day of each month of the 

year. The r e s u l t s apply to the greenhouse d e s c r i b e d i n 

Table 4 J. and operated at a minimum temperature ( i . e . n i g h t 

temperature) of 15°C. The in f o r m a t i o n i n the t a b l e s i n c l u d e 

the s o l a r r a d i a t i o n p a s s i v e l y captured by the greenhouse, 

t r a n s m i s s i o n and i n f i l t r a t i o n heat l o s s e s as w e l l as the 

p r e d i c t e d supplemental heat requirement and the f r a c t i o n of 

the t o t a l heat l o s s that i s s u p p l i e d by s o l a r due to n a t u r a l 

s o l a r energy c o l l e c t i o n by the greenhouse. A summary of the 

r e s u l t s of Appendix G i s shown, on a monthly b a s i s , i n Table 

4.2. 
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FIGURE 4.1: CROSS-SECTION OF THE CONVENTIONAL GABLE GREENHOUSE USED IN CASE STUDY I I . 
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VARIABLES USED TO CALCULATE HEATING DEMANDS  

OF A CONVENTIONAL GABLE GREENHOUSE 

C o n s t r u c t i o n Parameters 

Length: 
Width: 

100 m 
10 m 

Height: 2 m 
Roof Slope: 18° 
O r i e n t a t i o n : East-West Long A x i s 

C o n s t r u c t i o n M a t e r i a l s P r o p e r t i e s 

S u r f a c e M a t e r i a l Area 
(m2) 

U 
(Wm^K"1) 

South Roof 
North Roof 
South Wall 
North Wall 
East Wall 
West Wall 
F o o t i n g 

S i n g l e Glass 
S i n g l e G l a s s 
S i n g l e Glass 
S i n g l e Glass 
S i n g l e Glass 
S i n g l e Glass 
I n s u l a t e d 
Concrete 

526 
526 
200 
200 
28 
28 

110 

8.83 
8.83 
8. 03 
8.03 
8.03 
8.03 
0.67 

0, 
0, 
0. 
0. 
0. 
0. 

08 
08 
08 
08 
08 
08 

0.94 
0.94 
0.94 
0.94 
0.94 
0.94 

Perimeter ^Insulated 220 
(m) 

0.67 
(Wm_1K 

Gla s s P r o p e r t i e s 

Thickness: 
E x t i n c t i o n C o e f f i c i e n t : 
R e f r a c t i o n Index: 
A b s o r p t i v i t y to S o l a r R a d i a t i o n : 
E m i s s i v i t y f o r Thermal R a d i a t i o n : 

0.3 cm 
0.252 cm" 1 

1.526 
0.08 
0.94 

Management Parameters 

L o c a t i o n : 

Minimum Greenhouse 1 

I n f i l t r a t i o n Rate: 
P l a n t Canopy Albedo 

remperature: 

Vancouver, B.C. 
Montr e a l , Quebec 
H a l i f a x , N.S. 
10°C, 15°C, or 20°C 
1.5 A i r changes per hour 
0.1 



A c l o s e examination of Table 4.2 r e v e a l s the f o l l o w i n g 

p o i n t s w i t h r e s p e c t to a s i n g l e g l a z e d gable greenhouse 

o p e r a t i o n a t a minimum i n s i d e temperature of 15°C and 

l o c a t e d i n the Vancouver, B.C. area, 

i) The h e a t i n g season extends over the twelve months of 

the year. T h i s i s due to c o o l summer n i g h t s which 

are c h a r a c t e r i s t i c o f the r e g i o n , 

i i ) The n a t u r a l c o n t r i b u t i o n of s o l a r r a d i a t i o n to the 

greenhouse h e a t i n g l o a d can be as low as 15 percent i n 

the summer months and i n c r e a s i n g to 37 per c e n t i n the 

s p r i n g p e r i o d . The annual average i s found to be o n l y 

28 percent even though the annual s o l a r energy captured 

by the greenhouse w e l l exceeds the annual h e a t i n g l o a d 

requirement. For t h i s t y p i c a l case, the r a t i o of annual 

s o l a r energy i n p u t t o annual heat l o s s i s i n the order 

of 1.5. T h e r e f o r e , i f an adequate seasonal thermal 

storage i s i n c o r p o r a t e d ; t h e o r e t i c a l l y , the greenhouse 

c o u l d be heated s o l e l y by the n a t u r a l s o l a r energy 

capture of the greenhouse. 

F u r t h e r computer analyses were performed on an i d e n t i c a l 

greenhouse to t h a t used i n the Vancouver case. The purpose 

of the a d d i t i o n a l analyses i s to i n v e s t i g a t e the e f f e c t o f 

c l i m a t i c c o n d i t i o n s on the greenhouse performance. 



MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT, 

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS 
2 

IN MJ PER m OF GREENHOUSE FLOOR AREA AND PERCENT  

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE  

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY I I  

(MINIMUM INSIDE TEMPERATURE = 15°C) 

VANCOUVER, B.C. 

Month Heat 
Loss 

S o l a r 
Input 

S o l a r 
C o n t r i b u t i o n 

Supplemental 
Heat 

Percent 
S o l a r 

January 462 187 112 350 24 

February 365 225 106 259 29 

March 383 360 130 253 34 

A p r i l 262 394 97 165 37 

May 15 3 465 53 100 35 

June 77 528 24 53 31 

J u l y 43 512 10 33 21 

August 32 487 6 26 17 

September 80 372 13 67 15 

October 232 276 66 166 28 

November 340 160 84 256 25 

December 449 138 101 348 22 

Year 2878 4104 802 2076 28 



Summaries of the r e s u l t s f o r the two a d d i t i o n a l l o c a t i o n s in 

Canada are i n c l u d e d i n Tables 4.3 and 4.4 f o r Montreal, P.Q. and 

H a l i f a x , N.S. r e s p e c t i v e l y . 

When the values i n Tables 4.3 and 4.4 are compared to those 

i n Table 4.2 f o r Vancouver, i t can be seen that the extent of 

the greenhouse h e a t i n g season i n H a l i f a x i s s i m i l a r to that 

f o r Vancouver; however, the heating season f o r Montreal i s 

three months s h o r t e r . T h i s may be a t t r i b u t e d to the warmer 

summer nights i n the Montreal region as compared to the 

Vancouver or H a l i f a x r e g i o n s . I t i s a l s o i n t e r e s t i n g to 

n o t i c e that the annual s o l a r energy c o n t r i b u t i o n to the 

heating load i s s l i g h t l y lower f o r H a l i f a x and Montreal than 

the value of 28 percent p r e v i o u s l y found f o r Vancouver even 

though the s o l a r r a d i a t i o n input to the greenhouse i s higher 

i n the former c i t i e s than i n the l a t e r . O bviously, the 

e f f e c t of the i n c r e a s e d s o l a r input was c a n c e l l e d by the 

higher greenhouse heating loads f o r H a l i f a x and Montreal 

when compared to Vancouver. The annual supplemental heat 

requirements i n megajoules per square metre of f l o o r area 

were found to be 2076, 2718 and 3262 f o r a greenhouse 

operated at a minimum temperature of 15°C and l o c a t e d i n 

Vancouver, ( H a l i f a x and Montreal r e s p e c t i v e l y . Thus, a 

greenhouse l o c a t e d i n the Vancouver area w i l l r e q u i r e 31 



MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT, 

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS 
2 

IN MJ PER m OF GREENHOUSE FLOOR AREA AND PERCENT  

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE  

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY I I 

(MINIMUM INSIDE TEMPERATURE = 15°C) 

MONTREAL, QUEBEC 

Month Heat 
Loss 

S o l a r 
Input 

S o l a r 
C o n t r i b u t i o n 

Supplemental 
Heat 

Percent 
S o l a r 

January 908 170 170 738 19 

February 750 218 191 559 26 

March 609 367 200 409 33 

A p r i l 340 392 125 215 37 

May 85 465 17 68 20 

June 4 525 0 4 0 

J u l y 0 510 0 0 0 

August 0 485 0 0 0 

September 47 370 5 42 11 

October 257 270 67 190 26 

November 465 150 115 350 25 

December 810 123 123 687 15 

Year 4275 4045 1013 3262 24 



MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT, 

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS 
2 

IN MJ PER m OF GREENHOUSE FLOOR AREA AND PERCENT  

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE  

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY I I  

(MINIMUM INSIDE TEMPERATURE = 15 °C) 

HALIFAX, N.S. 

Month Heat 
Loss 

S o l a r 
Input 

S o l a r 
C o n t r i b u t i o n 

Supplemental 
Heat 

Percent 
S o l a r 

January 640 167 143 497 22 
February 586 217 158 428 27 
March 533 356 176 357 33 

A p r i l 366 392 134 232 37 

May 216 464 75 141 35 

June 93 525 24 69 26 

J u l y 31 509 4 27 13 

August 25 485 4 21 13 

September 70 370 9 61 13 

October 209 269 49 160 23 

November 357 149 85 272 24 

December 567 121 114 453 20 

Year 3693 4024 975 2718 26 



percent and 57 percent l e s s energy when compared to 

greenhouses l o c a t e d i n H a l i f a x and Montreal r e s p e c t i v e l y . 

Furthermore, when the r a t i o s of annual s o l a r r a d i a t i o n 

captured by the greenhouse to the annual heat l o s s e s are 

compared, again, i t i s found that Vancouver area holds the 

advantage. These r a t i o s are 0.95, 1.09 and 1.42 f o r 

Montreal, H a l i f a x and Vancouver r e s p e c t i v e l y . T h e r e f o r e , 

long term thermal storages are l i k e l y to be more adaptable 

to the Vancouver area than the H a l i f a x or Montreal areas. 

A new area of r e s e a r c h f o r energy c o n s e r v a t i o n i n 

greenhouse p r o d u c t i o n i s the development of low temperature 

hybrids of greenhouse crops. T h e r e f o r e , the computer 

s i m u l a t i o n model was used here, to i n v e s t i g a t e the e f f e c t of 

minimum greenhouse temperature on supplemental heat 

requirement and f r a c t i o n of the heating load s u p p l i e d by 

p a s s i v e s o l a r . The t y p i c a l greenhouse with the c o n s t r u c t i o n 

parameters as s p e c i f i e d i n Table 4 . l i s again used i n t h i s 

a n a l y s i s . For the purpose of t h i s study, the greenhouse i s 

assumed to be l o c a t e d i n the H a l i f a x area. Analyses were 

performed f o r minimum greenhouse temperatures of 10°C, 15°C 

and 20°. Summaries of these analyses are shown i n Tables 4.4 

to 4 . 6 . 



MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT,  

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS  

IN MJ PER m2 OF GREENHOUSE FLOOR AREA AND PERCENT  

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE  

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY I I 

(MINIMUM INSIDE TEMPERATURE = 10°C) 

HALIFAX, N.S. 

Month Heat 
Loss 

S o l a r 
Input 

S o l a r 
C o n t r i b u t i o n 

Supplemental 
Heat 

Percent 
S o l a r 

January 482 167 112 370 23 

February 444 217 123 321 28 

March 377 356 123 254 33 

A p r i l 215 392 69 146 32 

May 87 464 18 69 21 

June 19 525 2 17 14 

J u l y - 509 - - -
August - 485 - - -
September - 370 - - -
October 75 269 7 68 9 

November 206 149 44 162 21 

December 409 121 87 322 21 

Year 2321 4024 585 1736 25 



MONTHLY AVERAGE HEATING LOAD, SOLAR ENERGY INPUT, 

SOLAR CONTRIBUTION AND SUPPLEMENTAL HEAT REQUIREMENTS 
2 

IN MJ PER m OF GREENHOUSE FLOOR AREA AND PERCENT  

OF THE HEATING LOAD SUPPLIED BY SOLAR FOR THE  

CONVENTIONAL GABLE GREENHOUSE OF CASE STUDY I I 

(MINIMUM INSIDE TEMPERATURE = 20°C) 

HALIFAX, N.S. 

Month Heat 
Loss 

S o l a r 
Input 

S o l a r 
C o n t r i b u t i o n 

Supplemental 
Heat 

P e r c e n t 
S o l a r 

January 796 167 164 632 20 
February 729 217 189 540 26 
March 689 356 225 464 33 
A p r i l 518 392 193 325 37 

May 370 464 148 222 40 

June 220 525 85 135 39 

J u l y 115 509 28 87 25 

August 107 485 23 84 21 

September 192 370 52 140 27 

October 363 269 102 261 28 

November 507 149 120 387 24 

December 725 121 121 603 17 

Year 5331 4024 1451 3880 27 



Table 4.7 g i v e s the p r e d i c t e d monthly supplemental 

heat requirements f o r the s e l e c t e d three minimum greenhouse 

temperatures as w e l l as the expected p o t e n t i a l energy savings 

due to r e d u c i n g the minimum greenhouse temperature from 20°C 

t o 15°C and to 10°C r e s p e c t i v e l y . The annual p o t e n t i a l 

energy s a v i n g due to r e d u c i n g the minimum greenhouse temperature 

from 20°C t o 15°C i s about 30 percent. An a d d i t i o n a l 25 percent 

can be expected i f the minimum temperature i s f u r t h e r decreased 

to 10°C or around 5 percent s a v i n g per degree r e d u c t i o n i n 

temperature. O b v i o u s l y , the above approximation i s only 

v a l i d f o r a l l year around greenhouse o p e r a t i o n as can c l e a r l y 

be seen i n Table 4.7. 

The c o n t r i b u t i o n of s o l a r r a d i a t i o n to the annual h e a t i n g 

l o a d i s not s i g n i f i c a n t l y a f f e c t e d by lowering the greenhouse 

temperature as can be d e p i c t e d i n Tables 4.4 to 4.6. Reducing 

the greenhouse indoor temperature tends to i n c r e a s e the 

monthly f r a c t i o n o f the h e a t i n g l o a d s u p p l i e d by s o l a r d u r i n g 

the w i n t e r months but i t has an o p p o s i t e e f f e c t d u r i n g the 

other months of the year, thus r e s u l t i n g i n a n e g l i g i b l e 

o v e r a l l e f f e c t when the e n t i r e year i s c o n s i d e r e d (Tables 

4.4 to 4.6). 

As expected, lowering of the minimum i n s i d e temperature 

of the greenhouse i n c r e a s e d s i g n i f i c a n t l y the r a t i o o f s o l a r 

r a d i a t i o n capture to heat l o s s . From Tables 4.4 to 4.6, 

t h i s r a t i o on an annual b a s i s , can be c a l c u a t e d as 0.75, 1.09 



TABLE 4.7 

EFFECT OF MINIMUM INSIDE GREENHOUSE TEMPERATURE  

ON SUPPLEMENTAL HEAT REQUIREMENT AND EXPECTED  

ENERGY SAVINGS DUE TO REDUCING THE MINIMUM TEMPERATURE 

FROM 20°C 

HALIFAX, N.S. 

Supple. Supple. ^ Supple. 
Month Heat* Heat* Percent x^t* Percent 

T =20°C T =15°C S a v i n 9 S T = 1 0 o c Savings 
2 9 g 

January 632 497 21 370 41 
February 540 428 21 321 41 
March 464 357 23 254 45 
A p r i l 325 232 29 146 55 
May 222 141 36 69 69 
June 135 69 49 17 87 
J u l y 87 27 69 - 100 
August 84 21 75 - 100 
September 140 61 56 7 95 
October 261 160 39 68 74 
November 387 272 30 162 58 
December 603 4 53 25 322 47 

Year 3880 2718 30 1736 55 

2 
In MJ per m greenhouse f l o o r area per month 



and 1.73 f o r minimum i n s i d e temperatures of 20°C, 15°C and 

10°C r e s p e c t i v e l y . 

Another method of c o n s e r v i n g energy i n greenhouses i s 

r e d u c i n g i n f i l t r a t i o n / e x f i l t r a t i o n l o s s e s ( i . e . p l a s t i c 

cover over a g l a s s h o u s e ) . However, the economics of any 

r e t r o f i t to minimize i n f i l t r a t i o n heat l o s s depends on the 

net energy s a v i n g s . 

The mathematical model developed i n S e c t i o n A of t h i s 

chapter i s u t i l i z e d here to p r e d i c t the p o t e n t i a l annual 

savings due to e l i m i n a t i o n of a i r i n f i l t r a t i o n i n t o the 

greenhouse. A summary of the s i m u l a t i o n r e s u l t s i s i n c l u d e d 

i n Table 4.8. The r e s u l t s are f o r an east-west gable 

greenhouse wi t h s i n g l e g l a s s cover and operated a t a minimum 

i n s i d e temperature of 20°C, o t h e r s p e c i f i c a t i o n f o r the 

greenhouse are i n c l u d e d i n Table 4.1. The weather data 

used here are t y p i c a l of the H a l i f a x r e g i o n . 

Table 4.8 shows t h a t the monthly average heat l o s s due 

to i n f i l t r a t i o n ranged between 7 to 13 percent r e s u l t i n g i n 

an annual average of 12 percent. The energy savings as 

c a l c u l a t e d from Table 4.8 are gross v a l u e s ; t h e r e f o r e , 

net savings are expected to be r e l a t i v e l y s m a l l e r . Thus, 

i t can be concluded t h a t w i t h the e x c e p t i o n of o l d and badly 

maintained glasshouses, r e d u c i n g i n f i l t r a t i o n i s not c o n s i d e r e d 

to be a s i g n i f i c a n t f a c t o r i n energy c o n s e r v a t i o n f o r 

greenhouse. 



EFFECT OF INFILTRATION RATE ON SITPPT.PMPM-PKT 

KEPT AT A MINIMUM INSIDE TEMPERATURE OF 20°C 

HALIFAX, N.S. 

Supplemental 
(MJ/m2 F l o o r Area 

Heat 
per Month) 

Month 
1.5 A i r Changes Zero 

Per Hour I n f i l t r a t i o n Percent 
Due to 

I n f i l t r a t i o n 

January 632 552 13 
February 540 473 12 
March 464 407 12 
A p r i l 325 286 12 
May 222 197 11 
June 135 121 10 
J u l y 87 79 9 
August 84 78 7 
September 140 127 9 
October 261 233 11 
November 387 343 11 
December 603 524 13 

Year 3880 3420 12 



Conventional greenhouses are b a s i c a l l y passive s o l a r 

h eating systems. T h e i r e f f i c i e n c i e s when expressed as a 

f r a c t i o n of the greenhouse heating load that i s s u p p l i e d by the 

sun were p r e v i o u s l y found to be i n the order of 25 

p e r c e n t . The e f f i c i e n c y can be improved by making the 

greenhouse as an a c t i v e system and p r o v i d i n g f o r s o l a r 

energy storage. The p o t e n t i a l of a c t i v e s o l a r energy 

c o l l e c t i o n and storage can be determined using the s o l a r 

energy u t i l i z a t i o n f a c t o r (S.E.U.) concept (Ben A b d a l l a h , 

1978 and 1979). T h i s f a c t o r i s d e f i n e d as the r a t i o of the 

s o l a r energy c o n t r i b u t i o n (to the heating load) to the s o l a r 

r a d i a t i o n captured by the greenhouse. By d e f i n i t i o n , a 

s o l a r energy u t i l i z a t i o n f a c t o r of u n i t y i m p l i e s that a l l 

s o l a r r a d i a t i o n captured by the greenhouse i s u t i l i z e d , 

t h e r e f o r e , no excess energy i s a v a i l a b l e f o r storage. The 

monthly average s o l a r energy u t i l i z a t i o n f a c t o r f o r an e a s t -

west gable greenhouse covered w i t h s i n g l e l a y e r of g l a s s are 

p l o t t e d i n F i g u r e 4.2. For the sake of comparison the monthly 

average f r a c t i o n s of the greenhouse h e a t i n g l o a d t h a t i s 

s u p p l i e d by s o l a r are a l s o shown. The r e s u l t s are f o r two 

i d e n t i c a l greenhouses one l o c a t e d i n Vancouver and the other 

i n Montreal. 



MONTH 

FIGURE 4.2: MONTHLY AVERAGE SOLAR ENERGY UTILIZATION 
FACTOR AND FRACTION OF HEATING LOAD 
SUPPLIED BY PASSIVE SOLAR FOR AN E-W GABLE 
GREENHOUSE (SINGLE GLASS COVER, MINIMUM 
INSIDE TEMPERATURE 15°C). 



The i n f o r m a t i o n presented i n the graph of F i g u r e 4.2 

can be i n t e r p r e t e d as f o l l o w s : f o r example, the month of 

January, i t i s seen t h a t , f o r Vancouver, 60 p e r c e n t of 

the s o l a r r a d i a t i o n captured by the greenhouse i s p a s s i v e l y 

u t i l i z e d to supply 24 percent of the h e a t i n g l o a d while i n 

the case of Montreal, a l l the s o l a r energy i s u t i l i z e d to 

supply o n l y 19 p e r c e n t of the greenhouse h e a t i n g l o a d . 

For the summer months,the greenhouse h e a t i n g l o a d i n 

Montreal i s zero, thus, the s o l a r energy u t i l i z a t i o n f a c t o r 

i s zero f o r t h a t p e r i o d , while f o r Vancouver 1 to 5 p e r c e n t 

of s o l a r energy captured i s u t i l i z e d to supply 17 to 31 

percent of the h e a t i n g l o a d . 

S o l a r energy storage may c o n t r i b u t e s i g n i f i c a n t l y to 

energy savings d u r i n g the s p r i n g and f a l l . As can be seen 

from F i g u r e 4.2 f o r example, i n A p r i l , 25 percent f o r 

Vancouver, and 32 percent f o r Montreal of the s o l a r energy 

captured by the greenhouse are u t i l i z e d to supply 37 

percent of the h e a t i n g l o a d . 

The s o l a r energy u t i l i z a t i o n f a c t o r i s c l o s e l y r e l a t e d 

to the environmental temperature and to the 

a v a i l a b i l i t y o f s o l a r r a d i a t i o n . T h e r e f o r e , i t i s expected 

to be l o c a t i o n dependent. The e f f e c t of l o c a t i o n on the 
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FIGURE 4.3: EFFECT OF LOCATION ON THE SOLAR ENERGY 
UTILIZATION FACTOR (S.E.U.) BY MONTH 
FOR AN E-W GABLE GREENHOUSE (SINGLE GLASS 
COVER, MINIMUM INSIDE TEMPERATURE OF 15°C). 



s o l a r energy u t i l i z a t i o n f a c t o r i s de p i c t e d i n Figure 4.3. 

The f i g u r e i n d i c a t e s that among the three l o c a t i o n s 

analysed, Vancouver i s more s u i t a b l e f o r improvement to the 

s o l a r energy u t i l i z a t i o n by the i n c o r p o r a t i o n of a thermal 

s t o r a g e . A l s o shown on Figure 4.3, the annual s o l a r energy 

u t i l i z a t i o n f a c t o r s f o r the three l o c a t i o n s which have the 

values of 0.20, 0.24 and 0.25 f o r Vancouver, H a l i f a x and 

Montreal r e s p e c t i v e l y . The corresponding annual f r a c t i o n s 

of the heating loads which are s u p p l i e d by s o l a r are 0.28, 

0. 26 and 0.24 f o r Vancouver, H a l i f a x and Montreal 

r e s p e c t i v e l y . O b v i o u s l y , the annual s o l a r energy 

u t i l i z a t i o n f a c t o r s are of value only when long-term thermal 

storages are a n t i c i p a t e d . 

CONCLUSIONS 

The f o l l o w i n g c o n c l u s i o n s can be drawn from the r e s u l t s 

of the s i m u l a t i o n of heating requirements and s o l a r energy 

u t i l i z a t i o n of the co n v e n t i o n a l gable greenhouse d e s c r i b e d 

i n t h i s s e c t i o n : 

1. The annual s o l a r energy c o n t r i b u t i o n to the greenhouse 

heating load was found to be about 25 percent. T h i s 

percentage i s found to be only s l i g h t l y a f f e c t e d 



by l o c a t i o n and minimum greenhouse temperature s e t t i n g . 

2. The r a t i o of s o l a r r a d i a t i o n capture by the greenhouse 

to the annual heating load was found to be i n the range o f 

0.75 to 1.75 depending on the l o c a t i o n of the greenhouse 

and i t s minimum temperature s e t t i n g . T h e r e f o r e , 

t h e o r e t i c a l l y a greenhouse with a seasonal thermal 

storage could be made s e l f s u f f i c i e n t i n energy f o r most 

cases. 

3. Lowering of the greenhouse minimum temperature r e s u l t s 

i n s i g n i f i c a n t energy s a v i n g s . A f i v e percent energy 

saving f o r each degree K e l v i n r e d u c t i o n i n temperature 

could be expected. 

4. For a we l l c o n s t r u c t e d and maintained greenhouse, 

minimizing i n f i l t r a t i o n was found to be an i n s i g n i f i c a n t 

f a c t o r i n energy c o n s e r v a t i o n . Net savings of l e s s than 

ten percent could be expected. 

5. The s o l a r energy u t i l i z a t i o n f a c t o r could be improved 

s i g n i f i c a n t l y during the s p r i n g and f a l l p e r i o d s by 

s t o r i n g daytime excess heat f o r nighttime use. T h i s 

would i n c r e a s e the annual s o l a r energy u t i l i z a t i o n 

f a c t o r from i t s low value o f about 0.20 f o r c o n v e n t i o n a l 

greenhouses. 



NOMENCLATURE 

Symbol 

A f 
A. l 

A 

B 

B v, Y 

B w, 1 

C P 

D 

w,i 

F 

F r->-r 

F 
m 

h. . i , i 

De f i n i t i o n 

Surface area of the foundation 

Surface a r e a of any v e r t i c a l w a l l " i " 

S u rface area s l o p e d roof " j " 

Beam s o l a r r a d i a t i o n i n c i d e n t on sloped 

r o o f " j " 

Beam s o l a r r a d i a t i o n i n c i d e n t on a 

v e r t i c a l w a l l o f o r i e n t a t i o n y 

Beam s o l a r r a d i a t i o n t r a n s m i t t e d through 

any v e r t i c a l w a l l " i " 

S p e c i f i c heat o f a i r at constant 

pressure 

D i f f u s e s o l a r r a d i a t i o n i n c i d e n t on 

sloped r o o f " j " 

D i f f u s e s o l a r r a d i a t i o n i n c i d e n t on a 

v e r t i c a l w a l l of o r i e n t a t i o n y 

D i f f u s e s o l a r r a d i a t i o n t r a n s m i t t e d 

through any v e r t i c a l w a l l " i " 

R a d i a t i o n c o n f i g u r a t i o n f a c t o r between 

the roof and the p l a n t canopy 

Ra d i a t i o n c o n f i g u r a t i o n f a c t o r between 

the two sl o p e s o f the greenhouse roof 

Monthly average f r a c t i o n o f the 

greenhouse h e a t i n g load s u p p l i e d 

by p a s s i v e s o l a r 

A v e r a g e c o n v e c t i v e h e a t t r a n s f e r 

c o e f f i c i e n t f o r t h e i n s i d e s u r f a c e 

o f t h e g r e e n h o u s e c o v e r 

U n i t s 

m 

m 

m 

2 

kJ.h -"-.m-2 

kJ.h .m 

kJ.h -1 

kJ.ka 1.K~ 1 

"a 

-1 2 kJ.h .m 

kJ.h .m 

kJ.h" -1 

. T .-1 -2 -1 kJ.h .m .K 



I' r 

w 

I 
w,i 

N 
a 

P 

QINF 
QSOL 
QSUP 

TRAN 

T o t a l s o l a r r a d i a t i o n t r a n s m i t t e d 

through the r o o f t h a t i s captured by 

the p l a n t canopy 

T o t a l s o l a r r a d i a t i o n t r a n s m i t t e d 

through the greenhouse roof and 

i n t e r c e p t e d by the p l a n t canopy 

T o t a l s o l a r r a d i a t i o n t r a n s m i t t e d 

through r o o f s l o p e " j " t h a t i s 

i n t e r c e p t e d by the p l a n t canopy 

T o t a l s o l a r r a d i a t i o n t r a n s m i t t e d 

through the v e r t i c a l w a l l s of the 

greenhouse t h a t i s captured by the 

p l a n t canopy 

T o t a l s o l a r r a d i a t i o n t r a n s m i t t e d through 

w a l l " i " o f the greenhouse t h a t i s 

captured by the p l a n t canopy 

Greenhouse i n f i l t r a t i o n r a t e ( a i r changes) 

Greenhouse perimeter 

Heat l o s s due to i n f i l t r a t i o n 

S o l a r energy i n p u t t o the greenhouse 

Supplemental heat requirement f o r the 

greenhouse 

Heat l o s s o r g a i n through the greenhouse 

envelope 

Thermal r e s i t a n c e o f the greenhouse cover 

f o r any s u r f a c e " i " e x c l u d i n g the o u t s i d e 

s u r f a c e wind c o e f f i c i e n t 

k J.h" 1 

kJ.h -1 

k J . h " 1 

k J . h " 1 

k J . h " 1 

h 

m 
-1 kJ.h 

kJ.h 

k J . h " 1 

kJ.h -1 
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CHAPTER 5 

COMPUTER S I M U L A T I O N 

MODEL 

OF 

ENERGY REQUIREMENTS 

FOR A 

COMBINED GREENHOUSE-LIVESTOCK 

B U I L D I N G 



INTRODUCTION 

The mathematical model developed i n Chapter 3 f o r the 

a n a l y s i s of v e n t i l a t i o n requirements of animal s h e l t e r s , and 

th a t developed i n Chapter 4 to p r e d i c t the h e a t i n g loads of 

c o n v e n t i o n a l greenhouses are combined i n t h i s chapter to 

determine the p o t e n t i a l energy savings which c o u l d be r e a l i z e d 

by a combined g r e e n h o u s e - l i v e s t o c k b u i l d i n g o p e r a t i o n . 

The chapter c o n s i s t s of two s e c t i o n s . In the f i r s t 

s e c t i o n , the combined model i s d e s c r i b e d ; a l s o a b r i e f 

d i s c u s s i o n on the e f f e c t s of p o l l u t a n t s p r e s e n t i n the exhaust 

a i r from the animal s h e l t e r on p l a n t growth i s presented. 

The second s e c t i o n i s devoted to a computer s i m u l a t i o n 

a n a l y s i s of a t y p i c a l r e t r o f i t case o f a gable g l a s s h o u s e -

hog barn combination. In t h i s case study, emphasis was on 

the c o n t r i b u t i o n o f animal waste heat recovery to the greenhouse 

h e a t i n g requirements. F i n a l l y , a comparison of heat demands 

by a f r e e - s t a n d i n g and an attached greenhouse i s a l s o g i v e n . 



S E C T I O N A 

MATHEMATICAL MODEL 

DEVELOPMENT 

OF 

GREENHOUSE-LIVESTOCK 

COMBINATION 



MODEL DEVELOPMENT 

ASSUMPTIONS 

A l l the assumptions s t a t e d with res p e c t to the 

l i v e s t o c k model development i n Chapter 3 and those made 

during the development of the co n v e n t i o n a l greenhouse 

mathematical model i n Chapter 4 apply to the combined 

g r e e n h o u s e - l i v e s t o c k case. In a d d i t i o n , the f o l l o w i n g 

assumptions were c o n s i d e r e d : 

i ) The v e n t i l a t i o n a i r f o r temperature or moisture c o n t r o l 

of the l i v e s t o c k b u i l d i n g i s taken as 100 percent 

o u t s i d e a i r . 

i i ) The v e n t i l a t i o n a i r from the l i v e s t o c k b u i l d i n g i s 

exhausted d i r e c t l y i n t o the greenhouse to be u l t i m a t e l y 

l o s t by e x f i l t r a t i o n through the greenhouse vents. 

i i i ) The w a l l s e p a r a t i n g the l i v e s t o c k space from that o f 

the greenhouse i s assumed to be a d i a b a t i c s i n c e 

conduction heat t r a n s f e r between the two b u i l d i n g s i s 

r e l a t i v e l y small compared to the t o t a l heat exchange 

between the b u i l d i n g s and t h e i r environments. 

iv) Only the s e n s i b l e p o r t i o n o f the waste heat from the 

l i v e s t o c k b u i l d i n g i s recovered, thus the p r e d i c t e d 

energy savings by t h i s model are c o n s e r v a t i v e . 



HEAT BALANCE ABOUT THE BUILDING 

For the purpose of heating load c a l c u l a t i o n s , the 

g r e e n h o u s e - l i v e s t o c k combination system can be taken as a 

s i n g l e s t r u c t u r e composed of the f o l l o w i n g three zones: 

i ) The a t t i c zone 

i i ) The l i v e s t o c k zone 

i i i ) The greenhouse zone 

ZONE I: ATTIC SPACE 

The temperature i n the a t t i c space i s estimated as 

i n d i c a t e d with re s p e c t to the c o n v e n t i o n a l l i v e s t o c k u n i t i n 

Chapter 3: equations (7), (2) and ( 3 ) . The a t t i c 

temperature i s assumed to be a f u n c t i o n of the barn 

temperature, the o u t s i d e a i r temperature, the s o l a r 

r a d i a t i o n absorbed by the roof, and the r e s p e c t i v e thermal 

r e s i s t a n c e s of the roof and the c e i l i n g of the l i v e s t o c k 

b u i l d i n g . 

ZONE I I : LIVESTOCK BUILDING 

The supplemental heat r e q u i r e d by the l i v e s t o c k 

b u i l d i n g may be c a l c u l a t e d whence the a t t i c temperature i s 

determined. The general heat balance equation about the 

l i v e s t o c k zone may be w r i t t e n as f o l l o w s : 



QSUP,L QSENS ~ QVENT ~ ^TRAN , (1) 
where the plus s i g n (+) i n d i c a t e s that only the p o s i t i v e 

values are co n s i d e r e d . 

The s e n s i b l e heat r e l e a s e d by the animal, the 

v e n t i l a t i o n r a t e and v e n t i l a t i o n heat l o s s and t r a n s m i s s i o n 

heat l o s s are c a l c u l a t e d using the method presented i n 

Chapter 3 with r e s p e c t to the c o n v e n t i o n a l l i v e s t o c k 

b u i l d i n g . 

ZONE I I I : GREENHOUSE 

The general heat balance equation about the attached 

greenhouse may be s t a t e d as f o l l o w s : 

SUPPLEMENTAL HEAT + SOLAR ENERGY INPUT 

+ HEAT RECOVERED FROM LIVESTOCK BUILDING - HEAT 

TRANSMISSION = 0, 

or i n equation form: 

QSUP,G = QSOL + QHRL ~ QTRAN , ( 2 ) 

where the plus sign (+) i n d i c a t e s that only the p o s i t i v e 

values are co n s i d e r e d . 

The above equation i s s i m i l a r to equation ( 1 ) of 

Chapter 4 with the ex c e p t i o n that the i n f i l t r a t i o n heat 

l o s s term i s re p l a c e d by the heat recovery from v e n t i l a t i o n 

a i r of the l i v e s t o c k zone. 



The t r a n s m i s s i o n heat l o s s through the greenhouse 

envelope i s c a l c u l a t e d using the same method which was 

developed e a r l i e r i n Chapter 4 with respect to the 

co n v e n t i o n a l gable greenhouse. 

The s o l a r energy input to the greenhouse i s estimated 

using the same methodology developed i n Chapter 4 , to 

determine the s o l a r r a d i a t i o n captured by co n v e n t i o n a l gable 

greenhouse. 

The only a d d i t i o n a l subroutine r e q u i r e d f o r the case of 

a combined l i v e s t o c k - g r e e n h o u s e system i s an al g o r i t h m to 

determine the heat input from the l i v e s t o c k b u i l d i n g that i s 

used to p a r t i a l l y supply the heating load of the 

greenhouse. S i n c e , i t i s assumed that only the s e n s i b l e 

p o r t i o n of the l i v e s t o c k b u i l d i n g heat i s to be recove r e d , 

then the s e n s i b l e heat a v a i l a b l e may be c a l c u l a t e d as 

f o l l o w s : 

QHRL = • ™ C p ( T b " V • (3) 

The above equation c l e a r l y shows that the a v a i l a b i l i t y of 

s e n s i b l e heat i s d i r e c t l y p r o p o r t i o n a l to the l i v e s t o c k 

v e n t i l a t i o n r a t e i n u n i t mass of a i r per un i t time and to 

the temperature d i f f e r e n c e between that of the l i v e s t o c k 

b u i l d i n g and of the greenhouse. 



In c a l c u l a t i n g the c o n t r i b u t i o n of the heat recovered 

to the greenhouse heating l o a d , the s e n s i b l e heat a v a i l a b l e 

from the l i v e s t o c k b u i l d i n g i s considered only during time 

p e r i o d s when the attached greenhouse r e q u i r e d supplemental 

heat. Thus, i n most cases, the c o n t r i b u t i o n of waste heat 

to the greenhouse heating load i s zero around noon hours, 

because p a s s i v e s o l a r energy alone can supply the t o t a l 

greenhouse heat demand. 

ADVANTAGES AND DISADVANTAGES OF DIRECT USE OF EXHAUST AIR 

The i n t r o d u c t i o n of exhaust a i r from the l i v e s t o c k 

b u i l d i n g d i r e c t l y i n t o the greenhouse has many advantages as 

w e l l as disadvantages. An obvious advantage of the d i r e c t 

exchange system i s i t s low c o s t . The e x i s t i n g exhaust fans 

used with c o n v e n t i o n a l barns could e a s i l y be adapted f o r the 

combined g r e e n h o u s e - l i v e s t o c k system without the a d d i t i o n of 

e x t r a equipment, such as heat exchangers. Another advantage 

of the d i r e c t use of the exhaust a i r i s i t s b e n e f i c i a l 

e f f e c t of i n c r e a s i n g the a i r pressure w i t h i n the greenhouse, 

thus reducing i n f i l t r a t i o n of o u t s i d e a i r to a minimum 

l e v e l . A t h i r d advantage i s the n a t u r a l carbon d i o x i d e 

enrichment of the greenhouse environment which could r e s u l t 

i n an in c r e a s e i n the y i e l d of the crop. 



Some of the disadvantages of the d i r e c t a i r exchange 

system between the l i v e s t o c k b u i l d i n g and the greenhouse 

are r e l a t e d to dust and ammonia accumulation. Dust i n the 

exhaust a i r from the l i v e s t o c k b u i l d i n g may accumulate on 

the greenhouse c o v e r i n g m a t e r i a l and on the leaves of the 

p l a n t s thus p o s s i b l y causing a r e d u c t i o n i n the s o l a r r a d i a t i o n 

a v a i l a b i l i t y f o r p h o t o s y n t h e s i s as w e l l as f o r p a s s i v e s o l a r 

energy c o l l e c t i o n . T h i s problem of dust accumulation c o u l d 

be a l l e v i a t e d by i n s t a l l i n g a i r f i l t e r s a t the entrances of 

the exhaust f a n s . 

Ammonia when pr e s e n t i n hig h c o n c e n t r a t i o n s might be a 

s e r i o u s problem wi t h r e s p e c t to u n d e s i r a b l e odor and p o s s i b l y 

damage to the p l a n t s . A very l i m i t e d amount of r e s e a r c h work 

has been done on the e f f e c t s o f ammonia on p l a n t s . Only a 

few s p e c i e s has been t e s t e d f o r acute i n j u r y by t h i s gas but 

too l i t t l e i s known on p l a n t responses to l o w - l e v e l , l o n g -

term exposure to c o n s i d e r c h r o n i c e f f e c t s . 

I t has been r e p o r t e d i n a U.S. Environmental P r o t e c t i o n 

Agency (EPA) r e p o r t (1978) and i n the experimental work on 

tomato p l a n t s by Thornton and S e t t e r s t r o m (1940) t h a t i n t e r n a l 

pH i n c r e a s e s i n the l e a f t i s s u e and changes i n pigmentation 

of the l e a f c o u l d be c o n s i d e r e d c h r o n i c responses t o NH^. 

The EPA r e p o r t s t a t e s t h a t c o n c e n t r a t i o n s o f 55 ppm r e q u i r e 

one hour to i n j u r e tomato p l a n t s . 

The other gas which may be presen t i n the exhaust a i r 

from l i v e s t o c k b u i l d i n g s i s hydrogen s u l f i d e . Thornton and 



S e t t e r s t r o m (.1940) found t h a t H 2S was o n l y m i l d l y t o x i c to 

p l a n t t i s s u e as compared with other gases. With r e s p e c t to 

tomato p l a n t s , they gave the f o l l o w i n g order of t o x i c i t y of 

the gases: 

C l 2 > S 0 2 > NH 3 > HCH > H 2S . 

Ammonia and hydrogen s u l f i d e c o n c e n t r a t i o n s i n l i v e s t o c k 

b u i l d i n g s depend on many f a c t o r s i n c l u d i n g type and d e n s i t y 

of c o n f i n e d animals, type of manure h a n d l i n g system and the 

r a t e of v e n t i l a t i o n . 

van D a l f s e n and B u l l e y (1982) measured NH^ and H 2S 

c o n c e n t r a t i o n s w i t h i n f o u r d a i r y barns having s u b f l o o r manure 

s t o r a g e s . T h e i r r e s u l t s i n d i c a t e d a range of ammonia 

c o n c e n t r a t i o n s i n the b u i l d i n g s between 2.5 to 6.5 ppm d u r i n g 

normal c o n d i t i o n s , while H 2S was found i n measurable q u a n t i t i e s 

only d u r i n g the a g i t a t i o n of manure. Even then hydrogen 

s u l f i d e c o n c e n t r a t i o n s were l e s s than 3 ppm. Consequently, 

H 2S i s not expected to be a l i m i t i n g f a c t o r f o r l i v e s t o c k -

greenhouse combination systems because of i t s low c o n c e n t r a t i o n 

and i t s r e l a t i v e l y low l e v e l of t o x i c i t y to p l a n t s . 

C e r t a i n l y acute i n j u r y t o p l a n t s w i l l not occur a t the 

low l e v e l of ammonia c o n c e n t r a t i o n s r e p o r t e d by van D a l f s e n 

and B u l l e y (1982) i n animal b u i l d i n g s . However, r e s e a r c h work 

i s needed to determine the c h r o n i c e f f e c t of l o w - l e v e l 

c o n c e n t r a t i o n s of ammonia on the p r o d u c t i v i t y of greenhouse 

p l a n t s . A l s o , one must c o n s i d e r the f a c t t h a t s p e c i e s of 

p l a n t s have shown d i f f e r e n t l e v e l s of t o l e r a n c e to gaseous 



p o l l u t i o n . There a l s o may be c o n s i d e r a b l e v a r i a t i o n i n 

p o l l u t a n t . s e n s i t i v i t y between c u l t i v a r s w i t h i n a s p e c i e s 

(Howe and Woltz, 1982). 

Environmental f a c t o r s such as temperature, humidity, 

l i g h t i n t e n s i t y , CC^ c o n c e n t r a t i o n , water supply and n u t r i e n t 

a v a i l a b i l i t y may be s i g n i f i c a n t i n a s c e r n i n g the p l a n t 

s u s c e p t i b i l i t y to gaseous p o l l u t a n t s (Ormrod and Blom, 1978). 
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SWINE FINISHING BARN-GREENHOUSE COMBINATION - A CASE STUDY 

DESCRIPTION AND ASSUMPTIONS 

A schematic of the attached greenhouse to a hog 

f i n i s h i n g barn i s shown i n Figure 5.1. As can be seen i n the 

f i g u r e , the two b u i l d i n g s have a common w a l l ; o b v i o u s l y , 

t h i s c o n f i g u r a t i o n w i l l be i m p r a c t i c a l i n regions where snow 

accumulation i s a f a c t o r without p r o v i s i o n f o r snow removal 

from the south roof of the l i v e s t o c k b u i l d i n g or some other 

means of p r o t e c t i n g the north roof of the greenhouse from 

snow loads. Otherwise, a space between the two s t r u c t u r e s 

should be l e f t c l e a r where snow s l i d i n g from the south roof 

of the l i v e s t o c k b u i l d i n g can accumulate without damage to 

the greenhouse. The north w a l l of the greenhouse should 

s t i l l be i n s u l a t e d . 

With the exce p t i o n of the common w a l l , other 

j c o n s t r u c t i o n parameters such as l e v e l of i n s u l a t i o n , 

dimensions, and o p t i c a l p r o p e r t i e s of the greenhouse g l a s s 

cover; and management p r a c t i c e s such as number of hogs, 

s i z e s , minimum and maximum v e n t i l a t i o n r a t e s e t c . . . a r e 

i d e n t i c a l to those used with res p e c t to case s t u d i e s I and 

I I . T h e r e f o r e , the reader i s r e f e r r e d to s e c t i o n B of each 

of Chapters 3 and 4 f o r d e t a i l e d i n f o r m a t i o n on b u i l d i n g 



FIGURE 5.1: CROSS-SECTIONAL VIEW OF THE GABLE GREENHOUSE-HOG BARN COMBINATION 
(CASE STUDY I I I ) . 



s p e c i f i c a t i o n s , o p e r a t i n g parameters and assumptions 

u n d e r l y i n g case study I I I . A d d i t i o n a l assumptions which 

apply s p e c i f i c a l l y to t h i s case study are as f o l l o w s : 

i ) The v e n t i l a t i o n a i r from the hog barn i s drawn d i r e c t l y 

i n t o the greenhouse f o l l o w i n g a dust removal process. 

i i ) No attempt i s made i n t h i s study f o r barn l a t e n t heat 

recovery; t h e r e f o r e only the s e n s i b l e p o r t i o n i s 

assumed r e c o v e r a b l e . T h i s i m p l i e s that the p r e d i c t e d 

energy savings are r a t h e r c o n s e r v a t i v e estimates of the 

p o t e n t i a l s a v i n g s . 

i i i ) The r a t i o of number of animals to un i t area of 

greenhouse i s assumed con s t a n t throughout t h i s a n a l y s i s ; 

a c t u a l l y , i t i s dependent on the number o f hogs i n the 

barn a t any time t o the de s i g n v a l u e . 

RESULTS AND DISCUSSION 

A sample output of the computer s i m u l a t i o n model f o r an 

attached greenhouse to a f i n i s h i n g hog barn i s i n c l u d e d i n 

Appendix H. Tables H.l to H.12 show the hourly energy flows 

between the attached greenhouse, the l i v e s t o c k b u i l d i n g and 

the outdoor environment f o r a t y p i c a l day of each month of 

the year. Among the values shown i n the t a b l e s are the 



h o u r l y energy inputs to the greenhouse which include the 

s o l a r r a d i a t i o n captured by the p l a n t canopy and the 

s e n s i b l e heat contained i n the v e n t i l a t i o n a i r from the 

l i v e s t o c k b u i l d i n g that i s p o t e n t i a l l y a v a i l a b l e f o r 

recovery and use by the attached greenhouse. The t a b l e s i n 

Appendix H, a l s o show the hourly heat l o s s e s from the 

greenhouse from which the hourly heating load when the 

energy input from v e n t i l a t i o n a i r i s neglected as w e l l as 

the a c t u a l hourly heating load when the l i v e s t o c k s e n s i b l e 

heat i s recovered are c a l c u l a t e d . The l a s t two columns i n 

Tables H.l to H.12 are r e s p e c t i v e l y , the hourly f r a c t i o n of 

the greenhouse heat l o s s that i s s u p p l i e d by p a s s i v e s o l a r 

and the hourly f r a c t i o n of the heating load ( a f t e r the 

pa s s i v e c o n t r i b u t i o n of s o l a r r a d i a t i o n ) that i s s u p p l i e d by 

s e n s i b l e heat recovery from the swine b u i l d i n g v e n t i l a t i o n 

a i r . 

For the purpose of d i s c u s s i o n , the in f o r m a t i o n 

contained i n Appendix H i s summarized i n Tables 5.1 and 5.2. 

Table 5.1 concentrates on the pa s s i v e s o l a r c o n t r i b u t i o n to 

the attached greenhouse heating load while Table 5.2 give s the 

c o n t r i b u t i o n of s e n s i b l e heat recovery from the hog b u i l d i n g 

v e n t i l a t i o n a i r to the greenhouse heating l o a d . 



MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT AND 

SOLAR ENERGY UTILIZED BY THE GREENHOUSE IN MJ PER m  

OF FLOOR AREA FOR THE ATTACHED GREENHOUSE-SWINE  

FINISHING BARN OF CASE STUDY I I I  

(MINIMUM GREENHOUSE TEMPERATURE = 15°C) 

HALIFAX, N.S. 

Month 
S o l a r Energy Heat 

^° S, S2 Captured 
MJ/m ,MT/_2I 

_x. Used U t i l i . 
(MJ/m ) (MJ/m2) F a c t o r 

P e r cent S u p p l i e d 
by S o l a r 

January 481 156 116 0.74 24 

February 441 202 128 0.63 29 

March 405 335 144 0.43 36 

A p r i l 280 369 111 0.30 40 

May 166 436 65 0.15 39 

June 69 493 18 0.04 25 

J u l y 24 479 3 <0.01 13 

August 18 458 3 <0.01 16 

September 50 350 10 0.03 19 

October 159 255 44 0.17 28 

November 265 140 69 0.49 26 

December 424 114 93 0.82 22 

Year 2782 3787 804 0.21 29 



MONTHLY AVERAGE HEATING LOAD, WASTE HEAT CONTRIBUTION  

TO THE GREENHOUSE HEATING LOAD FROM THE LIVESTOCK  

BUILDING AND SUPPLEMENTAL HEAT REQUIREMENT IN MJ PER m2  

OF GREENHOUSE FLOOR AREA FOR THE ATTACHED GREENHOUSE- 

SWINE FINISHING BARN OF CASE STUDY I I I  

(MINIMUM GREENHOUSE TEMPERATURE = 15°C) 

HALIFAX, N.S. 

Month 
Heating 
Load 
(MJ/m2) 

Waste 
Heat 

C o n t r i b u t i o n 
(MJ/m2) 

Supplemental 
Heat 

Requirement 
(MJ/m2) 

Percent 
S u p p l i e d by 
Waste Heat 

January 365 54 311 15 

February 313 46 267 15 

March 261 52 209 20 

A p r i l 169 55 114 32 

May 101 61 40 61 

June 51 51 0 100 

J u l y 21 21 0 100 

August 15 15 0 100 

September 40 40 0 100 

October 115 82 33 71 

November 196 75 121 39 

December 331 64 267 19 

Year 1978 616 1362 31 



The c o n s t r u c t i o n parameters and management p r a c t i c e s of 

the greenhouse analyzed here are i d e n t i c a l to the 

con v e n t i o n a l gable greenhouse d e s c r i b e d i n Chapter 4 , with 

the e x c e p t i o n of the presence of a common w a l l with the 

l i v e s t o c k b u i l d i n g . T h e r e f o r e , the r e s u l t s of Table 5.1 of 

t h i s chapter are d i r e c t l y comparable to r e s u l t s obtained i n 

Chapter 4 and summarized i n Table 4.4 o f t h a t chapter. 

Comparison of the r e s u l t s i n d i c a t e that the annual heat l o s s 

from the attached greenhouse i s 2782 megajoules per square 

meter of f l o o r area (MJ/m2) as compared to 3693 MJ/m2 f o r 

the fre e standing greenhouse. T h i s represents a r e d u c t i o n 

of 25 percent which i s due to i n s u l a t i o n of the north w a l l 

of the greenhouse and the e l i m i n a t i o n of i n f i l t r a t i o n heat 

l o s s . On the othe r hand, the s o l a r r a d i a t i o n captured by the 

attached greenhouse i s lower than that captured by the free 

standing greenhouse. The corresponding values are 3787 and 

4024 megajoules per square metre of f l o o r area a n n u a l l y . 

The s i x percent r e d u c t i o n i n energy capture i s a t t r i b u t e d to 

the i n s u l a t e d north w a l l of the attached greenhouse. Even 

though, the s o l a r c o n t r i b u t i o n to the greenhouse heat l o s s 

was reduced from 975 to 804 megajoules per square meter of 

f l o o r area; the net r e d u c t i o n i n greenhouse heating load i s 

740 MJ/m2 or 27 percent i n favor of the attached 

greenhouse. The annual s o l a r energy u t i l i z a t i o n f a c t o r was 



reduced from 0.24 f o r the f r e e s t anding greenhouse ( F i g . 4.3, 

Chapter 4) to 0.21 f o r the a t t a c h e d greenhouse (Table 5.1, 

Chapter 5 ) . The lowering o f the s o l a r energy u t i l i z a t i o n 

f a c t o r i s due to the reduced heat l o s s from the atta c h e d 

greenhouse. Table 5.2 g i v e s the p r e d i c t e d monthly and annual 

c o n t r i b u t i o n to the greenhouse h e a t i n g l o a d o f s e n s i b l e 

waste heat recovery from v e n t i l a t i o n a i r of the l i v e s t o c k 

b u i l d i n g . The monthly percentage of greenhouse h e a t i n g l o a d 

s u p p l i e d by waste heat from the hog barn ranged from 15 percent 

i n January to 100 percent d u r i n g the summer months g i v i n g an 

annual p r e d i c t e d average i n the order of 30 p e r c e n t . In t h i s 

case study, the expected annual savings i n energy from waste 

heat are about 600 megajoules per square metre of greenhouse 

area. The p r e d i c t e d annual supplemental heat requirement f o r 
2 

the attached greenhouse t o the hog barn i s 1362 MJ/m as 
2 

compared to 2718 MJ/m f o r a f r e e s t a n d i n g c o n v e n t i o n a l 

greenhouse. In Chapter 4, i t was concluded from the a n a l y s i s 

of a c o n v e n t i o n a l greenhouse t h a t lowering the greenhouse 

minimum i n s i d e temperature by one degree K e l v i n has r e s u l t e d 

i n a f i v e p ercent r e d u c t i o n i n the annual supplemental heat 

requirement. Tables 5.3 and 5.4 of t h i s chapter g i v e a summary 

of the r e s u l t s of an a n a l y s i s which i s performed p r i m a r i l y 

t o determine the e f f e c t o f lowering the greenhouse minimum 



MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT AND  

SOLAR ENERGY UTILIZED BY THE GREENHOUSE IN MJ PER m 2  

OF FLOOR AREA FOR THE ATTACHED GREENHOUSE-SWINE  

FINISHING BARN OF CASE STUDY I I I  

(MINIMUM GREENHOUSE TEMPERATURE = 10°C) 

HALIFAX, N.S. 

S o l a r Energy ~ , _ ,. , Heat _ Percent S u p p l i e d 
Month Los s - „ , , r T i. •, . by S o l a r , 2 Captured Used U t i l i . J 

M J / m (MJ/m ) (MJ/m2) F a c t o r 

January 364 156 88 0.56 24 

February 334 202 100 0.50 30 

March 289 335 103 0.31 36 

A p r i l 166 369 61 0.17 37 

May 62 436 14 0.03 23 

June 14 493 2 <0.01 14 

J u l y - 479 - 0.00 -
August - 458 - 0.00 -
September - 350 - 0.00 -
October 52 255 6 0.02 12 

November 153 140 37 0.26 24 

December 306 114 69 0.61 23 

Year 1740 3787 480 0.̂ 13 28 



MONTHLY AVERAGE HEATING LOAD, WASTE HEAT CONTRIBUTION  

TO THE GREENHOUSE HEATING LOAD FROM THE LIVESTOCK 
2 

BUILDING AND SUPPLEMENTAL HEAT REQUIREMENT IN MJ PER m  

OF GREENHOUSE FLOOR AREA FOR THE ATTACHED GREENHOUSE-

SWINE FINISHING BARN OF CASE STUDY I I I  

(MINIMUM GREENHOUSE TEMPERATURE = 10°C) 
HALIFAX, N.S. 

Month 
H e a t i n g 
Load 
(MJ/m2) 

Waste 
Heat 

C o n t r i b u t i o n 
(MJ/m2) 

Supplemental 
Heat 

Requirement 
(MJ/m2) 

Percent 
S u p p l i e d by 
Waste Heat 

January 276 ^ 102 174 37 

February 234 83 151 36 

March 186 94 92 50 

A p r i l 105 87 18 83 

May 48 48 0 100 

June 12 12 0 100 

J u l y - - - -
August - - - -
September - - - -
October 46 46 0 100 

November 116 108 8 93 

December 237 115 122 49 

Year 1260 695 565 55 



temperature on the supplemental heat requirement of an 

attached greenhouse to a swine f i n i s h i n g barn. For t h i s 

a n a l y s i s the greenhouse minimum temperature was reduced from 

150C to 10°C. 

A comparison of Table 5.1 to Table 5.3 i n d i c a t e s t h a t the 

annual heat l o s s from the greenhouse was reduced from 2782 

to 1740 megajoules per square metre of f l o o r area when the 

minimum temperature s e t t i n g was dropped from 15°C to 10°C. 

Obviously the s o l a r r a d i a t i o n captured by the greenhouse 

remained the same, but, as expected the s o l a r energy 

u t i l i z a t i o n f a c t o r has been reduced s i g n i f i c a n t l y . The 

decrease i n the s o l a r energy u t i l i z a t i o n f a c t o r from a value 

of 0.21 to 0.13 i s due to the lower greenhouse o p e r a t i n g 

temperature. 

The monthly and y e a r l y c o n t r i b u t i o n of s e n s i b l e waste 

heat recovery from the hog barn to the attached greenhouse 

heating load i s shown . i n Table 5.4 for a minimum greenhouse 

temperature s e t t i n g of 10°C. Comparing the values i n Tab l e 

5.2(15°C) to those i n Table 5.4 (10°C) i n d i c a t e f i r s t l y that 

the heating season was reduced from 12 months to 9 months 

and the annual heating l o a d , n e g l e c t i n g the c o n t r i b u t i o n of 

waste heat, was reduced from 1978 to 1260 megajoules per 



square metre of f l o o r area. Secondly, the waste heat 

c o n t r i b u t i o n to the greenhouse h e a t i n g l o a d was i n c r e a s e d 

d u r i n g the wint e r months. The annual c o n t r i b u t i o n of waste 

heat r e c o v e r y from the hog barn to the greenhouse h e a t i n g 

l o a d has i n c r e a s e d from 31 pe r c e n t f o r a minimum greenhouse 

temperature o f 15°C to 55 perc e n t f o r a minimum temperature 

of 10°C. T h i r d l y , the annual supplemental heat requirement 

based upon greenhouse u n i t f l o o r area has decreased from 

1362 MJ/m2 to 565 MJ/m2 f o r minimum temperatures of 15°C and 

10°C r e s p e c t i v e l y . T h i s r e p r e s e n t s about 60 perc e n t i n 

energy savings which i n d i c a t e s t h a t greenhouse o p e r a t i n g 

temperature i s a s i g n i f i c a n t f a c t o r f o r a g r e e n h o u s e - l i v e s t o c k 

combination. The s i g n i f i c a n c e of lowering the minimum 

greenhouse o p e r a t i n g temperature on energy savings f o r an 

attach e d greenhouse-swine f i n i s h i n g barn i s e v i d e n t from 

Table 5.5. The greenhouse minimum o p e r a t i n g temperatures 

used i n the analyses r e p r e s e n t e d i n Table 5.5 are 20°C, 15°C 

and 10°C r e s p e c t i v e l y . The perc e n t energy savings shown i n 

the t a b l e are based upon the 20°C case. The p r e d i c t e d annual 

energy savings due to lowering the greenhouse minimum 

temperature from 20°C to 15°C and 10°C are 52 and 80 percent 

r e s p e c t i v e l y . 

As p r e v i o u s l y s t a t e d , the main purpose o f P a r t I I of 

t h i s study i s to determine the p o t e n t i a l energy savings by 

r e c o v e r i n g the waste heat from a l i v e s t o c k o p e r a t i o n and 

usin g i t t o p a r t i a l l y supply the h e a t i n g demand of an 



EFFECT OF LOWERING THE MINIMUM GREENHOUSE 

TEMPERATURE ON ENERGY SAVINGS FOR THE ATTACHED 

OF CASE STUDY I I I 

HALIFAX, N.S. 

Month 

Supplemental Heat 
(MJ per m2 Greenhouse 

F l o o r Area) Percent Savings 

T =20°C T =15°C 
9 g 

T =10°C 
g 

T =15°C 
g 

T =10°C 
g 

January- 462 311 174 33 62 

February 395 267 151 32 62 

March 339 209 92 38 73 

A p r i l 235 114 18 51 92 

May 159 40 0 75 100 

June 100 0 0 100 100 

J u l y 64 0 0 100 100 

August 59 0 0 100 100 

September 99 0 0 100 100 

October 189 33 0 82 100 

November 280 121 8 57 97 

December 433 267 122 38 72 

Year 2814 1362 565 52 80 



adjacent greenhouse. The promising case of a swine 

f i n i s h i n g barn i s used as an example t o demonstrate i f 

s i g n i f i c a n t energy savings c o u l d be achieved through the 

o p e r a t i o n of a g r e e n h o u s e - l i v e s t o c k combination. The r e s u l t s 

of a combination system operated i n the H a l i f a x area are 

given i n Table 5.6. The p o t e n t i a l energy savings are 

h i g h l y dependent on the minimum greenhouse temperature 

s e t t i n g as can c l e a r l y be seen i n the t a b l e . For t h i s case 

study, the p r e d i c t e d annual energy savings were i n the order 

of 27, 50 and 67 per c e n t f o r minimum greenhouse temperatures 

of 20°C, 15°C and 10°C r e s p e c t i v e l y . The above percentage 

energy savings are c a l c u l a t e d u s i n g a c o n v e n t i o n a l f r e e 

s t a n d i n g gable greenhouse as a base f o r comparison. 

In many i n s t a n c e s , the greenhouse o p e r a t o r s choose t o 

grow low temperature crops d u r i n g the w i n t e r season and a 

r e l a t i v e l y h i g h e r temperature crop d u r i n g the ot h e r seasons 

of the. year. For such a case, the expected annual energy 

savings would be somewhat d i f f e r e n t from the valu e s g i v e n 

above. L e t us take f o r example, a greenhouse operated at 

a low temperature of 10°C d u r i n g the months of November 

through February and a t 15°C d u r i n g the ot h e r months of the 

year; then from Table 5.6 , the p r e d i c t e d annual supplemental 

h e a t i n g requirements can be c a l c u l a t e d as 2243 megajoules 

per square metre of f l o o r area f o r the c o n v e n t i o n a l 
2 

greenhouse and 851 MJ/m f o r the attached greenhouse 

r e s u l t i n g i n an expected annual energy savings i n the 

order of 62 p e r c e n t . 



TABLE 5.6 

MONTHLY AVERAGE SUPPLEMENTAL HEAT REQUIREMENTS  
FOR A CONVENTIONAL AND AN ATTACHED GREENHOUSE* 

(MJ PER m2 GREENHOUSE FLOOR AREA)  
ALSO EXPECTED PERCENT SAVINGS AS A FUNCTION 

OF THE MINIMUM GREENHOUSE TEMPERATURE 

T = 20°C 
g 

T = 15°C 
g 

T 
g 

= 10°C 

Month 
Supplemental 

Heat Percent 
Savings 

Supplemental 
Heat Percent 

Savings 

Supplemental 
Heat Percent 

Savings Month 
Con. A t t . 

Percent 
Savings Con. A t t . 

Percent 
Savings Con. A t t . 

Percent 
Savings 

January 632 462 27 497 311 37 370 174 53 
February 540 395 27 428 267 38 321 151 53 
March 464 339 27 357 209 41 254 92 64 
A p r i l 325 235 28 232 114 51 146 18 88 
May 222 159 28 141 40 72 69 0 100 
June 135 100 26 69 0 100 17 0 100 
J u l y 87 64 26 27 0 100 - - -
August 84 59 30 21 0 100 - -
September 140 99 29 61 0 100 7 0 100 
October 261 189 28 160 33 79 68 0 100 
November 387 280 28 272 121 56 162 8 95 
December 603 433 28 453 267 41 322 122 62 

Year 3880 2814 27 2718 1362 50 1736 565 67 

* L o c a t i o n : H a l i f a x , N.S. f O 

to 



The above savings i n energy can be a t t r i b u t e d t o the 

e l i m i n a t i o n of the heat l o s s from the n o r t h w a l l of the 

greenhouse, the m i n i m i z a t i o n o f o u t s i d e a i r i n f i l t r a t i o n 

i n t o the greenhouse and the u t i l i z a t i o n o f a f r a c t i o n of the 

s e n s i b l e heat produced by the animals. These savings c o u l d 

be f u r t h e r improved i f an e f f i c i e n t l a t e n t heat recovery 

system c o u l d be designed and u t i l i z e d to recover some of 

the l a t e n t heat produced by the animals. 

CONCLUSIONS 

From the i n f o r m a t i o n a v a i l a b l e on l e v e l s o f ammonia 

and hydrogen s u l f i d e c o n c e n t r a t i o n s encountered i n the exhaust 

a i r from animal s h e l t e r s under normal o p e r a t i n g c o n d i t i o n s , 

and on the t o l e r a n c e of p l a n t s to these gases, i t may be 

concluded t h a t : 

I n t r o d u c i n g the a i r from the animal s h e l t e r d i r e c t l y 

i n t o the at t a c h e d greenhouse i s not expected to have 

d e t r i m e n t a l e f f e c t s on the growth of a t l e a s t some 

greenhouse c r o p s . 
2 

Computer s i m u l a t i o n analyses o f a 1000 m gable 

greenhouse at t a c h e d to a c o n v e n t i o n a l swine f i n i s h i n g barn 

housing 1536 hogs, and l o c a t e d i n the H a l i f a x , N.S. area, 

r e v e a l e d the f o l l o w i n g r e s u l t s : 

1. The y e a r l y percentage o f the h e a t i n g requirements t h a t 

c o u l d be s u p p l i e d by animal waste heat r e c o v e r y i s i n 

the order of 30 perce n t , w h i l e the greenhouse minimum 

o p e r a t i n g temperature was s e t at 15°C. When t h i s 



temperature was reduced to 10°C, the above percentage 

i n c r e a s e d t o 55 p e r c e n t . 

2. The minimum greenhouse o p e r a t i n g temperature i s a 

s i g n i f i c a n t f a c t o r i n a c c e s s i n g the r e a l i z a b l e energy 

savings from g r e e n h o u s e - l i v e s t o c k combination systems. 

3. The p r e d i c t e d annual energy savings o f the a t t a c h e d 

greenhouse t o the hog barn compared to a f r e e - s t a n d i n g 

gable greenhouse having the same c o n s t r u c t i o n and 

management parameters are: 27, 50 and 67 per c e n t f o r 

minimum greenhouse temperatures of 20°C, 15°C and 10°C, 

r e s p e c t i v e l y . 



Symbol 

C 
P 

HRL 

QSENS 
QSOL 
QSUP,G 

QSUP,L 

QTRAN 

QVENT 

D e f i n i t i o n U n i t s 

S p e c i f i c heat of barn exhaust a i r 

Mass flow r a t e o f barn exhaust a i r 

S e n s i b l e heat recovered from kJ.h 

l i v e s t o c k b u i l d i n g 

S e n s i b l e heat produced by the animals 

S o l a r energy captured by the greenhouse 

Supplemental heat requirement o f 

the greenhouse 

Supplemental heat requirement of 

the l i v e s t o c k b u i l d i n g 

T r a n s m i s s i o n heat l o s s from 

- l i v e s t o c k b u i l d i n g (equation 1) 

- greenhouse (equation 2) 

V e n t i l a t i o n heat l o s s from kJ.h 

l i v e s t o c k b u i l d i n g 

Dry-bulb temperature of the barn K 

Dry-bulb temperature of the K 

greenhouse 

kJ.kg~ 1.K~ 1 

k g . h - 1 

-1 

k J . h - 1 

k J . h " 1 

k J . h " 1 

k J . h " 1 

k J . h " 1 

-1 
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CHAPTER 6 
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OF 

HEATING REQUIREMENTS 

OF 

SOLAR-SHED GREENHOUSE 



INTRODUCTION 

T h i s chapter g i v e s a d e t a i l e d a n a l y s i s o f a new s o l a r 

greenhouse s p e c i f i c a l l y designed f o r hig h l a t i t u d e r e g i o n s . 

The greenhouse has a shed shape from which the name " S o l a r -

Shed" was adopted by the author. The l o n g - a x i s o f the 

s o l a r - s h e d greenhouse must be east-west o r i e n t e d . The 

no r t h w a l l i s i n s u l a t e d and a s o l a r c o l l e c t o r i s i n s t a l l e d 

at the upper p a r t of i t s i n n e r s u r f a c e . The s o l a r energy 

c o l l e c t e d c o u l d be s t o r e d e i t h e r i n a rock storage under 

the benches or i n wet e a r t h underneath the greenhouse f l o o r . 

The chapter i s d i v i d e d i n t o t hree s e c t i o n s . The f i r s t 

g i v e s the energy balance equations used w i t h the computer 

s i m u l a t i o n model to determine the heat l o s s from the 

greenhouse. The second s e c t i o n goes i n t o a d e t a i l e d 

t h e o r e t i c a l a n a l y s i s of s o l a r r a d i a t i o n capture by the 

p l a n t canopy, as w e l l as, an a n a l y t i c a l technique of 

e s t i m a t i n g the u s e f u l heat g a i n by the i n t e g r a l s o l a r 

c o l l e c t o r . 

The theory developed i n the f i r s t two s e c t i o n s i s then 

a p p l i e d t o a case study i n o r d e r to i n v e s t i g a t e the 

performance of the s o l a r - s h e d greenhouse. The case study 

i s the s u b j e c t o f the f i n a l s e c t i o n of t h i s chapter where 

the e f f e c t o f l o c a t i o n , mean p l a t e temperature and type o f 

absorber p l a t e on the monthly and y e a r l y average s o l a r 

f r a c t i o n s i s s t u d i e d . The energy savings r e a l i z e d by the 

s o l a r - s h e d over a c o n v e n t i o n a l gable greenhouse are 

estimated f o r three l o c a t i o n s i n Canada. 



SECTION A 

HEAT BALANCE 

ABOUT THE 

SOLAR-SHED GREENHOUSE 



The p h y s i c a l model of the s o l a r - s h e d greenhouse 

chosen f o r t h i s study i s shown s c h e m a t i c a l l y i n F i g u r e 6.1. 

ASSUMPTIONS 

The f o l l o w i n g assumptions were made i n determining 

the heat balance o f the greenhouse: 

i ) Thermal storage i n the greenhouse s t r u c t u r e , 

ground bed, benches and p l a n t canopy i s 

n e g l e c t e d t o a l l o w steady s t a t e heat t r a n s f e r 

c a l c u l a t i o n s . 

i i ) E v a p o r a t i o n from the s o i l s u r f a c e i n the 

greenhouse i s n e g l i g i b l e . 

i i i ) P l a n t s t r a n s p i r a t i o n , p h o t o s y n t h e s i s and 

r e s p i r a t i o n are n e g l e c t e d . 

iv) There i s no i n t e r n a l energy g e n e r a t i o n i n s i d e 

the greenhouse. 

v) There i s no condensation on the i n s i d e s u r f a c e 

of the g l a s s cover, o r dust accumulation, 

t h e r e f o r e the t r a n s m i t t a n c e o f the c o v e r i n g 

i s taken as t h a t o f the g l a s s l a y e r o n l y . 

ENERGY BALANCE 

When a l l the above assumptions were taken i n t o account, 

the steady s t a t e heat balance equation f o r the p h y s i c a l 

model of F i g u r e 6.1 i s giv e n by 



SOLAR-SHED 
GREENHOUSE 

FIGURE 6 . 1 : SCHEMATIC OF A SOLAR-SHED GREENHOUSE 
SHOWING ENERGY FLOWS AND SOLAR RADIATION 
INCIDENT ON THE INTEGRAL COLLECTOR. 



Q s u p " Q s o l " Q r a d ~ Q c o n " Q i n f " Q c o n d (1) 

From F i g u r e 6.1 and equ a t i o n ( 1 ) i t can be seen t h a t the 

energy i n p u t t o the greenhouse i n c l u d e s the s o l a r r a d i a t i o n 

absorbed by the p l a n t canopy and o b j e c t s i n the greenhouse 

p l u s t h a t absorbed by the c o v e r i n g m a t e r i a l . For a 

completely c l o s e d system the heat i s l o s t by c o n v e c t i o n 

and by r a d i a t i o n from the greenhouse cover. Since 

i n f i l t r a t i o n and e x f i l t r a t i o n always occur i n greenhouses, 

an a d d i t i o n a l term i s i n c l u d e d i n equation ( 1 ) to account 

f o r the heat l o s s due to i n f i l t r a t i o n . I f the r i g h t hand 

s i d e of equation ( 1 ) i s n e g a t i v e , supplemental heat i s 

r e q u i r e d . The supplemental heat can be p r o v i d e d by the 

s o l a r h e a t i n g system and/or by the furnace. 

THERMAL RADIATION HEAT LOSS FROM GREENHOUSE COVER 

Thermal r a d i a t i o n l o s s from the greenhouse i s a 

f u n c t i o n of the greenhouse w a l l s temperature, sky temperature 

and ground temperature. The thermal r a d i a t i o n l o s s from 

the r o o f o f the greenhouse can be w r i t t e n as 

Q c = A F .. e a ( T 4 - T 4 , ) + A F a (T^-T 4) . (2) v r a d , r o o f r r+sky r v r sky' r r+g r r g 

In g e n e r a l , the thermal r a d i a t i o n l o s s from any of the 

greenhouse w a l l s may be c a l c u l a t e d u s i n g the f o l l o w i n g 

e q u a t i o n : 

Q , . = A. e. o[F ^ r a d , i I l i->-sky 



For v e r t i c a l w a l l s , we have 

F. . = F. = 0.5 
l+sky 1-KJ 

T h e r e f o r e equation ( 3) reduces t o : 

Q r a d , i [A, e.a/2] [2T«-T* k y-T<] 

For the greenhouse r o o f , we have 

(5) 

F 1 + COS 
r->-sky 

and, 

cos 6 
r+g 

(6) 

(7) 

I n s e r t i n g equations ( 6) and ( 7) i n t o (.2) and s i m p l i f y i n g 

we o b t a i n , 

Q c = A e o [ r a d , r o o f r r 

(8) 

E v a l u a t i o n of equations ( 5) and ( 8 ) r e q u i r e s the knowledge 

of the sky and ground temperatures. 

The e f f e c t i v e sky temperature i s a f u n c t i o n of many 

m e t e r o l o g i c a l v a r i a b l e s such as water vapour content and 

a i r temperature. S e v e r a l c o r r e l a t i o n equations between 

the e f f e c t i v e sky temperature and the m e t e o r o l o g i c a l 

v a r i a b l e s have been proposed (Brunt (1932), B l i s s (1961)/ 

Swinbank ( 1963), W h i l l i e r . (1967 ), Morse and Read (1968)).. 

1 



In t h i s a n a l y s i s Swinbank's c o r r e l a t i o n r e l a t i n g 

the sky temperature t o the l o c a l environmental temperature 

i s used, 

T . = 0.0552 T 1 * 5 ( 9 ) sky a 

The ground s u r f a c e temperature may be d i f f e r e n t from the 

l o c a l a i r temperature e s p e c i a l l y d u r i n g low wind speed 

p e r i o d s . Due to the complexity of p r e d i c t i n g the l o c a l 

ground s u r f a c e temperature a c c u r a t e l y , i t i s assumed to 

be equal t o the l o c a l a i r temperature i n t h i s study. 

CONVECTION HEAT LOSS FROM THE GREENHOUSE COVER 

The c o n v e c t i v e heat exchange between any s u r f a c e i 

of the greenhouse and the surroundings i s given by 

Q . = h .A. (T.-T ) , (10) c o n , i w,i I I a 

where the average c o n v e c t i v e heat t r a n s f e r c o e f f i c i e n t , 

h i s r e l a t e d to the wind speed, w 

McAdams (1954) suggests the f o l l o w i n g r e l a t i o n s h i p 

f o r the c o n v e c t i v e heat t r a n s f e r c o e f f i c i e n t : 

h = 20.52 + 13.68 V . (11) w 

CALCULATION OF THE OUTSIDE SURFACE TEMPERATURE OF THE  

ROOF AND THE WALLS OF THE GREENHOUSE 

The o u t s i d e s u r f a c e temperature of the greenhouse 

c o v e r i n g m a t e r i a l i s dependent upon the o u t s i d e ambient 



temperature, the i n s i d e o p e r a t i n g temperature of the 

greenhouse and r e s i s t a n c e to heat flow o f the cover i t s e l f . 

T h e r e f o r e , t o determine the o u t s i d e s u r f a c e temperature o f 

any w a l l , a heat balance about the w a l l i s r e q u i r e d . 

I f the net r a d i a n t heat exchange between the 

greenhouse w a l l s and the p l a n t canopy i s n e g l e c t e d and 

the a b s o r p t i v i t y o f the t r a n s p a r e n t cover to s o l a r r a d i a t i o n 

i s assumed to be c o n s t a n t and equal to a, then the s o l a r 

energy absorbed by any s u r f a c e i i s : 

Q s a , i = a i X s , i ' <12> 

Then, u s i n g equations ( 8 ) , (10) and (12), the heat balance 

equation f o r the r o o f becomes, 

( A r / R r ) ( T g - T r ) = A r cra [ T 4 - 0.5 (1 + COS 8) T^ k - 0.5 

(1 - cos B) T 4 ] + h W / r A r ( T r - T a ) 

" A r a r X s , r ( 1 3 ) 

and f o r the w a l l s , from equations ( 5 ), (10) and (12) we 

get 

(A./R.)(T -T.) = 0.5 A. e.a (2T 4 - T 4 - T 4) i l g l i i l sky g' 

+ h . A.(T.-T ) - A. a. I . (14) w,i l I a i i s , i 

Equations (13) and (14) may be w r i t t e n i n terms of the 

known m e t e o r o l o g i c a l v a r i a b l e s , namely l o c a l a i r temperature 

and wind speed. Furthermore, the o u t s i d e c o n v e c t i v e heat 



t r a n s f e r c o e f f i c i e n t s f o r the r o o f and a l l " the other 

greenhouse w a l l s are assumed to be the same. In r e a l i t y , 

they depend on the wind d i r e c t i o n w i t h r e s p e c t to the 

s u r f a c e . Equation (11) assumes the flow i s p a r a l l e l to 

the f l a t s u r f a c e . In a c t u a l s i t u a t i o n s the wind may 

approach a s u r f a c e a t any angle. Iqbal and Khatry (1977) 

s t u d i e d the e f f e c t o f non-uniform flow on the e x t e r n a l 

heat t r a n s f e r c o e f f i c i e n t u s i n g model greenhouses i n the 

wind t u n n e l ; t h e i r r e s u l t s i n d i c a t e wind c o e f f i c i e n t v a l u e s 

h i g h e r than those o b t a i n e d by assuming flow p a r a l l e l t o 

the f l a t s u r f a c e . Since wind d i r e c t i o n s are seldom known, 

equation (11) f o r the wind c o e f f i c i e n t i s used f o r the 

purpose of d e v e l o p i n g the prese n t greenhouse model. 

I n s e r t i n g equations ( 9) and (11) i n t o (13) and (14) 

to o b t a i n : 

_ i (T - t ) = e a [T 4 - 0.5 (1 + cos 6)(0.0552 T 1 ' 5 ) R g r r r a r 

0.5 (1 - cos 6) T 4 ] - a I 
a r s,r 

+ (20.52 + 13.68 V)(T -T ) (15) 
IT Si 

and 

R j ( V T i ) = ~T~ [ 2 T i " ( 0 - 0 5 5 2 T a ' 5 ) 4 ~ T a ] " a i J s , i 

+ (20.52 + 13.68 V) (T.-T ) (16) 

l a 

In equations (15) and (16) the ground s u r f a c e temperature 

i s taken to be equal t o the l o c a l a i r temperature. The 



o v e r a l l r e s i s t a n c e s t o heat flow R r and may be 

estimated u s i n g the f o l l o w i n g standard e q u a t i o n s : 

R^ = (1/f. ) + R (17) r 1 , r c 
and 

R i = { 1 / f i , i ] + R c ( 1 8> 

The i n s i d e s u r f a c e f i l m c o e f f i c i e n t s , f ^ , f o r n o n - r e f l e c t i v e 

s u r f a c e s are given i n ASHRAE Handbook (1977). The cover 

r e s i s t a n c e R c depends whether the cover i s s i n g l e or double 

g l a z e d . 

Equation (15) with equation (17) and equation (16) 

with equation (18) may now be s o l v e d f o r the e x t e r n a l 

s u r f a c e temperatures f o r the greenhouse r o o f and w a l l s . 

Then the t o t a l heat l o s s from the r o o f i s : 

Qr = <A
r/R

r) (T
g-V ' ( 1 9 ) 

and the t o t a l heat l o s s from any w a l l i , i s 

Q ± = (A ±/R i) (T -T r) . (2,0) 

The t o t a l ( c o n v e c t i v e p l u s r a d i a t i v e ) heat l o s s from the 

greenhouse can then be c a l c u l a t e d as f o l l o w s : 

Q = ̂  ( A
r
/ Rr ) (Tg~V + ( A i / R i } (Tg"Ti) ' ( 2 1 ) 

r=l i=l 
where m is the number of roof slopes making up the greenhouse 
roof and n the number of vertical walls for the greenhouse 
under consideration. 



CONDUCTION HEAT LOSS FROM THE GREENHOUSE 

The conduction heat l o s s i n c l u d e s heat t r a n s f e r 

through the greenhouse perimeter and through the 

fou n d a t i o n . Here i t i s assumed t h a t the heat l o s s 

to the greenhouse f l o o r i s i n c l u d e d i n the perimeter 

heat l o s s . 

The c o n d u c t i v e heat t r a n s m i s s i o n i s then c a l c u l a t e d 

as f o l l o w s : 

Q , = U- A,. (T -T ) + U P (T -T ) . (22) cond f f g a p g a 

INFILTRATION HEAT LOSS FROM THE GREENHOUSE 

The air-exchange method used w i t h r e s p e c t t o the 

gable greenhouse i s employed here. T h e r e f o r e the s e n s i b l e 

heat l o s s due to i n f i l t r a t i o n / e x f i l t r a t i o n may be 

estimated u s i n g the f o l l o w i n g e q u a t i o n : 

The supplemental heat requirement f o r the greenhouse 

may be c a l c u l a t e d by the use of equation (1) 

Q. , = (1/v) C V N (T -T ) i n f ' p g a g a (23) 

SUPPLEMENTAL HEAT REQUIREMENT 

sup = Q - , - Q - Q . . c - 0 w s o l * v m f ^cond (24) 

where 

Q = Q , + Q 
rad con 

as d e f i n e d by equation (21). 



F i n a l l y , the d a i l y h e a t i n g l o a d f o r the greenhouse i s 

simply: 

Q , = > Q (26) sup, day / J sup 

24 

z -
hour=l 

The minus s i g n i n d i c a t e s t h a t o n l y negative v a l u e s are 

c o n s i d e r e d d u r i n g the summation p r o c e s s . 

The s o l a r r a d i a t i o n i n p u t to the greenhouse re p r e s e n t e d 

by Q , i n e q u a t i o n (24) i s t r e a t e d i n the next s e c t i o n of 
2 s o l ^ 

t h i s chapter where an e x p r e s s i o n f o r e s t i m a t i n g the t o t a l 

s o l a r energy captured by the p l a n t canopy i n s i d e the 

greenhouse i s d e r i v e d . T h i s e x p r e s s i o n i n i t s s i m p l e s t 

form may be w r i t t e n as, 

Q . = I = 1 + 1 . (27) s o l g p w 

In e q u a t i o n (27), the term I r e p r e s e n t s the t o t a l amount 

of s o l a r r a d i a t i o n absorbed by the p l a n t canopy. The terms 

I and I i n d i c a t e t h a t the r a d i a t i o n i s o r i g i n a t i n g from p w 
the r o o f and the v e r t i c a l w a l l s of the greenhouse 

r e s p e c t i v e l y . D e t a i l e d e x p r e s s i o n s f o r I and I are g i v e n c p w 
by equations (49) and (47) r e s p e c t i v e l y . 
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CALCULATION OF SOLAR RADIATION CAPTURE BY A 

SHED-GREENHOUSE AND SOLAR RADIATION 

INCIDENT ON THE COLLECTOR 

ASSUMPTIONS 

For t h i s a n a l y s i s the f o l l o w i n g assumptions were made: 

i . The p l a n t canopy r e f l e c t s d i f f u s e l y r e g a r d l e s s o f 

whether the o r i g i n a l i n c i d e n t r a d i a t i o n i s beam or 

d i f f u s e i n nature. 

i i . M u l t i p l e r e f l e c t i o n between the p l a n t canopy and the 

greenhouse cover i s n e g l e c t e d . 

i i i . The r e f l e c t a n c e o f the c o l l e c t o r to the s o l a r r a d i a t i o n 

i s s m a l l . 

i v . The c o n t r i b u t i o n o f the east and west end w a l l s o f the 

greenhouse i s n e g l e c t e d . (L >> W) 

ESTIMATION OF THE TOTAL SOLAR RADIATION INCIDENT ON THE FLAT  

PLATE SOLAR COLLECTOR INSIDE A SHED-TYPE GREENHOUSE 

The t o t a l s o l a r r a d i a t i o n i n c i d e n t on the c o l l e c t o r i s 

the sum of the t o t a l s o l a r r a d i a t i o n from the r o o f o f the 

greenhouse, a f r a c t i o n o f the d i f f u s e r a d i a t i o n r e f l e c t e d by 

the top of the p l a n t canopy and a f r a c t i o n o f the d i f f u s e 

r a d i a t i o n from the p l a n t s t h a t i s r e f l e c t e d by the i n n e r 

s u r f a c e o f the r o o f . 

Or mathematically, 

I = I u + I , + 1 + 1 (28) c b,c d,c r,p r , r v z ' 



where the f i r s t term i n the summation r e p r e s e n t s the beam 

s o l a r r a d i a t i o n t r a n s m i t t e d through the greenhouse r o o f t h a t 

i s i n c i d e n t on the s o l a r c o l l e c t o r . T h i s beam r a d i a t i o n may 

be e stimated by: 

I, = I, T, A . (2 9) b,c b,v b , r c 

The second term i s the d i f f u s e s o l a r r a d i a t i o n t r a n s m i t t e d 

through the greenhouse r o o f t h a t i s i n c i d e n t on the c o l l e c t o r . 

T h i s d i f f u s e r a d i a t i o n can be estimated from the d i f f u s e s o l a r 

r a d i a t i o n t r a n s m i t t e d through the r o o f and the c o n f i g u r a t i o n 

f a c t o r between the r o o f and the c o l l e c t o r , or i n equation form, 

I , = I , T , A F (30) d,c d,r d,r r r-*c 

Then the t o t a l s o l a r r a d i a t i o n i n c i d e n t on the c o l l e c t o r 

n e g l e c t i n g the r e f l e c t e d components i s : 

I' = I,_ T u A + I , T , A F . (31) c b , v b , r c d , r d , r r r+c ' 

The l a s t two terms i n equation (28) r e p r e s e n t the f r a c t i o n o f 

the r e f l e c t e d s o l a r r a d i a t i o n from the top of the p l a n t canopy 

t h a t i s r e a c h i n g the v e r t i c a l s o l a r c o l l e c t o r . The t h i r d term 

i n the equation i s the d i f f u s e r a d i a t i o n r e f l e c t e d by the top 

of the p l a n t canopy t h a t i s d i r e c t l y i n c i d e n t on the c o l l e c t o r . 

T h i s p o r t i o n o f the d i f f u s e r a d i a t i o n may be expressed as: 

V.p - e ̂  Vc = ?I'p,i aP FP-= ( 3 2 ) 

F i n a l l y , the f o u r t h term i n equation (28) r e p r e s e n t s the 

d i f f u s e s o l a r r a d i a t i o n r e f l e c t e d by the top o f the p l a n t canopy 



and r e a c h i n g the s o l a r c o l l e c t o r i n d i r e c t l y v i a the process 

of r e f l e c t i o n of the i n n e r s u r f a c e of the greenhouse r o o f . 

In e quation form, t h i s p o r t i o n of the d i f f u s e r a d i a t i o n may 

be w r i t t e n as: 

X r , r = P J p Vr ( 1 " T d , r " a r ) F r + c ' ( 3 3> 

T h e r e f o r e , the t o t a l s o l a r r a d i a t i o n i n c i d e n t on the c o l l e c t o r 

with the r e f l e c t e d components i n c l u d e d may be estimated by: 

I = I' + p I' F + p I' F (1 - x, „ - a ) F _ ^ . (34) c c p p-*c p p->r d,r r r-»-c 

But, 

F = (A /A ) F , (35) p+r r' p r-»-p 

t h e r e f o r e equation (34) becomes: 

Jc = Zc + p J
P
 [Vc + (VAp) ( 1 - T d , r " V Fr+p Fr->c ] 

(36) 

where the second term on the r i g h t hand s i d e of e quation (36) 

r e p r e s e n t s the t o t a l r e f l e c t e d r a d i a t i o n by the top of the 

p l a n t canopy t h a t i s r e a c h i n g the s o l a r c o l l e c t o r . 

The s o l u t i o n of e quation (36) r e q u i r e s the knowledge of 

the t o t a l s o l a r r a d i a t i o n i n c i d e n t on the top of the p l a n t 

canopy. T h i s amount of r a d i a t i o n may be e s t imated from the 

beam and d i f f u s e components o f s o l a r r a d i a t i o n t r a n s m i t t e d 

through the r o o f of the greenhouse as f o l l o w s : 



i . Beam r a d i a t i o n i n c i d e n t on t h e t o p o f t h e p l a n t c a n o p y : 

b, p b, n b, r p 

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

c a n o p y : 

I = I j T j A F . (38) d,p d , r d, r r r->-p 

Then t h e t o t a l s o l a r r a d i a t i o n i n c i d e n t on t h e t o p o f t h e p l a n t 

c a n o p y i s : 

I' = I, , T W A + I , T , A F . (39) p b,h b , r p d , r d , r r r->-p 

C o m b i n i n g e q u a t i o n s (31), (36) and (39) t o g e t t h e t o t a l s o l a r 

r a d i a t i o n r e a c h i n g t h e c o l l e c t o r 

1 = 1 , T, A + I , T , A F + p [I, , T, „ A c b , v b , r c d , r d , r r r+c K b,h b , r p 

+ I , T , A F ] [F + (A /A ) (1 - T , - a ) d , r d , r r r+p p+c r ' p d , r r 

F F ] (40) 
r-*p r->-c 

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

l o c a t i o n s , t h e s o l a r r a d i a t i o n i n c i d e n t on a u n i t c o l l e c t o r 

a r e a i s n e e d e d . T h e r e f o r e , e q u a t i o n (40) may be r e w r i t t e n a s 

a f u n c t i o n o f t h e r o o f s l o p e as f o l l o w s : 

^ , 1 = J b , v T b , r + J d , r T d , r F r + c c o s e c B + P [ I b , h T b , r c o t B 

+ X d , r T d , r F r + P
 c o s e c B ] [ F

P + c + d " ^ d , r "  ar ]  

F F s e c 81 • ( 4 1 ) r+p r-+c 



ESTIMATION OF THE TOTAL SOLAR RADIATION CAPTURED BY THE  

PLANT CANOPY 

For a long east-west o r i e n t e d shed-type greenhouse, the 

c o n t r i b u t i o n of the e a s t and west w a l l to s o l a r r a d i a t i o n 

i n p u t may be n e g l e c t e d . T h e r e f o r e , the t o t a l s o l a r energy 

in p u t to the greenhouse i s through the t r a n s p a r e n t s u r f a c e s 

of the south r o o f and the v e r t i c a l south f a c i n g w a l l . 

The s o l a r energy capture of the greenhouse depends upon 

the p l a n t albedo and the type of the greenhouse c o v e r i n g 

m a t e r i a l . 

The t o t a l s o l a r r a d i a t i o n captured by the top of the 

p l a n t canopy may be estimated from equation (39) as f o l l o w s : 

I p = I- (1 - p) + p I' F p ^ r (1 - x d / r - a r) F ^ p (1 - p ) . (42) 

Then u s i n g equation (35) f o r F ^ i n t o equation (42) we get: 

I p = I' (1 - p) t l + p ( l - x ^ r - a r) (A r/A p) F ^ p ] . (43) 

The c o n t r i b u t i o n of the v e r t i c a l t r a n s p a r e n t south w a l l 

to the t o t a l s o l a r energy capture of the greenhouse may be 

c a l c u l a t e d from the beam and d i f f u s e s o l a r r a d i a t i o n i n c i d e n t 

on the w a l l as f o l l o w s : 

For the beam component of r a d i a t i o n we have: 

I. =1, T. A , (44) b,w b,v b,w w 

and f o r the d i f f u s e component, we have: 

I , = I , T , A . (45) d,w d,v d,w w 



j 

T h e r e f o r e , the t o t a l s o l a r r a d i a t i o n t r a n s m i t t e d through the 

south w a l l t h a t i s captured by the p l a n t canopy i s : 

Xw = ( Ib,w + Id,w ) ( 1 - P> [ 1 + P ( 1 - Td,w " *w)] • ( 4 6 ) 

o r , 

I = (I. T. + 1 , T , ) A (1 - p) [1 + p ( l - x, „ - « ) ] w b,v b,w d,v d,w w K p d,w ŵ 

(47) 

T h e r e f o r e , the t o t a l s o l a r energy captured by the p l a n t canopy 

i n s i d e the greenhouse may be e s t i m a t e d from equations (43) and 

(4.7) . 

1 = 1 + 1 (48) g p w 

Due to the albedo of the p l a n t canopy, a p o r t i o n of the 

i n c i d e n t r a d i a t i o n i s r e f l e c t e d , then l o s t through the greenhouse 

r o o f . Equations (39) and (4 3) may be combined to g i v e the t o t a l 

s o l a r energy captured by the top of a p l a n t canopy having a 

s u r f a c e area A and an albedo p. 

I = ( I , , T j A + I , T , A F ) (1 - p) p b,h d,r p d,r d,r r r-vp H 

[1 + p ( l - T . - a ) (A /A ) F 2 ] . (49) L y d,r r r p r^-p 

When expressed per u n i t p l a n t f l o o r area, we get: 

I , = (1^ , x, + I , i j F sec g) (1 - p) p , l v b,h b,r d,r d,r r^-p M w 

[1 + p ( l - T , - a ) F 2 sec 6] . (50) d,r r r^-p 



Equation (39) gi v e s the t o t a l s o l a r r a d i a t i o n i n c i d e n t 

on the top of the whole p l a n t canopy. L i k e w i s e , t h i s i n c i d e n t 

s o l a r energy may be expressed i n terms o f u n i t greenhouse 

f l o o r a rea, as: 

I' = I, , x, + I, T , F sec B • (51) p , l b,h b,r d,r L d , r r+p 

The c o n t r i b u t i o n o f the south w a l l may a l s o be expressed i n 

terms o f u n i t area of p l a n t canopy by s u b s t i t u t i n g (H/W) f o r 

i n equation (47). Thus, 

X w , l = ( I b , v Tb,w + *d,v T d , w ) ( H / W ) ( 1 - p ) 

[1 + p ( l - x d / W - a j ] . (52) 

EFFICIENCY OF SOLAR CAPTURE BY THE GREENHOUSE PLANT CANOPY 

The p l a n t canopy w i t h i n a greenhouse may be t r e a t e d as a 

pa s s i v e s o l a r c o l l e c t i o n system. The e f f i c i e n c y o f s o l a r 

c o l l e c t i o n i s the r a t i o o f the t o t a l s o l a r energy captured t o 

the t o t a l s o l a r r a d i a t i o n i n c i d e n t on a h o r i z o n t a l s u r f a c e 

o u t s i d e the greenhouse. T h i s e f f i c i e n c y can be estimated from 

equations (50) and (52) as: 

E = (I , + I n ) / ( I K > + I , u> ( 5 3> p , l w,l b,h d,n 

or 

E = <1/Ih> [ ( I b , h T b , r + X d , r T d , r Fr+p + I , T , F sec B) (1 - P) r d . r d . r r+D 

(1 + p ( l - T d f r - ar> F ^ p sec B) + d b / V T F A F 

+ Jd,v Td,w) ( H / W ) ( 1 " p ) U + p ( 1 " Td,w " aw ) } ] ( 5 4 ) 



T, , T , , x, , T , , a and a are o p t i c a l p r o p e r t i e s of b , r ' d , r' b,w' d,w' r w c 

the t r a n s p a r e n t c o v e r i n g m a t e r i a l . 

p i s an o p t i c a l p r o p e r t y of the p l a n t canopy, 

and 

H, W, F and 6 are greenhouse c o n s t r u c t i o n parameters. 
IT p 

The l e n g t h o f the greenhouse does not appear e x p l i c i t l y 

i n the equations but i t s e f f e c t i s i n c l u d e d i n the de t e r m i n a t i o n 

of the c o n f i g u r a t i o n f a c t o r s as shown i n Appendix D. 

USEFUL ENERGY GAIN OF THE SOLAR COLLECTOR 

The e f f e c t s of the type and e f f i c i e n c y of the s o l a r 

c o l l e c t o r and the thermal energy storage upon the o v e r a l l 

greenhouse system i s o u t s i d e the scope of t h i s study, s i n c e 

the p r e s e n t work i s intended o n l y as a f e a s i b i l i t y study to 

i n v e s t i g a t e the e f f e c t of changing the shape of the greenhouse 

on i t s heat l o s s and i t s s o l a r energy i n p u t . Only the s o l a r 

r a d i a t i o n i n c i d e n t on the i n t e g r a l c o l l e c t o r and the estimated 

p o r t i o n t h a t i s a v a i l a b l e f o r immediate use or storage i s 

p r e d i c t e d . 

The t o t a l s o l a r r a d i a t i o n i n c i d e n t on a f l a t p l a t e 

c o l l e c t o r l o c a t e d a t the upper p o r t i o n of the i n n e r s i d e 

of the nor t h w a l l of the shed-type greenhouse i s d e r i v e d 

p r e v i o u s l y , and the f i n a l r e s u l t of the d e r i v a t i o n i s giv e n 

by equation (40). 



The remainder of t h i s s e c t i o n w i l l be devoted to f i n d i n g 

an approximate method f o r determining the amount of s o l a r 

energy a v a i l a b l e from the i n t e g r a l c o l l e c t o r . 

The maximum s o l a r energy c o l l e c t a b l e may be approximated 

by the f o l l o w i n g e x p r e s s i o n : 

Q , = Q , - Q. (55) c o l abs w l o s s 

Since the s o l a r c o l l e c t o r i s l o c a t e d i n s i d e the greenhouse 

and a i r i s f o r c e d on both s i d e s o f the absorber p l a t e , the 

heat l o s s from the c o l l e c t o r i s t h e r e f o r e c o n s i d e r e d mainly 

by thermal r a d i a t i o n to the greenhouse cover. Thus, equation 

(55) may be w r i t t e n as: 

Q , = A a I - { a (T 4 - T 4 ) / C ( l - £ )/£ A + (1/A F ) v c o l c c c c r'/ * c ' c c ' r r+c 

+ (1 - e )/£ A J" } . (56) r r r 

where the two e x p r e s s i o n s on the r i g h t hand s i d e of equation 

(56) r e p r e s e n t the s o l a r r a d i a t i o n absorbed by the c o l l e c t o r 

and the thermal r a d i a t i o n heat l o s s . The r o o f temperature 

of the greenhouse, T , can be determined by the use of 

equations (15) and (17). The s o l a r r a d i a t i o n i n c i d e n t on 

the c o l l e c t o r , I c , can be c a l c u l a t e d u s i n g e q u a t i o n (41). 

The constants a c and £ c are the a b s o r p t i v i t y f o r s o l a r 

r a d i a t i o n and the e m i s s i v i t y f o r i n f r a - r e d r a d i a t i o n of 

the absorber p l a t e , r e s p e c t i v e l y ; and, e i s the e m i s s i v i t y 

of the greenhouse roof m a t e r i a l t o thermal r a d i a t i o n . 

The s o l u t i o n of equation (56) r e q u i r e s the knowledge of 

the average p l a t e temperature, T . As a f i r s t approximation, 

i t may be taken as a c o n s t a n t . Thus, l e t 



T = T + AT , (57) c g,mm 

where T i s a s e l e c t e d minimum greenhouse temperature, g ,mm 
u s u a l l y taken as the d e s i r e d n i g h t time i n s i d e a i r 

temperature and AT i s some s e l e c t e d temperature d i f f e r e n c e 

between the o p e r a t i n g c o l l e c t o r p l a t e temperature and the 

d e s i r e d minimum a l l o w a b l e greenhouse temperature. 

In order to minimize the heat l o s s from the c o l l e c t o r 

AT should be kept as sma l l as p o s s i b l e , s i n c e as can be 

seen i n equation (56) the thermal r a d i a t i o n heat exchange 

between the c o l l e c t o r p l a t e and the greenhouse r o o f i s a 

f u n c t i o n of the average p l a t e temperature r a i s e d to the 

f o u r t h power. The s e l e c t i o n of AT i s dependent upon the 

minimum u s e f u l temperature of the energy s t o r e d , and upon 

the energy consumed by the fans f o r s o l a r energy c o l l e c t i o n 

and s t o r a g e . 

A c o n s t a n t absorber p l a t e temperature i m p l i e s a 

v a r i a b l e mass flow r a t e of the t r a n s p o r t f l u i d i n the 

c o l l e c t o r . For the case of a constant mass flow r a t e 

system, a complete energy balance about the c o l l e c t o r i s 

r e q u i r e d to determine the p l a t e temperature.* T h e r e f o r e , 

equation (56) i s v a l i d o n l y f o r the case of constant p l a t e 

temperature. I f i t i s d e s i r e d to determine the e f f e c t of 

the type of the c o l l e c t o r and/or the type and s i z e o f the 

thermal energy storage; then mathematical models of these 

s p e c i f i c components must be i n c o r p o r a t e d w i t h i n the system 

as needed. In most a p p l i c a t i o n s , d a i l y v a l u e s of energy 

* The reader i s r e f e r r e d t o Appendix L f o r the d e t a i l e d 
a n a l y s i s of t h i s case. 



flows are d e s i r e d , then the d a i l y maximum s o l a r energy 

c o l l e c t a b l e i s simply: 
u 
ss 

Q n , = >^ Q + . . (58) w c o l , d a y / j w c o l 
s r 

The p l u s s i g n i n the above e q u a t i o n i n d i c a t e s t h a t 

o n l y p o s i t i v e v a l u e s of Q c o^ are c o n s i d e r e d d u r i n g the 

summation p r o c e s s . 

CALCULATION OF DIFFUSE RADIATION CONFIGURATION FACTORS 

C o n f i g u r a t i o n f a c t o r s f o r d i f f u s e r a d i a t i o n between 

the r o o f and s o l a r c o l l e c t o r , the p l a n t canopy and the 

c o l l e c t o r and the r o o f and p l a n t canopy are r e q u i r e d f o r 

e s t i m a t i n g the t o t a l s o l a r r a d i a t i o n i n c i d e n t on the 

i n t e g r a l c o l l e c t o r of a s o l a r - s h e d greenhouse as i n d i c a t e d 

by equation (40). Furthermore, the above c o n f i g u r a t i o n 

f a c t o r s are a l s o needed f o r determining the t o t a l s o l a r 

r a d i a t i o n i n c i d e n t on the p l a n t canopy w i t h i n the greenhouse 

as r e p r e s e n t e d by equation (49), as w e l l as, f o r c a l c u l a t i n g 

the r a d i a t i v e heat l o s s by the i n t e g r a l s o l a r c o l l e c t o r as 

g i v e n by e q u a t i o n (56). 

These f a c t o r s were c a l c u l a t e d u s i n g F e i n g o l d ' s equation 

g i v e n i n F i g u r e 2.2. The r e s u l t s are r e p r e s e n t e d i n 

g r a p h i c a l form, i n F i g u r e 6.2 to F i g u r e 6.4 f o r a s o l a r - s h e d 

greenhouse with a range of l e n g t h s from 10 to 100 metres and 

f o r widths 5, 7.5 and 10 metres. 



The r e q u i r e d three c o n f i g u r a t i o n f a c t o r s as a f u n c t i o n 

of l e n g t h and width o f a s o l a r - s h e d greenhouse having a r o o f 

slope of 20 degrees are shown i n F i g u r e 6.2. The roof slope 

i s the angle measured from the h o r i z o n t a l a t the south 

v e r t i c a l w a l l of the greenhouse as i n d i c a t e d i n F i g u r e 6.1. 

C o n f i g u r a t i o n f a c t o r s f o r s o l a r - s h e d greenhouses having 

roof s l o p e s of 30° and 45° are shown i n F i g u r e s 6.3 and 6.4, 

r e s p e c t i v e l y . 

I t i s c l e a r l y seen from the curves f o r c o n f i g u r a t i o n 

f a c t o r s versus l e n g t h t h a t f o r long s o l a r - s h e d greenhouses 

(> 70 m), the e f f e c t s of both l e n g t h and width on the 

r a d i a t i o n c o n f i g u r a t i o n f a c t o r s become n e g l i g i b l e . T h i s i s 

due t o the f a c t t h a t a t l a r g e greenhouse l e n g t h s , the edge 

e f f e c t s (end w a l l s ) become smal l r e l a t i v e to t o t a l r a d i a t i o n 

exchange among oth e r s u r f a c e s of the greenhouse. Thus, i n such 

a case, the c o n f i g u r a t i o n f a c t o r s may be taken as con s t a n t s 

without s i g n i f i c a n t s a c r i f i c e i n the accuracy of the analyses 

f i n a l r e s u l t s . 

Examination of F i g u r e s 6.2, 6.3 and 6.4 r e v e a l s the 

importance of the r o o f s l o p e on the d i f f u s e r a d i a t i o n exchange 

between p l a n t canopy, i n t e g r a l c o l l e c t o r and greenhouse r o o f . 

An i n c r e a s e i n the roof slope of a s o l a r - s h e d greenhouse 

decreases the amount of d i f f u s e r a d i a t i o n o r i g i n a t i n g from 

the r o o f t h a t would be i n t e r c e p t e d by the p l a n t canopy. For 

example, the value of F
r _ p

 i s 0.19 f o r a greenhouse having 

dimensions of 100 m by 7.5 m and 20° roof s l o p e . T h i s value 



i s reduced to 0.675 and 0.49 when the ro o f slope i s i n c r e a s e d 

to 30° and 45°, r e s p e c t i v e l y . 

On the other hand, the amount o f d i f f u s e r a d i a t i o n 

i n c i d e n t on the i n t e g r a l c o l l e c t o r i s i n c r e a s e d f o r steeper 

r o o f s l o p e s ; so does, the r a d i a t i v e heat l o s s by the c o l l e c t o r 

to the r o o f , s i n c e t h i s l o s s i s d i r e c t l y p r o p o r t i o n a l to the 

value o f F wh i l e i n t u r n t h i s value i s r e l a t e d to t h a t of c - r 
F r _ c by the f o l l o w i n g r e l a t i o n , 

A F = A F . (59) r r - c c c - r 
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CASE STUDY IV: SUPPLEMENTAL HEATING REQUIREMENTS  

OF A SOLAR-SHED GREENHOUSE 

DESCRIPTION AND ASSUMPTIONS 

The mathematical model developed i n s e c t i o n s A and B of 

t h i s chapter was s o l v e d u s i n g a d i g i t a l computer to determine 

the h o u r l y t r a n s m i s s i o n l o s s , i n f i l t r a t i o n l o s s and the 

p a s s i v e s o l a r energy capture by the shed-type greenhouse. 

Then, the h o u r l y supplemental heat requirement as w e l l as 

the h o u r l y and d a i l y s o l a r energy c o l l e c t a b l e by a s o l a r 

c o l l e c t o r p l a c e d on the n o r t h w a l l i n s i d e the greenhouse 

were c a l c u l a t e d . F i n a l l y the monthly average d a i l y f r a c t i o n s 

of the supplemental heat requirement of the greenhouse t h a t 

c o u l d be s u p p l i e d by the i n t e g r a l s o l a r c o l l e c t o r were 

esti m a t e d . 

Throughout the time of the s i m u l a t i o n the f o l l o w i n g are 

assumed t o remain c o n s t a n t : 

i ) the minimum greenhouse temperature, 

i i ) the i n f i l t r a t i o n / e x f i l t r a t i o n r a t e , and 

i i i ) the albedo of the p l a n t canopy w i t h i n the greenhouse. 

The s o l a r - s h e d greenhouse used i n t h i s case study has a 

l e n g t h o f 100 metres and a width of 10 metres. The long 

a x i s of the greenhouse i s east-west o r i e n t e d . The r o o f i s 

f a c i n g south and t i l t e d a t an angle of 30 degrees from the 

h o r i z o n t a l . An i n t e g r a l s o l a r c o l l e c t o r , having a s u r f a c e 

area of 577 square metres, i s i n s t a l l e d on the i n n e r s u r f a c e 

of the v e r t i c a l n o r t h w a l l of the shed greenhouse. The nor t h 



w a l l , the f o o t i n g and the perimeter of the greenhouse are 

i n s u l a t e d . The greenhouse i s covered with a s i n g l e l a y e r 

of g l a s s having a t h i c k n e s s of 3 m i l l i m e t r e s . Other 

p r o p e r t i e s o f the c o n s t r u c t i o n m a t e r i a l s as w e l l as the 

other p e r t i n e n t c o n s t r u c t i o n and management parameters are 

d e t a i l e d i n Table 6.1. 

RESULTS AND DISCUSSION 

A sample computer s i m u l a t i o n output f o r the s o l a r - s h e d 

greenhouse d e s c r i b e d above and l o c a t e d i n the Vancouver, B.C. 

area i s i n c l u d e d i n Appendix I (Tables 1.1 to 1.12). The 

h o u r l y and d a i l y v a l u e s shown i n these t a b l e s are f o r a 

t y p i c a l day of each month of the year. The i n f o r m a t i o n i n 

the t a b l e s i n c l u d e s the p a s s i v e s o l a r r a d i a t i o n capture by 

the p l a n t canopy, the i n f i l t r a t i o n heat l o s s , the t r a n s m i s s i o n 

( c o n v e c t i o n , c o n d u c t i o n and r a d i a t i o n ) heat l o s s , the 

supplemental heat requirement ( e x c l u d i n g the a c t i v e s o l a r 

energy c o n t r i b u t i o n ) and the s o l a r energy c o l l e c t a b l e by 

the i n t e g r a l c o l l e c t o r . A summary of the r e s u l t s of Appendix 

I i s shown, on a monthly b a s i s , i n Table 6.2. I t i s important 

to n o t i c e t h a t the s o l a r i n p u t and s o l a r c o n t r i b u t i o n as 

i n d i c a t e d i n t h i s t a b l e are due to p a s s i v e s o l a r r a d i a t i o n 

c o l l e c t i o n o n l y ; t h a t i s , the s o l a r energy captured by the 

p l a n t canopy. T h e r e f o r e , the valu e s i n Table 6.2 f o r the 

shed-type greenhouse are d i r e c t l y comparable to those i n 

Table 4.2 f o r the gable greenhouse (Case Study I I ) . By 

comparison between the r e s u l t s i n these t a b l e s , i t can be 



VARIABLES USED TO CALCULATE HEATING DEMANDS  

OF A SOLAR-SHED GREENHOUSE 

C o n s t r u c t i o n Parameters 

Length: 
Width: 

100 m 
10 m 

Height: 2 m 
Roof Slope: 30° 
O r i e n t a t i o n : East-West Long A x i s 

C o n s t r u c t i o n M a t e r i a l s P r o p e r t i e s 

Surface M a t e r i a l Area U 
(m2) (Wm~2K-1) 

South Roof 
South Wall 
North Wall 
East Wall 
West Wall 
F o o t i n g 

S i n g l e G l a s s 
S i n g l e G l a s s 
I n s u l a t e d 
S i n g l e G l a s s 
S i n g l e G l a s s 
I n s u l a t e d 

1155 
200 
777 
49 
49 

110 

8.83 
8.03 
0.25 
8. 03 
8.03 
0.67 

0.08 
0.08 
0.20 
0.08 
0.08 

0.94 
0.94 
0.94 
0.94 
0.94 

Perimeter I n s u l a t e d 220 
(m) 

0.67 
(Wm-lK - 1) 

— — 

0.3 cm 
0.252 cm" 1 

i r o n 

G l a s s P r o p e r t i e s 

T h i c k n e s s : 
E x t r a c t i o n C o e f f i c i e n t : 
R e f r a c t i o n Index: 
A b s o r p t i v i t y t o S o l a r R a d i a t i o n : 
E m i s s i v i t y f o r Thermal R a d i a t i o n : 

Management Parameters 

L o c a t i o n : 
Minimum Greenhouse Temperature: 
I n f i l t r a t i o n Rate: 
P l a n t Canopy Albedo: 

1.526 
0.08 
0.94 

Vancouver, B.C. 
Mon t r e a l , P.Q. 
H a l i f a x , N. S. 
15°C 
1.5 A i r changes per hour 
0.1 

s 



MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT, SOLAR  

CONTRIBUTION AND HEATING LOAD IN MJ PER m 2 OF  

GREENHOUSE FLOOR AREA AND PERCENT OF THE HEAT LOSS  

SUPPLIED BY SOLAR FOR THE SHED GREENHOUSE OF  

CASE STUDY IV (MINIMUM INSIDE TEMPERATURE = 15°C) 

VANCOUVER, B.C. 

Month Heat S o l a r S o l a r Heating Percent 
Loss Input* C o n t r i b u t i o n * * Load S o l a r * * 

January 492 172 116 376 24 
February 387 210 108 279 28 
March 407 334 134 273 33 
A p r i l 277 345 97 180 35 
May 161 393 52 109 32 
June 81 442 23 58 28 
J u l y 44- 432 8 36 18 
August 33 429 5 28 15 
September 83 340 11 72 13 
October 244 261 66 178 27 
November 361 146 85 276 24 
December 477 122 99 378 21 

YEAR 3047 3626 804 2243 26 

* S o l a r input i s the s o l a r r a d i a t i o n captured by the plant 
canopy only and does not i n c l u d e s o l a r r a d i a t i o n i n c i d e n t 
on the i n t e g r a l c o l l e c t o r . 



seen t h a t the monthly average heat l o s s from the shed 

greenhouse i s h i g h e r than t h a t from the gable greenhouse, 

due to the l a r g e r o v e r a l l heat t r a n s f e r c o e f f i c i e n t of the 

shed s t r u c t u r e as compared to the gable type. On an annual 

b a s i s , the heat l o s s from the gable greenhouse i s 2818 

megajoules per square metre of f l o o r area w h i l e f o r the 

shed-type the annual heat l o s s i s estimated a t 3047 megajoules 

per square metre; or, an i n c r e a s e i n annual heat l o s s of s i x 

p e r c e n t . Coupled with the i n c r e a s e i n the heat l o s s , the 

s o l a r r a d i a t i o n captured by the p l a n t canopy i n the shed-

type greenhouse i s a l s o reduced from an annual v a l u e of 

4104 megajoules per square metre to 3626 megajoules per 

square metre, r e p r e s e n t i n g a r e d u c t i o n i n the order of 

twelve p e r c e n t . However, the s o l a r c o n t r i b u t i o n or the 

s o l a r energy p a s s i v e l y u t i l i z e d t o compensate f o r the heat 

l o s s remained v i r t u a l l y the same at about 800 megajoules 

per square metre per year. The reason t h a t the s o l a r 

c o n t r i b u t i o n remained unchanged i s t h a t more s o l a r r a d i a t i o n 

i s i n c i d e n t upon and captured by the p l a n t canopy i n the 

gable greenhouse than i n the shed-type d u r i n g the warm 

p e r i o d s o f the year w h i l e i t i s not needed f o r h e a t i n g 

purposes. T h e r e f o r e , i t can be concluded t h a t the shed-type 

r e q u i r e s l e s s v e n t i l a t i o n than the gable-type greenhouse 

p r o v i d e d the s o l a r c o l l e c t o r i s covered or r e p l a c e d by a 

r e f l e c t i v e m a t e r i a l d u r i n g the summer months to a l l o w some 

of the s o l a r r a d i a t i o n i n c i d e n t upon the i n n e r s u r f a c e of 



the n o r t h w a l l t o escape through the south r o o f of the 

greenhouse. 

S i n c e , the p a s s i v e s o l a r c o n t r i b u t i o n has not been 

improved i n the shed-type greenhouse w h i l e i t s heat l o s s 

has i n c r e a s e d , then i t s h e a t i n g l o a d requirement i s 

i n c r e a s e d over the gable greenhouse. From Tables 6.2 and 

4.2, t h i s i n c r e a s e can be c a l c u l a t e d as 167 megajoules per 

square metre a n n u a l l y or about e i g h t p e r c e n t . T h e r e f o r e , 

i t remains to be seen i f the i n t e g r a l s o l a r c o l l e c t o r within, 

the shed greenhouse can p r o v i d e enough heat to o f f s e t the 

i n c r e a s e d heat l o s s and r e s u l t i n a s i g n i f i c a n t net energy 

s a v i n g . The c o n t r i b u t i o n of the i n t e g r a l s o l a r c o l l e c t o r 

w i l l be i n v e s t i g a t e d l a t e r i n t h i s s e c t i o n . 

The e f f e c t of c l i m a t i c c o n d i t i o n s on the h e a t i n g l o a d 

of the shed-type greenhouse i s examined by performing 

analyses on an i d e n t i c a l greenhouse u s i n g Montreal then 

H a l i f a x weather data. Summaries of the r e s u l t s f o r the 

two a d d i t i o n a l l o c a t i o n s i n Canada are shown i n Tables 6.3 

and 6.4 f o r Montreal and H a l i f a x , r e s p e c t i v e l y . Again, 

these t a b l e s are d i r e c t l y comparable to those o b t a i n e d f o r 

the gable greenhouse case (Tables 4.3 and 4.4). 

Comparison of Table 6.3 to Table 4.3 f o r Montreal 

r e v e a l s the f o l l o w i n g p o i n t s : 

i ) The annual average heat l o s s f o r the shed-type i s 

found to be 4550 megajoules per square metre as 

compared to 4275 megajoules per square metre f o r 

the gable-type greenhouse or approximately s i x percent 

i n c r e a s e . 



MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT, SOLAR 

CONTRIBUTION AND HEATING LOAD IN MJ PER m 2 OF 

GREENHOUSE FLOOR AREA AND PERCENT OF THE HEAT LOSS 

SUPPLIED BY SOLAR FOR THE SHED GREENHOUSE OF 

CASE STUDY IV (MINIMUM INSIDE TEMPERATURE = 15°C) 

MONTREAL, P.Q. 

Month Heat 
Loss 

S o l a r 
Input* 

S o l a r 
C o n t r i b u t i o n * * 

Heating 
Load 

Percent 
S o l a r * * 

January 968 153 153 815 16 
February 799 198 189 610 24 
March 648 323 204 444 32 
A p r i l 361 339 126 235 35 
May 89 391 16 73 18 
June 5 440 1 4 20 
J u l y 0 429 0 0 0 
August 0 424 0 0 0 
September 49 332 5 44 10 
October 272 247 67 205 25 
November 495 134 114 381 23 
December 864 108 108 756 13 

YEAR 4550 3518 983 3567 22 

S o l a r input t i s the le s o l a r r a d i a t i o n captured by the p l a n t 
canopy only and does not i n c l u d e s o l a r r a d i a t i o n i n c i d e n t 
on the i n t e g r a l c o l l e c t o r . 



i i ) The p l a n t canopy i n the shed-type greenhouse has 

captured 3518 megajoules per square metre per year 

on the average compared to 4045 megajoules per 

square metre f o r the p l a n t canopy i n the gable-type. 

T h i s r e p r e s e n t s an annual r e d u c t i o n i n s o l a r r a d i a t i o n 

capture by the p l a n t canopy i n the order of t h i r t e e n 

p e r c e n t . 

i i i ) The p a s s i v e s o l a r c o n t r i b u t i o n t o the heat l o s s i s 

three p e r c e n t lower f o r the shed-type when compared 

to the gable-type greenhouse, 

i v ) When the energy c o n t r i b u t i o n from the i n t e g r a l s o l a r 

c o l l e c t o r i s n e g l e c t e d , the shed-type greenhouse 

r e q u i r e s nine percent more heat than the gable-type 

on an annual b a s i s . 

Comparison of H a l i f a x r e s u l t s f o r the shed-type 

greenhouse (Table 6.4) and the gable-type greenhouse (Table 

4.4) leads t o s i m i l a r c o n c l u s i o n s as those o b t a i n e d w i t h 

Montreal and Vancouver weather data when the valu e s are 

expressed on a percentage b a s i s . 

The performance of the i n t e g r a l s o l a r c o l l e c t o r expressed 

as the monthly average f r a c t i o n of the greenhouse h e a t i n g l o a d 

s u p p l i e d by s o l a r i s shown i n Table 6.5 f o r the three l o c a t i o n s 

under study. 

The c o n s t r u c t i o n as w e l l as the management parameters 

of the s o l a r - s h e d greenhouse are i d e n t i c a l f o r the three 

l o c a t i o n s . The i n t e g r a l s o l a r c o l l e c t o r , having a s u r f a c e 



MONTHLY AVERAGE HEAT LOSS, SOLAR ENERGY INPUT, SOLAR 

CONTRIBUTION AND HEATING LOAD IN MJ PER m 2 OF 

GREENHOUSE FLOOR AREA AND PERCENT OF THE HEAT LOSS 

SUPPLIED BY SOLAR FOR THE SHED GREENHOUSE OF 

CASE STUDY IV (MINIMUM INSIDE TEMPERATURE = 15°C) 

HALIFAX, N.S. 

Month Heat 
Loss 

S o l a r 
Input* 

S o l a r 
C o n t r i b u t i o n 

Heating 
** Load 

Percent 
S o l a r * * 

January 684 150 140 544 21 
February 627 195 159 468 25 
March 572 321 181 391 32 
A p r i l 390 338 135 255 35 
May 228 390 71 157 31 
June 97 439 21 76 22 
J u l y 32 428 4 28 13 
August 25 423 3 22 11 
September 72 330 8 64 11 
October 218 245 48 170 22 
November 37 9 132 85 294 22 
December 606 106 106 500 17 

YEAR 3930 3497 961 2969 25 

* S o l a r input i s the s o l a r r a d i a t i o n captured by the p l a n t 
canopy only and does not i n c l u d e s o l a r r a d i a t i o n i n c i d e n t 
on the i n t e g r a l c o l l e c t o r . 



area of 577 square metres, i s i n s t a l l e d on the i n n e r 

s u r f a c e o f the v e r t i c a l n o r t h w a l l o f a s o l a r shed 

greenhouse having 1000 square metres of f l o o r a r ea. 

A i r i s f o r c e d over both s i d e s o f the absorber p l a t e a t 

a flow r a t e t o keep i t s average temperature a t 35°C. The 

o p t i c a l p r o p e r t i e s o f the absorber p l a t e are assumed to 

have equal a b s o r p t i v i t y t o s o l a r r a d i a t i o n and e m i s s i v i t y 

f o r i n f r a - r e d r a d i a t i o n o f 0.9. 

Examination of the r e s u l t s i n Table 6.5 i n d i c a t e s 

t h a t d u r i n g the w i n t e r months the s o l a r c o l l e c t o r 

c o n t r i b u t i o n i s s i g n i f i c a n t l y h i g h e r f o r Vancouver than 

f o r Montreal or H a l i f a x . For example, i n January f o r 

Vancouver, the s o l a r c o l l e c t o r c o n t r i b u t i o n i s 97 megajoules 

per square metre o f greenhouse f l o o r area w h i l e f o r Montreal 

and H a l i f a x , i t i s o n l y 50 megajoules per square metre. The 

h i g h c o n t r i b u t i o n f o r Vancouver co u l d be a t t r i b u t e d to the 

f a c t t h a t v e r t i c a l c o l l e c t o r s r e c e i v e more r a d i a t i o n a t 

hi g h e r l a t i t u d e s d u r i n g the w i n t e r p e r i o d . 

The low s o l a r energy c o l l e c t i o n by the i n t e g r a l 

c o l l e c t o r f o r Montreal and H a l i f a x , coupled w i t h r e l a t i v e l y 

h i g h greenhouse h e a t i n g loads d u r i n g the c o l d p e r i o d o f the 

year, r e s u l t e d i n a very s m a l l s o l a r f r a c t i o n f o r the months 

from November to F e b r u a r y ^ i n c l u s i v e . These f r a c t i o n s ranged 

from as low as 4 per c e n t i n Montreal f o r December to 14 

perc e n t i n H a l i f a x f o r November compared to Vancouver which 

shows a low of 17 per c e n t f o r December to 32 per c e n t i n 



MONTHLY AVERAGE HEATING LOAD AND SOLAR ENERGY SUPPLIED BY THE INTEGRAL COLLECTOR 

IN MJ PER m FLOOR AREA AS WELL AS THE SOLAR FRACTIONS 

FOR THE SOLAR-SHED GREENHOUSE OF CASE STUDY IV 

L o c a t i o n Vancouver, B.C. M o n t r e a l , Quebec H a l i f a x , N.S. 

Month Heating 
Load 

S o l a r 
C o n t r . 

S o l a r 
F r a c t i o n 

Heating 
Load 

S o l a r 
Contr. 

S o l a r 
F r a c t i o n 

Heating 
Load 

S o l a r 
C o n t r . 

S o l a r 
F r a c t i o n 

January 376 97 0.26 815 50 0.06 544 51 0.09 
February 279 89 0. 32 610 54 0 .09 468 55 0.12 
March 273 108 0.39 444 82 0.19 391 82 0.21 
A p r i l 180 72 0.40 235 62 0.26 255 59 0.23 
May 109 64 0.59 74 64 0.87 157 55 0.35 
June 58 58 1.00 4 4 1.00 76 61 0.80 
J u l y 36 36 1.00 0 - - 28 28 1.00 
August 28 28 1.00 0 - - 22 22 1.00 
September 72 72 1.00 44 44 1.00 64 64 1.00 
October 178 112 0.63 205 88 0.43 170 85 0.50 
November 276 69 0.25 381 42 0.11 294 42 0.14 
December 378 65 0.17 756 27 0.04 500 29 0.06 

Year 2243 870 0.39 3567 517 0.14 2969 633 0.21 

minimum greenhouse temperature 15°C. 
average c o l l e c t o r temperature 35°C. 
a b s o r p t i v i t y o f c o l l e c t o r 0.9 
e m i s s i v i t y o f c o l l e c t o r 0.9 



February. The r e l a t i v e l y high s o l a r f r a c t i o n s f o r Vancouver 

are due to a combination of hig h s o l a r energy c o l l e c t i o n by 

the v e r t i c a l c o l l e c t o r and the r e l a t i v e l y low greenhouse heat 

requirements d u r i n g the w i n t e r months when compared t o H a l i f a x 

and Montreal. 

The expected annual average f r a c t i o n o f the greenhouse 

h e a t i n g l o a d s u p p l i e d by the i n t e g r a l s o l a r c o l l e c t o r i s 0.39 

f o r Vancouver, 0.14 f o r Montreal and 0.21 f o r H a l i f a x . The 

low annual s o l a r f r a c t i o n f o r Montreal may be a t t r i b u t e d 

f i r s t l y t o the s m a l l amount of s o l a r energy c o l l e c t e d d u r i n g 

the w i n t e r months when l a r g e q u a n t i t i e s of supplemental heat 

are r e q u i r e d ; and, secondly t o the absence o f the h e a t i n g 

requirement d u r i n g the months of June, J u l y and August when 

the a v a i l a b i l i t y of s o l a r energy i s not a l i m i t i n g f a c t o r . 

A comparison o f the monthly and annual average supplemental 

heat requirements between the c o n v e n t i o n a l gable glasshouse 

and the s o l a r - s h e d greenhouse f o r the three l o c a t i o n s 

i n v e s t i g a t e d i s shown i n Table 6.6. 

At t h i s p o i n t , one should r e c a l l from an e a r l i e r 

d i s c u s s i o n , t h a t the annual average h e a t i n g l o a d of the 

shed-type greenhouse i s between e i g h t and nine p e r c e n t 

h i g h e r than t h a t f o r the gable-type independently o f the 

l o c a t i o n of the greenhouse. T h e r e f o r e , the c o n t r i b u t i o n 

of the i n t e g r a l s o l a r c o l l e c t o r to the h e a t i n g l o a d must 

be much high e r than the a d d i t i o n a l heat l o s s o f the shed-

type i n order to make the use of the s o l a r - s h e d greenhouse 

f e a s i b l e . 



MONTHLY AVE PAGE SUPPLEMENTAL HEAT REQUIREMENTS FOR THE CONVENTIONAL GABLE 
2 

AND THE SOLAR-SHED GREENHOUSES IN MJ PER m OF GREENHOUSE FLOOR AREA 

AND PERCENTAGE ENERGY SAVINGS AS AFFECTED BY LOCATION 

L o c a t i o n Vancouver, B.C. Montreal, Quebec H a l i f a x , N.S. 

Month Conv. Shed % Savings Conv. Shed % Savings Conv. Shed % Savings 

January 350 279 20 738 765 -4 494 493 <1 

February 259 190 27 559 556 <1 428 413 4 
March 253 165. 35 409 362 11 357 309 13 
A p r i l 165 108 35 215 173 20 232 196 16 

May 100 45 55 68 10 85 141 102 28 
June 53 0 100 4 0 100 69 15 78 

J u l y 33 0 100 0 0 0 27 0 100 

August 26 0 100 0 0 0 21 0 100 
September 67 0 100 42 0 100 61 0 100 
October 166 66 60 190 117 38 160 85 47 
November 256 207 19 350 339 3 272 252 7 
December 348 313 10 687 729 -6 453 471 -4 

Year 2076 1373 34 3262 3050 6 2718 2336 14 

Notes: minimum greenhouse temperature 15°C 
average c o l l e c t o r temperature 35°C 
a b s o r p t i v i t y of c o l l e c t o r 0.9 
e m i s s i v i t y o f c o l l e c t o r 0.9 of c o l l e c t o r 0.9 ^ 



As can e a s i l y be seen from Table 6.6, the performance 

of the s o l a r - s h e d greenhouse i s h i g h l y dependent on i t s 

l o c a t i o n . The annual average energy savings f o r the s o l a r -

shed as compared t o the gable greenhouse are 34, 14 and 6 

perc e n t f o r Vancouver, H a l i f a x and Montreal, r e s p e c t i v e l y . 

Among the three Canadian l o c a t i o n s t e s t e d , i t i s c l e a r t h a t 

the s o l a r - s h e d greenhouse i s s u i t a b l e f o r Vancouver o n l y . 

The good performance of the s o l a r - s h e d greenhouse i n the 

Vancouver r e g i o n can be a t t r i b u t e d to i t s h i g h l a t i t u d e 

(4 9.25°N) and to i t s c h a r a c t e r i s t i c weather with c o o l summer 

n i g h t s . The weather i n the H a l i f a x area i s c h a r a c t e r i z e d by 
o 

c o o l summer n i g h t s but i t s l o c a t i o n i s f u r t h e r south (44.65 N) . 

Thus, the performance of the s o l a r - s h e d i s reduced to r e p r e s e n t 

o n l y 14 per c e n t savings over the c o n v e n t i o n a l gable greenhouse. 

F i n a l l y , f o r Montreal which i s a t a l a t i t u d e o f o n l y one degree 

n o r t h o f H a l i f a x , has a c l i m a t e which i s c h a r a c t e r i z e d by warm 

summer n i g h t s ; thus r e s u l t i n g i n a f u r t h e r r e d u c t i o n to the 

performance o f the s o l a r - s h e d greenhouse. 

EFFECT OF SELECTIVE COATING AND AVERAGE TEMPERATURE  

OF THE ABSORBER PLATE 

The r e s u l t s d i s c u s s e d so f a r are f o r a n o n - s e l e c t i v e 

absorber p l a t e o p e r a t i n g at an average temperature of 35°C. 

The e f f e c t of average p l a t e temperature and the u t i l i z a t i o n 

of a s e l e c t i v e c o a t i n g on the monthly and y e a r l y f r a c t i o n of 

the greenhouse h e a t i n g l o a d s u p p l i e d by the i n t e g r a l s o l a r 



c o l l e c t o r i s shown i n Table 6.7. The i n f o r m a t i o n c o n t a i n e d 

i n the t a b l e i s f o r a s o l a r - s h e d greenhouse l o c a t e d i n the 

H a l i f a x , N.S. r e g i o n . The c o n s t r u c t i o n and management 

parameters are the same as those d e s c r i b e d i n Table 6.1 and 

F i g u r e 6.2 w i t h the e x c e p t i o n t h a t the lower 2 metres of 

the e a s t and west w a l l s are i n s u l a t e d i n o r d e r to decrease 

the o v e r a l l heat t r a n s f e r c o e f f i c i e n t of the b u i l d i n g . 

Analyses were performed f o r a c o l l e c t o r w i t h a non­

s e l e c t i v e absorber p l a t e having an a b s o r p t i v i t y to s o l a r 

r a d i a t i o n of 0.9 and an e m i s s i v i t y to i n f r a - r e d r a d i a t i o n 

of 0.9, as w e l l as, a c o l l e c t o r w i t h an absorber p l a t e 

coated w i t h a s e l e c t i v e m a t e r i a l having an a b s o r p t i v i t y 

f o r s o l a r r a d i a t i o n of 0.9 and an e m i s s i v i t y t o thermal 

r a d i a t i o n of 0.2. Three average s u r f a c e temperatures, 

namely 25°C, 30°C and 35°C, were used w i t h each of the two 

absorber p l a t e s . A l s o , an a n a l y s i s was conducted f o r the 

s p e c i a l case of an i d e a l absorber p l a t e having an a b s o r p t i v i t y 

to s o l a r r a d i a t i o n of u n i t y and an e m i s s i v i t y t o i n f r a - r e d 

r a d i a t i o n of zero. 

An examination of the r e s u l t s i n Table 6.7 i n d i c a t e s 

c l e a r l y t h a t the e f f e c t o f absorber p l a t e temperature on 

the s o l a r f r a c t i o n i s s m a l l f o r the s e l e c t i v e absorber; 

however, a s l i g h t i n c r e a s e i n the y e a r l y f r a c t i o n i s 

observed w i t h decrease i n p l a t e temperature f o r the non­

s e l e c t i v e absorber. The y e a r l y f r a c t i o n i n c r e a s e d from 

0.23 when the average p l a t e temperature i s kept a t 35°C 

to 0.2 8 when the temperature i s reduced to 25°C. 



MONTHLY AND YEARLY FRACTION OF HEATING LOAD SUPPLIED BY  
THE INTEGRAL SOLAR COLLECTOR AS A FUNCTION OF THE AVERAGE ABSORBER 
PLATE TEMPERATURE AND ITS OPTICAL PROPERTIES FOR THE SOLAR-SHED  

GREENHOUSE OF CASE STUDY IV (MINIMUM GREENHOUSE TEMPERATURE = 15 ° C ) * 

a c = 1.0 a c = 0.9, e c = 0.9 0.9, 0.2 

QLOSS = ° 25°C 30°C 35°C 25°C 30°C 35°C 

January .23 0.13 0.12 0.10 0.18 0.18 0.17 

February .28 0.17 0.15 0.13 0.22 0.22 0.21 

March .45 0.28 0.26 0.23 0. 36 0.35 0.34 

A p r i l .55 0.34 0.29 0.25 0.44 0.43 0.41 

May .86 0.53 0.45 0. 38 0.68 0.65 0.62 

June 1.00 1.00 1.00 0.84 1. 00 1. 00 1.00 

J u l y 1.00 1.00 1.00 1. 00 1.00 1.00 1.00 

August 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

September 1.00 1.00 1.00 1.00 1.00 1. 00 1.00 

October 0.91 0.65 0.60 0.54 0.76 0.74 0.72 

November 0.34 0.20 0.18 0.15 0.27 0.26 0.25 

December 0.18 0.09 0.08 0.06 0.13 0.13 0.12 

Year 0.42 0.28 0.26 0.2 3 0. 35 0.34 0.33 

* L o c a t i o n : H a l i f a x , N.S. 

U1 



The e f f e c t of the s e l e c t i v e c o a t i n g on the s o l a r 

f r a c t i o n i s more pronounced than t h a t of the absorber 

temperature e s p e c i a l l y a t h i g h o p e r a t i n g temperatures. 

At an average p l a t e temperature of 35°C (Table 6.7), the 

y e a r l y f r a c t i o n f o r a n o n - s e l e c t i v e s u r f a c e i s 0.23 as 

compared to 0.33 f o r the s e l e c t i v e absorber. T h i s i n c r e a s e 

i n the y e a r l y f r a c t i o n of the greenhouse h e a t i n g l o a d 

s u p p l i e d by s o l a r r e p r e s e n t s about 4 3 p e r c e n t . At the 

lower temperature of 25°C the i n c r e a s e i n the y e a r l y 

f r a c t i o n i s reduced to o n l y 25 p e r c e n t . T h e r e f o r e , f o r a 

s o l a r c o l l e c t o r w i t h n o n - s e l e c t i v e absorber the p l a t e 

temperature should be kept reasonably low to minimize the 

r a d i a t i v e heat l o s s from'the c o l l e c t o r t o the greenhouse 

r o o f . T h i s i s e s p e c i a l l y t r u e f o r steep roof s l o p e s when 

the radiant-exchange c o n f i g u r a t i o n f a c t o r s between the 

c o l l e c t o r and the roof are r e l a t i v e l y l a r g e r than those 

f o r low r o o f s l o p e s . 

The s o l a r f r a c t i o n s f o r the i d e a l s e l e c t i v e absorber 

case i s a l s o shown i n Table 6.7 and from which i t can be 

concluded t h a t the maximum annual c o n t r i b u t i o n by the 

s o l a r c o l l e c t o r to the h e a t i n g l o a d f o r the s o l a r - s h e d 

greenhouse under study i s about 42 p e r c e n t . 

CONCLUSIONS 

The f o l l o w i n g c o n c l u s i o n s can be drawn from the r e s u l t s 

o b t a i n e d by computer s i m u l a t i o n of h e a t i n g requirements and 



s o l a r energy c o n t r i b u t i o n of the s o l a r - s h e d greenhouse 

d e s c r i b e d i n t h i s s e c t i o n : 

1. In g e n e r a l , a shed-type greenhouse has a hi g h e r heat 

l o s s than a c o n v e n t i o n a l gable greenhouse of the same 

s i z e due to an i n c r e a s e i n the exposed s u r f a c e area. 

2. There i s no s i g n i f i c a n t d i f f e r e n c e i n the s o l a r energy 

capture by the p l a n t canopy i n a shed-type greenhouse 

when compared to t h a t i n a gable greenhouse. 

3. The performance o f a s o l a r - s h e d greenhouse i s h i g h l y 

dependent on i t s l o c a t i o n . I t i s bes t adapted to 

re g i o n s w i t h a hig h l a t i t u d e (north or so u t h ) , having 

c l i m a t i c c o n d i t i o n s c h a r a c t e r i z e d by c o o l summer n i g h t s 

and m i l d w i n t e r s . 

4. For the three Canadian l o c a t i o n s i n v e s t i g a t e d , the 

y e a r l y average f r a c t i o n of the greenhouse h e a t i n g l o a d 

s u p p l i e d by the i n t e g r a l c o l l e c t o r having a n o n - s e l e c t i v e 

absorber p l a t e and operated at 35°C, were found to be 

0.39, 0.21 and 0.14 f o r Vancouver, H a l i f a x and Montreal, 

r e s p e c t i v e l y . 

5. When the s o l a r c o l l e c t o r i s operated a t an average p l a t e 

temperature of 35°C, the use of a s e l e c t i v e c o a t i n g has 

i n c r e a s e d the y e a r l y s o l a r f r a c t i o n by 4 3 p e r c e n t over 

the use of the n o n - s e l e c t i v e s u r f a c e . 

6. At lower average p l a t e temperatures, the b e n e f i t of 

s e l e c t i v e c o a t i n g over n o n - s e l e c t i v e s u r f a c e s becomes 



l e s s pronounced due to the reduced r a d i a t i v e heat l o s s 

from the c o l l e c t o r to the greenhouse r o o f . 

7. When n o n - s e l e c t i v e absorbers are used the o p e r a t i n g 

p l a t e temperature should be kept as low as p o s s i b l e 

to minimize the r a d i a t i v e heat l o s s by the c o l l e c t o r . 

8. The expected average annual energy savings by the s o l a r -

shed greenhouse over a c o n v e n t i o n a l gable glasshouse are 

34%, 14% and 6% f o r Vancouver, H a l i f a x and M o n t r e a l , 

r e s p e c t i v e l y . These savings are f o r a c o l l e c t o r having 

a n o n - s e l e c t i v e absorber p l a t e and operated a t 35°C. 
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In t h i s chapter, the f e a s i b i l i t y of a t t a c h i n g a l i v e s t o c k 

b u i l d i n g to the v e r t i c a l n o r t h w a l l of a s o l a r - s h e d greenhouse 

i s i n v e s t i g a t e d with regard to p o t e n t i a l energy c o n s e r v a t i o n . 

O b v i o u s l y , t h i s type of combination, i f proven energy e f f i c i e n t , 

c o u l d o n l y be used w i t h new farm b u i l d i n g s s p e c i f i c a l l y 

c o n s t r u c t e d f o r the purpose. On the other hand, the 

c o n v e n t i o n a l gable g r e e n h o u s e - l i v e s t o c k b u i l d i n g combination 

covered i n Chapter 5 c o u l d e a s i l y be implemented i n e x i s t i n g 

l i v e s t o c k o p e r a t i o n s . The r e t r o f i t of a c o n v e n t i o n a l type 

b u i l d i n g would normally r e q u i r e o n l y minor m o d i f i c a t i o n s to 

the v e n t i l a t i o n system. 

The o n l y advantage of the shed-type design i s the 

p o s s i b i l i t y of i n c o r p o r a t i n g an i n t e r n a l s o l a r c o l l e c t o r 

to the o v e r a l l system. 

T h i s chapter i s d i v i d e d i n t o two s e c t i o n s . The f i r s t 

s e c t i o n d e s c r i b e s the design and o p e r a t i o n of the combined 

s o l a r - s h e d g r e e n h o u s e - l i v e s t o c k b u i l d i n g . The second s e c t i o n 

g i v e s the computer s i m u l a t i o n r e s u l t s f o r the performance of 

a t y p i c a l s o l a r - s h e d greenhouse-hog barn combination f o r two 

Canadian l o c a t i o n s (Case Study V ) . F i n a l l y , the e f f e c t of 

the greenhouse s i z e on the performance and p o t e n t i a l energy 

savings of the combination i s i n v e s t i g a t e d i n case study VI. 



SECTION A 

DESCRIPTION OF THE COMPUTER 

MODEL FOR THE SOLAR-SHED GREENHOUSE -

LIVESTOCK BUILDING COMBINATION 



S O L A R - S H E D G R E E N H O U S E T - L I V E S T O C K B U I L D I N G  

C O M B I N A T I O N S I M U L A T I O N M O D E L 

A S S U M P T I O N S 

The assumptions s t a t e d w i t h regard to the l i v e s t o c k 

computer model developed i n Chapter 3 and those made du r i n g 

the development o f the s o l a r - s h e d greenhouse mathematical 

model i n Chapter 6 apply to the combined s o l a r - s h e d greenhouse-

l i v e s t o c k b u i l d i n g case. T h i s system i s s i m i l a r to the 

co n v e n t i o n a l l i v e s t o c k - g a b l e greenhouse combination case except 

f o r the a d d i t i o n of the i n t e g r a l s o l a r c o l l e c t o r and 

thermal storage w i t h i n the shed-type greenhouse; consequently, 

the three g e n e r a l assumptions u n d e r l y i n g the c o n v e n t i o n a l case, 

as s t a t e d i n Chapter 5, a l s o apply to the pr e s e n t system. 

D E S C R I P T I O N O F T H E C O M P U T E R M O D E L 

A schematic c r o s s - s e c t i o n of the b u i l d i n g showing the 

d i f f e r e n t thermal zones i s i n c l u d e d i n F i g u r e 7.2. 

The heat balances about the three main thermal zones: 

A t t i c space, l i v e s t o c k b u i l d i n g and greenhouse are i d e n t i c a l 

t o those used w i t h the c o n v e n t i o n a l gable g r e e n h o u s e - l i v e s t o c k 

combination case d e s c r i b e d i n Chapter 5. 

The mathematical model developed i n Chapter 3 f o r the 

l i v e s t o c k b u i l d i n g i s used here as the subprogram f o r energy 

balance c a l c u l a t i o n s about the l i v e s t o c k b u i l d i n g i n c l u d i n g 

the a t t i c space. T h i s subprogram i s used s i m u l t a n e o u s l y with 



the s o l a r - s h e d greenhouse subprogram f o r the energy balance 

about the greenhouse i n c l u d i n g the s o l a r energy c o l l e c t e d 

by the i n t e g r a l s o l a r c o l l e c t o r . The mathematical model 

development f o r the shed greenhouse i s d e s c r i b e d i n d e t a i l 

i n Chapter 6. 

The greenhouse s o l a r h e a t i n g system has three modes of 

o p e r a t i o n as shown i n F i g u r e 7.1. 

MODE 1: T h i s mode of o p e r a t i o n i s used when the 

greenhouse requires heat, and s o l a r energy i s a v a i l a b l e . 

In t h i s case, the a i r i s simply c i r c u l a t e d from the 

greenhouse (GH) over the s o l a r c o l l e c t o r (SC) and back 

to the greenhouse as i n d i c a t e d i n F i g u r e s 7.1(a) and 7.2. 

Supplemental heat (Q S Up) to keep the greenhouse a t the 

d e s i r e d temperature may be r e q u i r e d as shown i n F i g u r e 

7.2. 

MODE 2: In t h i s case, p a s s i v e s o l a r to the greenhouse 

and waste heat from the l i v e s t o c k b u i l d i n g are s u f f i c i e n t 

to supply the greenhouse h e a t i n g l o a d w h ile s o l a r energy 

i s a v a i l a b l e f o r c o l l e c t i o n . 

During such p e r i o d s the a i r from the greenhouse 

(GH) passes through the s o l a r c o l l e c t o r (SC) then f o r c e d , 

u s i n g blower (B), through a rock bed or wet ground 

thermal storage (ST) l o c a t e d underneath the greenhouse 

f l o o r as shown i n F i g u r e s 7.1(b) and 7.3. The a i r i s 

then r e t u r n e d from the thermal storage to the greenhouse 

to complete the c l o s e d c i r c u i t . 



MODE 3: T h i s mode of o p e r a t i o n i s used a t n i g h t and 

du r i n g p e r i o d s o f low s o l a r r a d i a t i o n i n t e n s i t y when 

the waste heat from the l i v e s t o c k b u i l d i n g does not 

supply an adequate amount of energy t o keep the 

greenhouse a t a minimum p r e s e t temperature. 

In t h i s case, the greenhouse a i r i s c i r c u l a t e d 

through the thermal storage (ST) i n an o p p o s i t e 

d i r e c t i o n to t h a t of MODE 2 o p e r a t i o n , as i n d i c a t e d 

i n F i g u r e s 7.1(c) and 7.4. Obv i o u s l y , the furnace 

used to supply the supplemental heat must be s i z e d 

to accommodate the greenhouse demand f o r heat when 

the thermal storage i s empty. 



FIGURE 7.1: MODES OF OPERATION OF THE SOLAR HEATING SYSTEM 
OF A SOLAR-SHED GREENHOUSE-LIVESTOCK BUILDING 
COMBINATION. 



FIGURE 7.2: DIRECT HEATING OF A SOLAR-SHED GREENHOUSE-LIVESTOCK BUILDING COMBINATION 

BY THE INTEGRAL SOLAR HEATING SYSTEM (MODE 1 OPERATION). 

t o 



FIGURE 7.3: SOLAR ENERGY COLLECTION AND STORAGE IN A SOLAR-SHED GREENHOUSE-LIVESTOCK 

BUILDING COMBINATION (MODE 2 OPERATION). 

U1 



7.4: HEATING OF A SOLAR-SHED GREENHOUSE-LIVESTOCK BUILDING COMBINATION 

FROM THE THERMAL STORAGE (MODE 3 OPERATION). 



SECTION B 

CASE STUDIES V AND VI 

HEATING REQUIREMENTS 
OF A 

SOLAR-SHED GREENHOUSE-SWINE FINISHING BARN 
COMBINATION 



SOLAR-SHED GREENHOUSE-HOG BARN COMBINATION 

CASE STUDY V 

DESCRIPTION AND ASSUMPTIONS 

A schematic of the at t a c h e d s o l a r - s h e d greenhouse to 

a hog barn used i n t h i s case study i s g i v e n i n F i g u r e 7.5. 

The s o l a r - s h e d greenhouse i s i d e n t i c a l t o t h a t used 

with r e s p e c t to case study IV i n Chapter 6. The c o n s t r u c t i o n 

and management parameters f o r the greenhouse are gi v e n i n 

Table 7.1. A t w o - l e v e l hog barn having a shed r o o f i s 

attached to the v e r t i c a l n o r t h w a l l o f the greenhouse 

( F i g . 7.5). The barn has a ground s u r f a c e area equal to t h a t 

used i n case s t u d i e s I and I I I , i n Chapter 3 and Chapter 5, 

r e s p e c t i v e l y , w h i l e the number o f hogs a t f u l l c a p a c i t y i s 

doubled. The r a t i o hog d e n s i t y t o greenhouse f l o o r area 

can be c a l c u l a t e d as 3.07 a t f u l l c a p a c i t y . Other p e r t i n e n t 

c o n s t r u c t i o n and management parameters f o r the t w o - l e v e l 

swine f i n i s h i n g b u i l d i n g are gi v e n i n Table 7.2. 

RESULTS AND DISCUSSION 

A sample computer s i m u l a t i o n output f o r an at t a c h e d 

s o l a r - s h e d greenhouse-hog barn i s i n c l u d e d i n Appendix J 

(Tables J . l to J.12). These t a b l e s g i v e the si m u l a t e d h o u r l y 

r e s u l t s and t h e i r d a i l y t o t a l s f o r a t y p i c a l day of each month 

of the year. The r e s u l t s apply to the greenhouse-swine 

f i n i s h i n g barn combination d e s c r i b e d i n Tables 7.1 and 7.2. 
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VARIABLES USED TO CALCULATE HEATING DEMANDS 

OF A SOLAR-SHED GREENHOUSE 

C o n s t r u c t i o n Parameters 

Length: 100 m 
Width: 10 m 
Height: 2 m 
Roof Slope: 30° 

O r i e n t a t i o n : East-West Long A x i s 

C o n s t r u c t i o n M a t e r i a l s P r o p e r t i e s 

Surface M a t e r i a l Area U (m2) (Wm"2K_1) 

South Roof 
South Wall 
East Wall 
West Wall 
F o o t i n g 

S i n g l e Glass 
S i n g l e G l a s s 
S i n g l e G l a s s 
S i n g l e Glass 
I n s u l a t e d 

1155 
200 
49 
49 
60 

8.83 
8.03 
8.03 
8.03 
0.67 

0.08 
0.08 
0.08 
0.08 

0.94 
0.94 
0.94 
0.94 

Perimeter I n s u l a t e d 110 
(m) 

0.67 
(Wm-lK-1) 

— 

0.3 cm 
0.252 c m - 1 

Glass P r o p e r t i e s 

T h i c k n e s s : 
E x t r a c t i o n C o e f f i c i e n t : 
R e f r a c t i o n Index: 1.526 
A b s o r p t i v i t y to S o l a r R a d i a t i o n : 0.08 
E m i s s i v i t y f o r Thermal R a d i a t i o n : 0.94 

Management Parameters 

L o c a t i o n : H a l i f a x , N.S. 
Vancouver, B.C. 

Minimum Greenhouse Temperature: 15°C 
P l a n t Canopy Albedo: 0.1 

s 



VARIABLES USED TO CALCULATE VENTILATION  

REQUIREMENTS OF A TWO-LEVEL SHED 

SWINE FINISHING BARN 

C o n s t r u c t i o n Parameters 

100 m 
11 m 
5 m (2 l e v e l s ) 
16.55° 
East-West Long A x i s 

Length: 
Width: 
Height: 
Roof Slope: 
O r i e n t a t i o n : 

C o n s t r u c t i o n M a t e r i a l s P r o p e r t i e s 

B u i l d i n g Area RSI U a g e £ 

Component ( m 2 } ( m
2. K/w) (kJ.m" 2.h" 1.K _ 1) 

North Roof 
North Wall 
East Wall 
West Wall 
Foundation 

1148 
450 

67. 5 
67.5 

61 

5.88 
4.00 -
4.00 
4. 00 
1.49 

0.61 
0.90 
0.90 
0.90 
2.41 

0.2 
0.2 
0.2 
0.2 

0.22 
0.22 
0. 22 
0.22 

Perimeter 122 
(m) 

1.49 
(m.K/W) 

2.41 
( k J . h - l . m - i . K - 1 ) 

— — 

Management Parameters 
L o c a t i o n : 

Number of Hogs: 
Average Weight: 
Minimum I n s i d e Temperature: 
Maximum In s i d e R e l a t i v e Humidity: 
Maximum V e n t i l a t i o n Rate: 

V e n t i l a t i o n System Type: 

H a l i f a x , N.S. 
Vancouver, B.C. 
3072 
70 kg 
20°C 
85% 
50 l i t r e s per second 

per hog 
V a r i a b l e speed fans 

(24 kW peak load) 



The b u i l d i n g i s l o c a t e d i n the H a l i f a x r e g i o n . The 

greenhouse i s assumed to be operated a t a minimum temperature 

of 15°C. 

The i n f o r m a t i o n i n Tables J . l to J.12 i n c l u d e the s o l a r 

r a d i a t i o n p a s s i v e l y captured by the shed greenhouse, the 

waste heat a v a i l a b l e from the hog barn v e n t i l a t i o n a i r , the 

greenhouse t r a n s m i s s i o n heat l o s s and i t s p r e d i c t e d h e a t i n g 

l o a d and supplemental heat requirement. The t a b l e a l s o g i v e s 

the h o u r l y f r a c t i o n s o f the greenhouse t r a n s m i s s i o n l o s s 

s u p p l i e d by p a s s i v e s o l a r as w e l l as by waste heat from the 

hog barn. The t a b l e s i n Appendix J a l s o i n c l u d e the estimated 

h o u r l y and d a i l y s o l a r energy captured by the i n t e g r a l 

c o l l e c t o r and the p r e d i c t e d monthly average d a i l y f r a c t i o n 

of the greenhouse h e a t i n g l o a d s u p p l i e d by the s o l a r c o l l e c t o r . 

A summary of the r e s u l t s of Appendix J i s g i v e n on a 

monthly b a s i s i n Table 7.3. From the t a b l e , i t i s seen t h a t 

the annual average heat l o s s from the shed greenhouse, 

expressed i n terms of u n i t f l o o r area, i s 3191 megajoules 
2 2 per square metre (MJ/m ) of which 826 MJ/m or 26 per c e n t 

are p a s s i v e l y s u p p l i e d by s o l a r . The c o n t r i b u t i o n o f the 

s e n s i b l e waste heat recov e r y from the hog barn v e n t i l a t i o n 

a i r i s estimated at 34 percent of the greenhouse heat l o s s 
2 

or a c o n t r i b u t i o n o f 1097 MJ/m . The p r e d i c t e d annual 

c o n t r i b u t i o n by the a c t i v e s o l a r c o l l e c t o r i s r e l a t i v e l y 

s m a l l , accounting f o r o n l y 11 percent of the t o t a l greenhouse 
2 

heat l o s s or a c o n t r i b u t i o n o f 341 MJ/m . 



TABLE 7.3 

SUMMARY OF RESULTS OF THE SOLAR-SHED GREENHOUSE-HOG BARN COMBINATION LOCATED IN HALIFAX. 

(MINIMUM GREENHOUSE TEMPERATURE 15°C) 

Month 

Heat 
Loss 
(MJ/m2) 

Passive 
Solar 

C o n t r i ­
bution 
(MJ/m2) 

Fra c t i o n 
Supplied 

by Passive 
Solar 

Heating 
Load 
(MJ/m2) 

Waste 
Heat 

Cont r i ­
bution 
(MJ/m2) 

Fraction 
Supplied 
by Waste 

Heat 

Supplemental 
Heat 

Requirement 
(MJ/m2) 

Active 
Solar , 

Contr i ­
bution 
(MJ/m2) 

Fra c t i o n 
Supplied 

by Active 
Solar 

Furnace 
Heat 

Requirement 
(MJ/m2) 

January 547 122 0.22 425 110 0.20 315 51 0.09 264 

February 502 135 0.27 367 92 0.18 275 55 0.1.1 220 

March 459 150 0.33 309 103 0.22 206 81 0.18 125 

A p r i l 315 112 0.36 203 108 0.34 95 59 0.19 36 

May 190 64 0.34 126 107 0.56 19 19 0.10 0 

June 84 19 0.23 65 65 0.77 0 - - 0 

July 30 4 0.13 26 26 0.87 0 - - 0 

August 24 3 0.13 21 21 0.87 0 - - 0 

September 64 8 0.13 56 56 0.87 0 - - 0 

October 182 42 0.23 140 133 0.73 7 7 0.04 0 

November 308 71 0.23 237 147 0.48 90 41 0.13 49 

December 486 96 0.20 390 129 0.27 261 28 0.06 233 

Year 3191 826 0.26 2365 1097 0.34 1268 341 0.11 927 

o 
u> 



An i d e n t i c a l s o l a r - s h e d greenhouse-hog barn combination 

was a l s o s i m u l a t e d using Vancouver weather data. A summary 

of the computer s i m u l a t i o n r e s u l t s i s shown i n Table 7.4. 

As i n d i c a t e d i n the t a b l e , the es t i m a t e d annual average heat 

l o s s by the shed greenhouse l o c a t e d i n Vancouver i s 

s i g n i f i c a n t l y lower than t h a t p r e d i c t e d f o r H a l i f a x . The 

22 per c e n t decrease i n greenhouse heat l o s s i s due to the 

m i l d c l i m a t e experienced i n the Vancouver r e g i o n . 

I t i s i n t e r e s t i n g to note t h a t the p r e d i c t e d annual p a s s i v e 

s o l a r c o n t r i b u t i o n i n a b s o l u t e terms i s lower f o r a greenhouse 
2 

l o c a t e d i n Vancouver than i n H a l i f a x (826 MJ/m compared to 

684 MJ/m 2). However, the p e r c e n t p a s s i v e c o n t r i b u t i o n i s 

p r a c t i c a l l y the same f o r both l o c a t i o n s . The low p a s s i v e 

s o l a r c o n t r i b u t i o n i n Vancouver i s due to the r e l a t i v e l y warm 

c l i m a t e o f the r e g i o n / w h i c h r e s u l t s i n some.of the a v a i l a b l e 
s o l a r energy not b e i n g u t i l i z e d . 

From Table 7.4, the annual c o n t r i b u t i o n of waste heat 
2 

from the hog barn i s estimated a t 1204 MJ/m or 4 8 p e r c e n t 

of the greenhouse heat l o s s . These v a l u e s are s i g n i f i c a n t l y 

h i g h e r than those p r e d i c t e d f o r H a l i f a x . T h i s d i f f e r e n c e i s 

due to the l a r g e r f r a c t i o n of the animal s e n s i b l e heat not 

u t i l i z e d t o o f f s e t the heat l o s s from a barn l o c a t e d i n 

Vancouver when compared t o an i d e n t i c a l barn l o c a t e d i n 

H a l i f a x . 

The p r e d i c t e d annual average c o n t r i b u t i o n of the a c t i v e 

s o l a r c o l l e c t o r i s 448 MJ/m of f l o o r area r e p r e s e n t i n g 18 



TABLE 7.4 

SUMMARY OF RESULTS OF THE SOLAR-SHED GREENHOUSE-HOG BARN COMBINATION LOCATED IN VANCOUVER. 

(MINIMUM GREENHOUSE TEMPERATURE 15°C) 

Month 

Heat 
Loss 
(MJ/m2) 

Passive 
Solar 

Contri­
bution 
(MJ/m2) 

Fraction 
Supplied 

by Passive 
Solar 

Heating 
Load 
(MJ/m2) 

Waste 
Heat 

Contri­
bution 
(MJ/m2) 

Fraction 
Supplied 
by Waste 

Heat 

Supplemental 
Heat 

Requirement 
(MJ/m2) 

Active 
Solar 

Contri­
bution 
(MJ/m2) 

Fraction 
Supplied 

by Active 
Solar 

Furnace 
Heat 

Requirement 
(MJ/m2) 

January 400 96 0.24 304 141 0.35 163 96 0.24 67 
February 316 92 0.29 224 123 0.39 101 89 0.28 12 
March 331 112 0.34 219 125 0.38 94 94 0.28 0 
A p r i l 227 82 0.36 145 115 0.51 30 30 0.13 0 
May 134 44 0.33 90 90 0.67 0 0 - 0 
June 69 21 0.30 48 48 0.70 0 0 - 0 
July 39 8 0.21 31 31 0.79 0 0 - 0 
August 30 5 0.17 25 25 0.83 0 0 - 0 
September 71 10 0.14 61 61 0.86 0 0 - 0 
October 202 56 0.28 146 140 0.69 6 6 0.03 0 
November 296 72 0.24 224 156 0.53 68 68 0.23 0 
December 388 86 0.22 302 149 0.38 153 65 0.17 88 

Year 2503 684 0.27 1819 1204 0.48 615 448 0.18 167 

o 



percent of the greenhouse heat l o s s (Table 7.4). These 

valu e s are s l i g h t l y h i g h e r than those o b t a i n e d w i t h H a l i f a x 

weather data. T h i s i s simply due to the f a c t t h a t the 

s o l a r - s h e d greenhouse has a h i g h e r e f f i c i e n c y i n Vancouver 

than i n H a l i f a x as the r e s u l t s i n Chapter 6 have i n d i c a t e d . 

The above d i s c u s s i o n was p r i m a r i l y concerned w i t h 

annual v a l u e s , the monthly performance of the s o l a r - s h e d 

greenhouse-hog barn combination i s c l e a r l y seen i n F i g u r e 

7.6. In t h i s f i g u r e , the monthly average f r a c t i o n s of the 

greenhouse heat l o s s s u p p l i e d by p a s s i v e s o l a r , a c t i v e s o l a r 

and waste heat r e c o v e r y from the hog barn v e n t i l a t i o n a i r 

are p l o t t e d f o r two l o c a t i o n s i n Canada: H a l i f a x and Vancouver. 

I t i s c l e a r l y i n d i c a t e d i n F i g u r e 7.6 t h a t barn waste 

heat re c o v e r y c o n t r i b u t e s more energy to the greenhouse 

h e a t i n g than a c t i v e s o l a r c o l l e c t i o n . 

For H a l i f a x , the c o n t r i b u t i o n of the i n t e g r a l s o l a r 

c o l l e c t o r i s very low a l l year around. The same c o n c l u s i o n 

a p p l i e s to Vancouver perhaps with the e x c e p t i o n of the 

months of November, February and March when the s o l a r 

f r a c t i o n s are reasonable. 

The low c o n t r i b u t i o n of the i n t e g r a l s o l a r c o l l e c t o r 

i n both c i t i e s d u r i n g the w i n t e r months i s simply due to 

low s o l a r r a d i a t i o n a v a i l a b i l i t y compared to the h i g h h e a t i n g 

requirement of the greenhouse. 

At both l o c a t i o n s , the s o l a r f r a c t i o n of the a c t i v e 

system i s p r a c t i c a l l y zero from f o u r to f i v e months of the 
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FIGURE 7.6: MONTHLY PERFORMANCE OF THE SOLAR-SHED 
GREENHOUSE-HOG BARN COMBINATION 
(CASE STUDY V ) . 



summer season, because a l l the heat requirement by the 

greenhouse d u r i n g those months i s s a t i s f i e d by p a s s i v e 

s o l a r c o l l e c t i o n and barn waste heat r e c o v e r y . T h e r e f o r e , 

i t may be concluded t h a t the economics of i n s t a l l i n g the 

s o l a r h e a t i n g system may not be f a v o r a b l e , u n l e s s p a r t of 

the c o l l e c t a b l e s o l a r energy d u r i n g the summer c o u l d be 

u t i l i z e d f o r other a p p l i c a t i o n s , f o r example, manure d r y i n g . 

COMPARISON OF RESULTS WITH PREVIOUS CASE STUDIES 

The monthly average performances of the gable greenhouse-

hog barn (Case Study I I I ) , the detached s o l a r - s h e d greenhouse 

(Case Study IV) and the a t t a c h e d s o l a r - s h e d greenhouse-

hog barn combination (Case Study V) as expressed i n pe r c e n t 

energy savings compared to the supplemental energy requirement 

of a c o n v e n t i o n a l gable greenhouse (Case Study II) are g i v e n 

i n Table 7.5. The valu e s i n the t a b l e apply to greenhouse 

l o c a t e d i n the H a l i f a x r e g i o n . 

From Table 7.5, the estimated annual r e a l i z a b l e energy 

savings over a c o n v e n t i o n a l gable greenhouse a r e : 14 per c e n t 

f o r the f r e e - s t a n d i n g s o l a r - s h e d greenhouse, 50 pe r c e n t f o r 

the gable greenhouse-hog barn combination and 66 per c e n t 

f o r s o l a r - s h e d greenhouse-hog barn combination. 

The monthly average performances, f o r the case where 

the greenhouses are l o c a t e d i n the Vancouver r e g i o n are gi v e n 

i n Table 7.6. As i n d i c a t e d i n the t a b l e , the annual p o t e n t i a l 

energy savings over the c o n v e n t i o n a l gable greenhouse range 



COMPARISON OF MONTHLY SUPPLEMENTAL HEAT REQUIREMENT AND ENERGY SAVINGS 

BY THE DIFFERENT GREENHOUSE STUDIED. (ALL GREENHOUSES ARE LOCATED IN HALIFAX) 

Month 

Co n v e n t i o n a l 
Gable 

Glasshouse 
(Case Study II) 

Gable 
Greenhouse-Swine 

Combination 
(Case Study III) 

Solar-Shed 
Greenhouse 

(Case Study IV) 

Solar-Shed-Swine 
Combination 
(Case Study V) 

Q 
sup 

(MJ/m2) 

Q % 
(MJ/m2) Savings 

^sup 
(MJ/m2) 

a 
Savings ^sup 

(MJ/m2) 
% 

Savings 

January 494 311 37 493 <1 264 47 

February 428 267 38 ' 413 4 220 49 

March 357 209 41 309 13 125 65 

A p r i l 232 114 51 196 16 36 84 

May 141 40 72 102 28 0 100 

June 69 0 100 15 78 0 100 

J u l y 27 0 100 0 100 0 100 

August 21 0 100 0 100 0 100 

September 61 0 100 0 100 0 100 

October 160 33 79 85 47 0 100 

November 272 121 56 252 7 49 82 

December 453 267 41 471 -4 233 49 

Year 2718 1362 50 2336 14 927 66 

o 



COMPARISON OF MONTHLY SUPPLEMENTAL HEAT REQUIREMENT AND ENERGY SAVINGS 

BY THE DIFFERENT GREENHOUSE STUDIED. (ALL GREENHOUSES ARE LOCATED IN VANCOUVER) 

Month 

Co n v e n t i o n a l 
Gable 

Glasshouse 
(Case Study II) 

Solar-Shed 
Greenhouse 

(Case Study IV) 

Solar-Shed-Swine 
Combination 
(Case Study V) 

Q 
sup 

(MJ/m2) 

Q % 
(MJ/m2) Savings 

^sup 
(MJ/m2) 

% 
Savings 

January 350 279 20 67 81 
February 259 190 27 12 95 
March 253 165 35 0 100 
A p r i l 165 108 35 0 100 
May 100 45 55 0 100 
June 53 0 100 0 100 
J u l y 33 0 100 0 100 
August 26 0 100 0 100 
September 67 0 100 0 100 
October 166 66 60 0 100 
November 256 207 19 0 100 
December 348 313 10 88 75 

Year 2076 1373 34 167 92 

I—' 
o 



from 34 percent f o r the f r e e - s t a n d i n g s o l a r - s h e d greenhouse 

to as h i g h as 92 percent f o r the s o l a r - s h e d greenhouse hog 

barn combination. 

The gable greenhouse-swine f i n i s h i n g barn combination 

was not analyzed f o r Vancouver; however, the energy savings 

are expected to be i n the range of 50 to 55 p e r c e n t . 

From the r e s u l t s g i v e n above, i t may be concluded t h a t 

the performance of a s o l a r - s h e d g r e e n h o u s e - l i v e s t o c k b u i l d i n g 

combination i s l o c a t i o n dependent as was the case of the 

f r e e - s t a n d i n g s o l a r - s h e d greenhouse i n v e s t i g a t e d i n Chapter 6. 

T h e r e f o r e , i t i s important t h a t performance and economical 

analyses be performed p r i o r t o the a d a p t a t i o n of the s o l a r -

s h e d - l i v e s t o c k b u i l d i n g combination f o r a s p e c i f i c r e g i o n . 

CASE STUDY VI 

DESCRIPTION AND ASSUMPTIONS 

The o b j e c t i v e of t h i s case study i s to i n v e s t i g a t e the 

e f f e c t of i n c r e a s i n g the greenhouse f l o o r area on the 

performance of a solar-shed-hog barn combination. In the 

pre s e n t case, the f l o o r area of the greenhouse i s doubled 

by a t t a c h i n g a c o n v e n t i o n a l gable greenhouse on the south 

s i d e of the shed greenhouse as shown i n F i g u r e 7.7. A l l 

other c o n s t r u c t i o n and management parameters are i d e n t i c a l 

to those used with r e s p e c t to case study V. The o p e r a t i o n 

of the s o l a r h e a t i n g and the hog barn waste heat r e c o v e r y 

systems are a l s o the same as f o r case study V. I t i s to be 



FIGURE 7.7: SCHEMATIC OF THE CROSS-SECTION OF A SOLAR-SHED GREENHOUSE-HOG BARN 
COMBINATION USED IN CASE STUDY VI. 



n o t i c e d t h a t the r a t i o o f hog numbers to greenhouse f l o o r 

area i s halved or equal to 1.5 hogs per square metre of 

greenhouse f l o o r a r ea. 

RESULTS AND DISCUSSION 
2 

The e f f e c t o f d o u b l i n g the f l o o r area from 1000 m 
2 

(Case Study V) to 2000 m (Case Study VI) may be seen i n 

Table 7.7 f o r greenhouses l o c a t e d i n the H a l i f a x r e g i o n . 

The monthly and y e a r l y h e a t i n g loads shown i n the t a b l e 

are a f t e r the p a s s i v e s o l a r c o n t r i b u t i o n i s accounted f o r 

(heating l o a d = greenhouse heat l o s s - p a s s i v e s o l a r 

c o n t r i b u t i o n ) . The per c e n t c o n t r i b u t i o n , as i n d i c a t e d i n 

Table 7.7, i s by the barn waste heat r e c o v e r y and the a c t i v e 

s o l a r h e a t i n g systems combined. T h i s percentage i s based 

upon the greenhouse h e a t i n g l o a d shown i n the t a b l e . 

On an annual b a s i s , the per c e n t c o n t r i b u t i o n s of the 

combined barn waste heat r e c o v e r y and a c t i v e s o l a r c o l l e c t i o n 
to the greenhouse h e a t i n g l o a d are 61 p e r c e n t and 40 percent 

2 , 2 2 i¬f o r 1000 m and 2000 m' greenhouse f l o o r a rea, r e s p e c t i v e l y . 

However, d o u b l i n g the greenhouse area has i n c r e a s e d the 
2 

ab s o l u t e v a l u e o f the energy savings from 14 38 MJ/m to 
2 

1749 MJ/m or about 22 p e r c e n t . 

The monthly average f r a c t i o n s of the greenhouse h e a t i n g 

l o a d s u p p l i e d by combined barn waste heat r e c o v e r y and a c t i v e 

s o l a r c o l l e c t i o n are shown i n F i g u r e 7.8. From t h i s f i g u r e , 

i t may be determined i f f u r t h e r i n c r e a s e of the greenhouse 



EFFECT OF GREENHOUSE SIZE ON THE PERFORMANCE OF A SOLAR-SHED GREENHOUSE-HOG BARN 

COMBINATION LOCATED IN HALIFAX.  

(MINIMUM GREENHOUSE TEMPERATURE 15°C, NUMBER OF HOGS: 3072) 

Greenhouse F l o o r Area 

Month 
1000 m2 

(Case Study V) 
2000 m 2 

(Case Study VI) 
Q l 

(MJ/m2) 
Q 2 

(MJ/m2) 
Percent 

C o n t r i b u t i o n 
Q l 

(MJ/m2) 
Q 2 

(MJ/m2) 
Percent 

C o n t r i b u t i o n 

January 425 161 38 791 163 21 
February 367 147 40 680 149 22 
March 309 184 60 571 187 33 
A p r i l 203 167 82 372 171 - 46 
May 126 126 100 227 180 79 
June 64 64 100 116 116 100 
J u l y 26 26 100 46 46 100 
August 21 21 100 36 36 100 
September 56 56 100 97 97 100 
October 141 141 100 255 251 98 
November 237 188 79 433 195 45 
December 390 157 40 721 158 22 

Year 2365 1438 61 4345 1749 40 

Notes: = Monthly average greenhouse h e a t i n g l o a d 
Q 2 = Monthly average c o n t r i b u t i o n by the s o l a r heating system and barn waste 

heat r e c o v e r y combined 
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FIGURE 7.8: 
MONTH 

EFFECT OF GREENHOUSE FLOOR AREA ON THE 
MONTHLY AVERAGE FRACTION OF THE HEATING 
LOAD SUPPLIED BY ACTIVE SOLAR COLLECTION 
AND BARN WASTE HEAT RECOVERY FOR SOLAR-
SHED GREENHOUSE-HOG BARN COMBINATION OF 
CASE STUDY VI. 



area would r e s u l t i n a s i g n i f i c a n t a b s o l u t e savings i n i t s 

supplemental h e a t i n g . F i r s t l y , i t i s n o t i c e d , when the 

area i s doubled, a l l the s o l a r energy c o l l e c t e d and barn 

waste heat recovered are u t i l i z e d f o r the a d d i t i o n a l two 

months of May and October. T h e r e f o r e , excess heat i s s t i l l 

a v a i l a b l e o n l y f o r the p e r i o d from June t o September 

i n c l u s i v e . But, the greenhouse supplemental heat requirement 

f o r t h a t p e r i o d i s onl y about 6 per c e n t of the annual 

requirement. Thus i t may be concluded t h a t f u r t h e r i n c r e a s e 

i n the greenhouse f l o o r area would r e s u l t i n onl y a smal l 

i n c r e a s e i n energy savings per u n i t a r e a . 

CONCLUSIONS 

From the r e s u l t s o b t a i n e d by computer s i m u l a t i o n a n a l yses 

of the g r e e n h o u s e - l i v e s t o c k combination of case s t u d i e s V and 

VI, the f o l l o w i n g c o n c l u s i o n s can be made: 

1. The performance o f a s o l a r - s h e d greenhouse-hog barn 

combination i s dependent on i t s l o c a t i o n . T h i s i s 

mainly due to the dependence of the e f f i c i e n c y o f the 

i n t e g r a l s o l a r c o l l e c t o r of the shed greenhouse on 

l o c a t i o n . 

2. For a s o l a r - s h e d greenhouse-hog barn combination having 

a r a t i o o f s o l a r c o l l e c t o r t o f l o o r area of 0.57, a hog 

d e n s i t y e q u i v a l e n t to about 3 hogs per square metre of 

greenhouse area and, a minimum greenhouse temperature o f 

15°C; the annual energy savings over a c o n v e n t i o n a l 



gable greenhouse are 92 percent and 66 pe r c e n t f o r 

Vancouver and H a l i f a x , r e s p e c t i v e l y . 

3. When the combined system i s operated i n the H a l i f a x 

r e g i o n , d o u b l i n g the greenhouse s i z e and keeping the 

number of hogs and the c o l l e c t o r s i z e unchanged r e s u l t e d 

i n a net i n c r e a s e i n energy savings o f about 22 p e r c e n t . 

However, f u r t h e r i n c r e a s e i n greenhouse area w i l l r e s u l t 

i n a n e g l i g i b l e i n c r e a s e i n net energy s a v i n g s . 



SUMMARY 



S p e c i f i c c o n c l u s i o n s r e l a t e d to the i n d i v i d u a l case 

s t u d i e s f o r which analyses were performed d u r i n g the p r e s e n t 

i n v e s t i g a t i o n are presented a t the end of each corresponding 

chapter. The c o n c l u s i o n s l i s t e d below r e p r e s e n t the main 

f i n d i n g s r e l a t e d to the f e a s i b i l i t y o f the concept of 

greenhouse-animal s h e l t e r combination f o r both the r e t r o f i t 

and new c o n s t r u c t i o n cases. These g e n e r a l c o n c l u s i o n s may 

be s t a t e d as f o l l o w s : 

1. The u t i l i z a t i o n of animal waste energy to heat an 

att a c h e d greenhouse was found to be a very a t t r a c t i v e 

method of energy c o n s e r v a t i o n f o r greenhouse h e a t i n g . 

2. The t e c h n i c a l c o n s t r a i n t s a s s o c i a t e d with greenhouse-

animal s h e l t e r systems are not expected to be l i m i t i n g 

f a c t o r s ; but, acceptance of t h i s new concept by the 

farmers may cause a delay i n i t s implementation. 

3. The use of the s o l a r - s h e d greenhouse concept f o r a c t i v e 

i n t e r n a l s o l a r energy c o l l e c t i o n to improve the 

performance of a greenhouse-animal s h e l t e r combination, 

i s h i g h l y dependent on the s o l a r - s h e d greenhouse e f f i c i e n c y 

f o r the p a r t i c u l a r l o c a t i o n . 

4. The s i t e s p e c i f i c f a c t o r s a f f e c t i n g the performance of 

a s o l a r - s h e d greenhouse are: l a t i t u d e , b r i g h t sunshine 

p e r i o d s d u r i n g the w i n t e r season and monthly average day 

and n i g h t degree days f o r greenhouse h e a t i n g . 



RECOMMENDATIONS 

1. The s o l a r - s h e d greenhouse i s not recommended f o r l o c a t i o n s 

having low l a t i t u d e s . S i n c e , i t was demonstrated t h a t 

other f a c t o r s than l a t i t u d e a l s o a f f e c t i t s performance, 

i t i s ad v i s e d t h a t a d e t a i l e d t h e o r e t i c a l a n a l y s i s should 

be performed b e f o r e i t s a d a p t a t i o n t o new g e o g r a p h i c a l 

r e g i o n s . 

2. The p o s s i b i l i t y o f s o c i a l and management problems 

a s s o c i a t e d with combined greenhouse animal s h e l t e r 

o p e r a t i o n s should be i n v e s t i g a t e d . 

3. Experimental work should be c a r r i e d out on a prototype 

g r e e n h o u s e - l i v e s t o c k b u i l d i n g combination to 

a) demonstrate the f e a s i b i l i t y o f the combined system, 

b) c a l i b r a t e and v a l i d a t e the mathematical model 

developed d u r i n g the pr e s e n t study, and 

c) s o l v e unforeseen p r a c t i c a l e n g i n e e r i n g and 

o p e r a t i o n a l problems. 

4. Research and development are needed to de s i g n and t e s t 

low c o s t systems f o r l a t e n t heat r e c o v e r y from l i v e s t o c k 

b u i l d i n g s . Advances i n t h i s area should r e s u l t i n a 

s i g n i f i c a n t improvement i n the o v e r a l l performance o f 

greenhouse-animal s h e l t e r combinations. 

5. Under f a v o r a b l e c l i m a t i c c o n d i t i o n s , a combined s o l a r -

shed greenhouse-animal s h e l t e r would be more e f f i c i e n t 

than a c o n v e n t i o n a l combination. Thus f o r new c o n s t r u c ­

t i o n s to be l o c a t e d i n high l a t i t u d e r e g i o n s , i t i s 

recommended t h a t a d e t a i l e d study be performed to 



determine the performance and the economic v i a b i l i t y 

of a s o l a r - s h e d greenhouse-^animal s h e l t e r system. 



The c o n t r i b u t i o n s of t h i s t h e s i s to the advancement 

i n energy c o n s e r v a t i o n and a l t e r n a t e sources of energy 

u t i l i z a t i o n f o r greenhouse h e a t i n g can be summarized as 

f o l l o w s : 

1. An a n a l y t i c a l procedure f o r determining the e f f e c t i v e n e s s 

of greenhouses as s o l a r c o l l e c t o r s was developed. 

2. A new greenhouse d e s i g n , s u i t a b l e f o r r e g i o n s of high 

l a t i t u d e s , was proposed. Also, a g e n e r a l mathematical 

model to p r e d i c t i t s performance, under d i f f e r e n t 

c l i m a t i c c o n d i t i o n s , was developed. 

3. The f e a s i b i l i t y of the concept of u s i n g animal waste 

heat as a supplemental energy source f o r greenhouse 

h e a t i n g i n c o l d c l i m a t e s was i n v e s t i g a t e d f o r the case 

of greenhouse-hog barn combination. A l s o , a g e n e r a l 

mathematical model to p r e d i c t p o t e n t i a l energy savings 

from other types of combinations was developed. 

4. A new concept i n greenhouse-animal s h e l t e r combination 

d e s i g n i n c o r p o r a t i o n g an i n t e r n a l s o l a r c o l l e c t i o n 

system was proposed. The case where hogs were used as 

animal type was a n a l y s e d . A l s o , a g e n e r a l model was 

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

of greenhouse-animal s h e l t e r combinations. The model i s 

s u i t a b l e to study the e f f e c t of l o c a t i o n , c o n s t r u c t i o n 

parameters, animal type and s i z e of o p e r a t i o n on the 

o v e r a l l performance of the combined system. 
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APPENDIX A 

CALCULATION OF BEAM TRANSMITTANCE 

OF GREENHOUSE COVERS 



T h i s appendix d e s c r i b e s the procedure used t o c a l c u l a t e 

the beam tr a n s m i t t a n c e of greenhouse covers to s o l a r r a d i a t i o n 

as g i v e n by D u f f i e and Beckman (1974). 

TRANSMISSION DUE TO REFLECTION 

a) Beam r a d i a t i o n , normal i n c i d e n c e : 

At normal i n c i d e n c e there i s no p o l a r i z a t i o n e f f e c t , and 

the s u r f a c e r e f l e c t i v i t y , p, i s dependent o n l y on the 

r e f r a c t i v e index, n as f o l l o w s : 

p = t (n - l ) / ( n + 1) ] 2 . (A.l) 

For a system of N cov e r s , a l l of the same m a t e r i a l , then, 

i t can be shown t h a t the t r a n s m i t t a n c e i s , 

x r = (1 - p ) / [ l + (2N - l ) p ] , (A.2) 

pro v i d e d the r a d i a t i o n a b s o r p t i o n i n the covers i s n e g l e c t e d . 

b) Beam r a d i a t i o n , o b l i q u e i n c i d e n c e : 

P o l a r i z a t i o n phenomena n e c e s s i t a t e t r e a t i n g the r e f l e c t i o n 

of r a d i a t i o n at a i r - c o v e r i n t e r f a c e s s e p a r a t e l y f o r the two 

planes of p o l a r i z a t i o n . The f r a c t i o n s o f the p o l a r i z e d 

p o r t i o n s o f an i n c i d e n t beam t h a t are r e f l e c t e d a t an 

i n t e r f a c e are: 

i ) i n the plane p e r p e n d i c u l a r t o the plane o f i n c i d e n c e , 

P l = [ s i n ( i - i ' ) / s i n ( i + i ' ) ] 2 , (A-3) 

and 

i i ) i n the plane p a r a l l e l to the plane o f i n c i d e n c e , 



P 2 = [ t a n ( i - i ' ) / t a n ( i + i ' ) ] 2 . (A.4) 

Then, the t r a n s m i s s i o n o f the cover system, n e g l e c t i n g 

r a d i a t i o n a b s o r p t i o n may be c a l c u l a t e d as, 

= 1 1 ~ p l 1 " p2 
T r 2 [ 1 + ( 2 N - l ) P l

 + 1 + (2N - l ) p 2

] * ( A ' 5 ) 

The angle of i n c i d e n c e (i) and the angle o f r e f r a c t i o n ( i ' ) 

are r e l a t e d by the r e f r a c t i v e index n through S n e l l ' s law: 

n = s i n i / s i n i 1 . (A.6) 

TRANSMISSION DUE TO ABSORPTION 

The t r a n s m i s s i o n due to a b s o r p t i o n o f N c o v e r s , a l l o f 

the same m a t e r i a l , i s r e l a t e d t o the e x t i n c t i o n c o e f f i c i e n t 

and t h i c k n e s s of the p a r t i a l l y t r a n s p a r e n t medium by, 

-NKL 7 v 
T = e . (A.7) 
a 

where L = t/cos i * (A.8) 

BEAM TRANSMITTANCE 

The beam t r a n s m i t t a n c e , a l l o w i n g f o r both r e f l e c t i o n 

and a b s o r p t i o n , i s ob t a i n e d simply by m u l t i p l y i n g the two 

tr a n s m i t t a n c e s t o g e t h e r . 

x = T T . (A.9) 
r a 

Equation (A.9) i s an approximate e x p r e s s i o n but s u f f i c i e n t l y 

a c c u r a t e f o r p r a c t i c a l a p p l i c a t i o n s . 



NOMENCLATURE 

Symbol D e f i n i t i o n U n i t s 

i Angle of i n c i d e n c e r a d i a n s 

i ' Angle of r e f r a c t i o n r a d i a n s 

K E x t i n c t i o n c o e f f i c i e n t cm 1 

L Length of the path of r a d i a t i o n 

w i t h i n the p a r t i a l l y t r a n s p a r e n t 

medium cm 

N Number of covers 

n Index of r e f r a c t i o n 

t Thickness of the cover cm 

Surface r e f l e c t i v i t y 

R e f l e c t i v i t y i n the plane p e r p e n d i c u l a r 

to the plane o f i n c i d e n c e 

R e f l e c t i v i t y i n the plane p a r a l l e l 

to the plane of i n c i d e n c e 

T r a n s m i s s i v i t y of the cover n e g l e c t i n g 

a b s o r p t i o n by the m a t e r i a l 

T r a n s m i s s i v i t y of the cover due t o 

a b s o r p t i o n 

Beam t r a n s m i t t a n c e of the cover 

a l l o w i n g f o r both r e f l e c t i o n and 

a b s o r p t i o n 



APPENDIX B 

SAMPLE COMPUTER 

OUTPUT 

FOR GREENHOUSE TRANSMISSION FACTORS 



. 0 5 H E C T A R E 

S I N G L E G L A S S C O V E R 

G A B L E G R E E N H O U S E 

E-W O R I E N T A T I O N 

L E N G T H = 5 0 M 

W I D T H = 1 0 M 

H E I G H T = 2 M 

S L O P E = 1 8 D E G 

G L A S S C H A R A C T E R I S T I C S : 

T H I C K N E S S = 0 . 3 0 2 M 

K = 0 . 1 6 1 C M - l ; I R = 1 . 5 2 6 

S I = S O U T H W A L L 

S 2 = S O J T H R O O F 

5 3 = N O R T H R O O F 

5 4 = W E S T W A L L 

5 5 = E A S T W A L L 

5 6 = N O R T H W A L L 

Vancouver, B.C. 

BTF: Beam Transmission Factor 

DTF: D i f f u s e Transmission Factor 

TTF: Total Transmission Factor 



A R E A 

M * * 2 

J A N UA R Y 

B E A M D I F F U S E T O T A L B E A M D I F . T O T A L 

1 1 0 0 . 2 7 4 1 6 9 . 9 9 4 2 2 . 3 7 3 5 9 2 . 0 . 3 8 3 0 . 0 9 4 0 . 2 1 0 

2 2 6 3 . 4 1 8 8 7 1 . 4 0 2 6 2 1 . 8 2 1 4 9 3 . 0 . 5 8 5 0 . 3 8 0 0 . 4 6 3 

3 2 6 3 . 8 4 7 . 4 0 2 6 2 1 . 4 0 3 4 6 8 . 0 . 0 0 1 0 . 3 8 0 0 . 2 2 7 

4 2 8 . 1 1 0 1 8 . 2 7 8 3 8 . 3 8 8 5 6 . 0 . 0 1 5 0 . 0 2 6 0 . 0 2 2 

5 2 8 . 1 1 0 1 8 . 2 7 8 3 8 . 3 8 8 5 6 . 0 . 0 1 5 0 . 0 2 6 0 . 0 2 2 

6 1 00. 0 . 9 9 4 2 2 . 9 9 4 2 2 . 0 . 0 0 . 0 9 4 0 . 0 5 6 

T O T A L 

S E A M 

T R A N S M I T T E D 

D I F F U S E T O T A L T B G H T T G H B T F D T F T T F 

7 1 5 9 2 4 . 1 0 5 9 7 6 3 . 1 7 7 5 6 8 5 . 0 . 3 1 9 0 . 8 1 2 1 . 3 7 4 1 . 0 9 9 

F E B R U A R Y 

1 . 1 9 6 

s A R E A 

M * * 2 

S O L A R E N E R G Y T R A N S M I T T E D 

( K J / D A Y t 
C O N T R I B U T I O N 

T O T O T A L 

B E A M D I F F U S E T O T A L B E A M D I F . T O T A L 

1 1 0 0 . 4 0 0 2 7 9 . 1 7 1 6 4 9 . 5 7 1 9 2 8 . G . 3 0 8 0 . 0 9 4 0 . 1 8 3 

2 2 6 3 . 7 8 2 3 5 1 . 6 8 9 9 9 5 . 1 4 7 2 3 4 6 . 0 . 6 0 2 0 . 3 7 9 0 . 4 7 2 

3 2 6 3 . 6 5 8 2 2 . 6 8 9 9 9 5 . 7 5 5 8 1 7 . 0 . 0 5 1 0 . 3 7 9 0 . 2 4 2 

4 2 8 . 2 5 5 8 4 . 4 8 0 3 9 . 7 3 6 2 3 . 0 . 0 2 0 0 . 0 2 6 0 . 0 2 4 

5 2 3 . 2 5 5 8 4 . 4 8 0 3 9 . 7 3 6 2 3 . 0 . 0 2 0 0 . 0 2 6 0 . 0 2 4 

6 1 0 0 . 0 . 1 7 1 5 6 8 . 1 7 1 5 6 8 . 0 . 0 0 . 0 9 4 0 . 0 5 5 

B E A M 

T O T A L T R A N S M I T T E D 

D I F F U S E T O T A L 

1 2 9 9 6 1 7 . 1 3 1 9 2 8 5 . 3 1 1 8 9 0 1 . 

T B G H T T G H 

0 . 7 8 2 0 . 7 9 6 

B T F D T F 

1 . 1 4 5 1 . 1 0 5 

T T F 

1 . 1 2 1 



M A R C H 

s A R E A 

M** 2 

S O L A R E N E R G Y T R A N S M I T T E O 

( K J / D A Y ) 

C O N T R I B U T I 

T O T O T A L 

ON 

B E A M D I F F U S E T O T A L B E A M D I F . T O T A L 

1 1 0 0 . 5 5 8 1 1 3 . 2 6 3 8 8 9 . 8 2 2 0 0 1 . 0 . 2 0 9 0 . 0 9 2 0 . 1 4 8 

2 2 6 3 . 1 5 4 2 3 9 2 . 1 1 0 0 8 9 3 . 2 6 4 3 2 8 5 . 0 . 5 7 6 0 . 3 8 3 0 . 4 7 6 

3 2 6 3 . 4 5 7 1 1 7 . 1 1 0 0 8 9 3 . 1 5 5 8 0 0 9 . 0 . 1 7 1 0 . 3 8 3 0 . 2 8 1 

4 2 8 . 5 9 5 6 1 . 7 3 8 8 9 . 1 3 3 4 5 0 . 0 . 0 2 2 0 . 0 2 6 0 . 0 2 4 

5 2 8 . 5 9 5 6 1 . 7 3 8 8 9 . 1 3 3 4 5 0 . 0 . 0 2 2 0 . 0 2 6 0 . 0 2 4 

6 1 0 0 . 0 . 2 6 3 8 8 9 . 2 6 3 8 8 9 . 0 . 0 0 . 3 9 2 0 . 0 4 3 

T O T A L T R A N S M I T T E D 

B E A M D I F F U S E T O T A L T 8 G H T T S H BT-F D T F T T F 

2 6 7 6 7 4 2 . 2 8 7 7 3 3 8 . 5 5 5 4 0 8 3 . 0 . 7 8 6 0 . 7 9 6 1 . 0 2 4 1 . 0 9 1 1 . 0 5 8 

A P R I L 

s A R E A 

M * * 2 

S O L A R E N E R G Y T R A N S M I T T E D 

( K J / D A Y ) 

C O N T R I B U T I O N 

TO T O T A L 

B E A M D I F F U S E T O T A L B E A M D I F . T O T A L 

1 1 0 0 . 4 4 2 9 1 5 . 3 8 1 5 5 0 . 8 2 4 4 6 5 . 0 . 1 1 8 0 . 0 9 4 0 . 1 0 6 

2 2 6 3 . 2 0 2 3 3 3 1 . 1 5 3 0 6 8 1 . 3 5 5 4 0 6 2 . 0 . 5 3 9 0 . 3 7 9 0 . 4 5 6 

3 2 6 3 . 1 1 1 4 4 6 7 . 1 5 3 0 6 8 1 . 2 6 4 5 1 4 8 . 0 . 2 9 7 0 . 3 7 9 0 . 3 3 9 

4 2 8 . 8 6 5 9 4 . 1 0 6 8 3 4 . 1 9 3 4 2 8 . 0 . 0 2 3 0 . 0 2 6 0 . 0 2 5 

5 2 8 . 8 6 5 9 4 . 1 0 6 8 3 4 . 1 9 3 4 2 8 . 0 . 0 2 3 0 . 0 2 6 0 . 0 2 5 

6 1 0 0 . 2 5 . 3 8 1 5 5 0 . 3 3 1 5 7 5 . 0 . 0 0 0 0 . 0 9 4 0 . 0 4 9 

T O T A L 

B E A M 

TR M SM I T T E D 

D I F F U S E T O T A L T B G H T T G H B T F D T F T T F 

3 7 5 3 9 7 3 . 4 0 3 8 1 2 6 . 7 7 9 2 1 0 2 . 0 . 8 0 4 0 . 8 0 5 0 . 9 5 6 1 . 1 0 1 1 . 0 2 6 



MAY 

S A R E A S O L A R E N E R G Y T R A N S M I T T E D C O N T R I B U T I O N 

M * * 2 I K J / D A Y ) T O T O T A L 

B E A M D I F F U S E T O T A L B E A M D I F . T O T A L 

1 1 0 0 . 3 4 7 0 0 1 . 4 7 0 8 0 4 . 8 1 7 8 0 4 . 0 . 0 6 4 0 . 0 9 6 0 . 0 7 9 

2 2 6 3 . 2 7 1 7 8 3 1 . 1 8 3 9 9 1 7 . 4 5 5 7 7 4 8 . 0 . 5 0 2 0 . 3 7 7 0 . 4 4 3 

3 2 6 3 . 2 0 4 1 7 2 1 . 1 8 3 9 9 1 7 . 3 8 8 1 6 3 8 . 0 . 3 7 7 0 . 3 7 7 0 . 3 7 7 

4 2 8 . 1 3 1 6 9 1 . 1 3 1 8 2 5 . 2 6 3 5 1 6 . 0 . 0 2 4 0 . 0 2 7 0 . 0 2 6 

5 2 8 . 1 3 1 6 9 1 . 1 3 1 8 2 5 . 2 6 3 5 1 6 . 0 . 0 2 4 0 . 0 2 7 0 . 0 2 6 

6 100. 4 0 0 5 4 . 4 7 0 8 0 4 . 5 1 0 8 5 7 . 0 . 0 0 7 0 . 0 9 6 0 . 0 5 0 

T O T A L T R A N S M I T T E D 

B E A M D I F F U S E T O T A L T B G H T T G H B T F T T F 

5 4 0 9 9 8 5 . 4 8 8 5 0 8 6 . 1 0 2 9 5 0 7 7 . 0 . 8 1 0 0 . 8 0 9 0 . 9 2 7 1 . 1 0 6 1 . 0 0 4 

J U N E 

S A R E A S O L A R E N E R G Y T R A N S M I T T E D C O N T R I B U T I O N 

M**2 ( K J / D A Y ) TO T O T A L 

B E A M D I F F U S E T O T A L B E A M D I F . T O T A L 

1 1 0 0 . 2 7 8 8 9 0 . 5 0 9 9 4 3 . 7 8 8 8 3 3 . 0 . 0 4 5 0 . 0 9 7 0 . 0 6 9 

2 2 6 3 . 2 9 7 9 9 1 3 . 1 9 7 4 0 5 3 . 4 9 5 3 9 6 6 . 0 . 4 8 1 0 . 3 7 6 0 . 4 3 3 

3 2 6 3 . 2 5 2 9 2 6 4 . 1 9 7 4 0 5 3 . 4 5 0 3 3 1 7 . 0 . 4 0 8 0 . 3 7 6 0 . 3 9 3 

4 2 8 . 1 5 2 2 7 2 . 1 4 2 7 8 4 . 2 9 5 0 5 6 . 0 . 0 2 5 0 . 0 2 7 0 . 0 2 6 

5 2 8 . 1 5 2 2 7 2 . 1 4 2 7 8 4 . 2 9 5 0 5 6 . 0 . 0 2 5 0 . 0 2 7 0 . 0 2 6 

6 1 0 0 . 1 0 0 1 6 8 . 5 0 9 9 4 3 . 6 1 0 1 1 1 . 0 . 0 1 6 0 . 0 9 7 0 . 0 5 3 

T O T A L 

B E A M 

T R A N S M I T T E D 

D I F F U S E T O T A L T B G H T T G H B T F D T F T T F 

6 1 9 2 7 7 8 . 5 2 5 3 5 5 8 . 1 1 4 4 6 3 3 3 . 0 . 8 1 4 0 . 8 1 1 0 . 9 2 4 1 . 1 1 3 1 . 0 0 2 



J U L Y 

s A R E A 

M * * 2 

S O L A R E N E R G Y T R A N S M I T T E D 

(K J / DAY ) 

C O N T R I B U T I O N 

T O T O T A L 

3 E A M D I F F U S E T O T A L B E A M D 1 F . T O T A L 

1 1 0 0 . 3 4 8 9 0 8 . 4 8 9 9 3 0 . 8 3 8 8 3 8 . 0 . 0 5 3 0 . 3 9 8 0 . 0 7 2 

2 2 6 3 . 3 2 3 3 0 6 3 . 1 8 6 2 2 0 2 . 5 0 9 5 2 6 5 . 0 . 4 8 9 0 . 3 7 4 0 . 4 3 9 

3 2 6 3 . 2 6 1 3 4 7 6 . 1 8 6 2 2 0 2 . 4 4 7 5 6 7 8 . 0 . 3 9 5 0 . 3 7 4 0 . 3 8 6 

4 2 8 . 1 6 5 2 0 9 . 1 3 7 1 8 0 . 3 0 2 3 8 9 . 0. 025 0 . 0 2 8 0 . 0 2 5 

5 2 8 . 1 6 5 2 0 9 . 1 3 7 1 8 0 . 3 0 2 3 8 9 . 0 . 0 2 5 0 . 0 2 8 0 . 0 2 6 

6 L O O . 3 9 4 0 4 . 4 8 9 9 3 0 . 5 7 9 3 3 4 . 0 . 0 1 4 0 . 0 9 3 0 . 0 5 0 

T QT AL 

6 E AM 

T R A N S M I T T E D 

D I F F U S E T O T A L T B G H T T G H B T F D T F T T F 

6 6 1 5 2 6 8 . 4 9 7 3 6 2 2 . 1 1 5 9 3 8 9 2 . 0 . 3 1 1 0 . 8 0 9 0 . 9 2 7 1 . 1 1 8 1.000 

A U G U S T 

S A R E A S O L A R E N E R G Y T R A N S M I T T E D C O N T R I B U T I O N 

M**2 1 K J / D A Y * T O T O T A L 

B E A M D I F F U S E T O T A L B E A M D I F . T O T A L 

I 1 0 0 . 4 9 2 9 1 7 . 4 2 1 4 9 6 . 9 1 4 4 1 2 . 0 . 0 9 2 0 . 0 9 7 0 . 0 9 4 

2 2 6 3 . 2 7 9 3 0 9 0 . 1 6 2 4 7 0 4 . 4 4 1 7 7 9 4 . 0. 5 2 2 0 . 3 7 5 0 . 4 5 6 

3 2 6 3 . 1 7 8 6 2 5 5 . 1 6 2 4 7 0 4 . 3 4 1 0 9 5 9 . 0. 3 3 4 0 . 3 7 5 0 . 3 5 2 

4 2 8 . 1 3 2 0 1 9 . 1 1 8 0 1 9 . 2 5 0 0 3 8 . 0 . 0 2 5 0 . 0 2 7 0 . 0 2 6 

5 2 3 . 1 3 2 0 1 9 . 1 1 8 0 1 9 . 2 5 0 0 3 8 . 0 . 0 2 5 0 . 0 2 7 0 . 0 2 6 

6 1 0 0 . 1 3 4 9 2 . 4 2 1 4 9 6 . 4 3 4 9 8 7 . 0 . 0 0 3 0 . 0 9 7 0 . 0 4 5 

T O T A L 

B E A M 

T R A M SM I T T E D 

D I F F U S E T O T A L T B G H T T G H B T F D T F T T F 

5 3 4 9 7 9 0 . 4 3 2 8 4 3 4 . 9 6 7 8 2 2 6 . 0 . 8 0 5 0 . 8 0 6 0 . 9 4 2 1 . 1 1 5 1 . 0 1 2 



A R E A 

M * * 2 

S E P T E M 8 E R 

B E A M D I F F U S E T O T A L B E A M OIF. T O T A L 

1 1 0 0 . 6 4 7 9 0 8 . 3 1 8 5 2 3 . 9 6 6 4 3 1 . 0 . 1 6 9 0 . 0 9 6 0 . 1 3 5 

2 2 6 3 . 2 1 4 5 0 9 4 . 1 2 4 9 4 6 2 . 3 3 9 4 5 5 6 . 0 . 5 6 0 0 . 3 7 7 0 . 4 7 5 

3 2 6 3 . 8 5 1 4 1 0 . 1 2 4 9 4 6 2 . 2 1 0 0 8 7 1 . 0 . 2 2 2 0 . 3 7 7 0 . 2 9 4 

4 2 8 . 9 1 9 4 5 . 3 9 1 8 6 . 1 8 1 1 3 1 . 0 . 0 2 4 0 . 0 2 7 0 . 0 2 5 

5 2 8 . 9 1 9 4 5 . 8 9 1 8 6 . 1 8 1 1 3 1 . 0 . 0 2 4 0 . 0 2 7 0 . 0 2 5 

6 100. 0 . 3 1 8 5 2 3 . 3 1 8 5 2 3 . 0 . 0 0 . 0 9 6 0 . 0 4 5 

T O T A L 

B E A M 

T R A N S M I T T E D 

D I F F U S E T O T A L T B 3 H T T G H B T F D T F T T F 

3 8 2 8 2 9 8 . 3 3 1 4 3 4 0 . 7 1 4 2 6 4 1 . 0 . 7 9 0 0 . 7 9 3 0 . 9 9 4 1 . 1 0 9 1 . 0 4 4 

• C T 0 3 E R 

1 

2 

3 

4 

5 

6 

A R E A 

M**2 

1 0 0 . 

2 6 3 . 

2 6 3 . 

2 8 . 

2 8 . 

1 0 0 . 

S O L A R E N E R G Y T R A N S M I T T E D 

( K J / D A Y ) 

B E A M 

5 0 1 4 5 7 . 

1 0 8 5 3 1 6 . 

1 5 7 5 2 4 . 

3 8 4 9 6 . 

3 8 4 9 6 . 

0 . 

D I F F U S E 

2 0 0 2 1 7 . 

8 2 2 4 3 4 . 

8 2 2 4 3 4 . 

5 6 0 6 1 . 

5 6 0 6 1 . 

2 0 0 2 1 7 . 

T O T A L 

7 0 1 6 7 4 . 

1 9 0 7 7 4 9 . 

9 7 9 9 5 3 . 

9 4 5 5 6 . 

9 4 5 5 6 . 

2 0 0 2 1 7 . 

C O N T R I B U T I O N 

TO T O T A L 

B E A M 3 I F . T O T A L 

0 . 2 7 5 0 . 0 9 3 0 . 1 7 6 

0 . 5 9 6 0 . 3 3 1 0 . 4 7 9 

0 . 0 8 6 0 . 3 8 1 0 . 2 4 6 

0 . 0 2 1 0 . 0 2 6 0 . 0 2 4 

0 . 0 2 1 0 . 0 2 6 0 . 0 2 ^ 

0 . 0 0 . 0 9 3 0 . 0 5 0 

T O T A L T R A N S M I T T E D 

B E A M D I F F U S E T O T A L T B G H T T G H B T F D T F T T F 

0 . 7 7 9 0 . 7 9 4 1 . 0 9 1 1 . 0 9 5 1 . 0 9 3 



N O V E M B E R 

S A R E A 

M**2 

1 

2 

3 

4 

5 

6 

1 0 0 . 

2 6 3 . 

2 6 3 . 

2 8 . 

2 8 . 

1 00. 

T O T A L 

B E A M 

B E A M 

3 4 8 1 0 0 . 

5 6 2 0 5 8 . 

6 4 9 5 . 

1 6 8 0 3 . 

1 6 8 0 3 . 

0 . 

O I F F U S E 

1 1 4 9 9 7 . 

4 7 6 9 0 5 . 

4 7 6 9 0 5 . 

" 3 2 1 9 9 . 

3 2 1 9 9 . 

1 1 4 9 9 7 . 

T R A N S M I T T E D 

D I F F U S E T O T A L 

9 5 0 2 5 9 . 1 2 4 8 2 0 3 . 2 1 9 8 4 6 0 . 

T O T A L 

4 6 3 0 9 8 . 

1 0 3 8 9 6 4 . 

4 8 3 4 0 0 . 

4 9 0 0 2 . 

4 9 0 0 2 . 

1 1 4 9 9 7 . 

T B G H 

0 . 8 0 5 

B E A M D I F . T O T A L 

0 . 3 6 6 0 . 0 9 2 0 . 2 1 1 

0 . 5 9 1 0 . 3 8 2 0 . 4 7 3 

0 . 0 0 7 0 . 3 8 2 0 . 2 2 0 

0 . 0 1 8 0 . 3 2 6 0 . 0 2 2 

0 . 0 1 8 0 . 0 2 6 0 . 0 2 2 

0 . 0 0 . 0 9 2 0 . 0 5 2 

T T G H B T F 

0 . 8 0 6 1 . 3 0 3 

D T F T T F 

1 . 0 3 2 i . l o 8 

D E C E M B E R 

1 

2 

3 

4 

5 

6 

A R E A 

100 . 

2 6 3 . 

2 6 3 . 

2 8 . 

2 8 . 

1 0 0 . 

S O L A R E N E R G Y T R A N S M I T T E D 

( K J / D A Y ) 

B E A M 

2 4 2 9 0 4 . 

3 4 2 9 7 I . 

0 . 

3 9 6 2 . 

8 9 6 2 . 

0 . 

D I F F U S E 

8 2 0 7 2 . 

3 3 3 8 5 5 . 

3 3 3 8 5 5 . 

2 2 9 5 8 . 

2 2 9 5 8 . 

8 1 9 1 0 . 

T O T A L T R A N S M I T T E D 

B E A M D I F F U S E T O T A L 

T O T A L 

3 2 4 9 7 6 . 

6 7 6 8 2 6 . 

3 3 3 8 5 5 . 

3 1 9 1 9 . 

3 1 9 1 9 . 

8 1 9 1 0 . 

C O N T R I B U T I O N 

T O T O T A L 

B E A M D I F . T O T A L 

0 . 4 0 2 0 . 0 9 4 0 . 2 1 9 

0 . 5 6 8 0 . 3 8 0 0 . 4 5 7 

0 . 0 0 . 3 8 0 0 . 2 2 5 

0 . 0 1 5 0 . 0 2 6 0 . 0 2 2 

0 . 0 1 5 0 . 0 2 6 0 . 0 2 2 

0 . 0 0 . 0 9 3 0 . 0 5 5 

6 0 3 7 9 9 . 8 7 7 6 0 7 . 1 4 8 1 4 0 4 . 

T 3 G H T T G H B T F 

0 . 8 2 4 0 . 8 1 4 1 . 5 1 9 

D T F T T F 

1 . 1 0 4 1 . 2 4 2 



APPENDIX C 

ESTIMATION OF HOURLY 

DIRECT, DIFFUSE AND TOTAL 

SOLAR RADIATION 

ON TILTED SURFACES 

OF 

ANY ORIENTATION 



ESTIMATION OF MONTHLY AVERAGE HOURLY DIFFUSE  

AND TOTAL INSOLATION ON A HORIZONTAL SURFACE 

FROM MONTHLY AVERAGE DAILY DIFFUSE AND TOTAL INSOLATION 

For l o c a t i o n s where both monthly average d a i l y d i f f u s e 

and t o t a l i n s o l a t i o n on a h o r i z o n t a l s u r f a c e are measured, 

the monthly average h o u r l y d i f f u s e and t o t a l i n s o l a t i o n on 

a h o r i z o n t a l s u r f a c e may be e s t i m a t e d u s i n g the L i u and Jordan 

method (1960). 

For the monthly average h o u r l y d i f f u s e s o l a r r a d i a t i o n 

on a h o r i z o n t a l s u r f a c e , we have 

I , = H , r , , ( C I ) d d d 

where 

r d = (TT/24) [ (C O S CJ - cos u s ) / t s i n ws- u>g cos (jjg) ] . ( C 2 ) 

S i m i l a r l y , f o r the monthly average h o u r l y t o t a l s o l a r 

r a d i a t i o n i n c i d e n t on a h o r i z o n t a l s u r f a c e , we have 

I = H r . (C.3) 

The c o r r e l a t i o n o f r w i t h w and a> i s g i v e n by C o l l a r e s -

P e r e i r a and Rabl (1979) as 

r = (TT/24) (a + b cosw) [ (cosai - cosu )/(sinu> - u> cosa> ) ] . 
s s s s 

(C.4) 
where 

a = 0.409 + 0.5016 sin(o) - 1.047) and 
S ( C 5 ) 

b = 0.6609 - 0.4767 s i n ( w g - 1.047), 



a) = a r c o s (- t a n 0 tan 6) . (C.6) 

For l o c a t i o n s where o n l y the monthly average d a i l y t o t a l 

i n s o l a t i o n on a h o r i z o n t a l s u r f a c e i s known, then c o r r e l a t i o n 

e q u a t i o n s must be used t o s e p a r a t e the monthly average d a i l y 

t o t a l s o l a r r a d i a t i o n i n t o i t s two components. Many semi-

e m p i r i c a l equations have been proposed f o r such a purpose, 

f o r example, L i u and Jordan (1962), Page (1961), T u l l e r 

(1976) and I q b a l (1979) . 

LIU AND JORDAN'S CORRELATION 

A l e a s t square f i t t o the data i n F i g u r e 8 o f L i u and 

Jordan (1962) y i e l d s the. f o l l o w i n g r e l a t i o n s h i p between the 

r a t i o H d/H and , as g i v e n by K l e i n e t a l (1976): 

— = 1.3903 - 4.0273 K + 5.5315 K 2 - 3.108 K1 . (C.7) 
H i l l 

K T i n the above e q u a t i o n r e p r e s e n t s the r a t i o o f the monthly 

average d a i l y t o t a l i n s o l a t i o n on a h o r i z o n t a l s u r f a c e t o 

the mean d a i l y e x t r a t e r r e s t r i a l s o l a r r a d i a t i o n , HQ, f o r the 

c a l e n d a r month under c o n s i d e r a t i o n , t h e r e f o r e 

K T = H/HQ . (C.8) 

The mean d a i l y e x t r a t e r r e s t r i a l r a d i a t i o n on a 

h o r i z o n t a l s u r f a c e may be c a l c u l a t e d u s i n g 



% T n ^ n ^ T f H 0 d n ' < C' 9 ) 

where n 1 and n 2 are the days o f the year a t the s t a r t and 

end o f each c a l e n d a r month, r e s p e c t i v e l y , and H Q i s the 

d a i l y e x t r a t e r r e s t r i a l r a d i a t i o n on a h o r i z o n t a l s u r f a c e 

f o r day n. 

The d a i l y s o l a r r a d i a t i o n i n c i d e n t on a h o r i z o n t a l 

s u r f a c e o u t s i d e the atmosphere f o r any l o c a t i o n may be 

c a l c u l a t e d u s i n g the f o l l o w i n g e q u a t i o n as g i v e n by D u f f i e 

and Beckman (1974): 

24 H. = — I E (cos 0 cos 6 s i n to + to s i n 0 s i n 6) (C.10) U IT sc s s 

2 
where the s o l a r c o n s t a n t I = 4871 kJ/m h. 

sc ' 

The e c c e n t r i c i t y c o r r e c t i o n f a c t o r f o r the s o l a r c o n s t a n t 

i s c a l c u l a t e d u s i n g : 

E = 1 + 0.033 cos (2^n/365) ( C l l ) 

where the argument o f the c o s i n e i s measured i n r a d i a n s . 

The d e c l i n a t i o n a n g le f o r any day n o f the year may be 

c a l c u l a t e d u s i n g the f o l l o w i n g r e l a t i o n s h i p : 

6 = 23.45 s i n {2TT [ (284+n)/365] } ( C 1 2 ) 

where the argument of the s i n e i s measured i n r a d i a n s . 

The mean d a i l y e x t r a t e r r e s t r i a l s o l a r r a d i a t i o n on a 

h o r i z o n t a l s u r f a c e can be c a l c u l a t e d more c o n v e n i e n t l y from 



equation (C.10) above, by s e l e c t i n g f o r each month, the 

day of the y e a r f o r which the d a i l y e x t r a t e r r e s t r i a l 

s o l a r r a d i a t i o n i s n e a r l y the same as the monthly mean 

va l u e . Recommended days f o r each month are g i v e n i n 

Table C . l . 

PAGE'S CORRELATION 

The r e l a t i o n s h i p r e p o r t e d by Page (1961) can be 

expressed as: 

H, 
— = 1.00 - 1.13 K . (C.13) 
H 

The above r e l a t i o n s h i p i s d e r i v e d from experimental measure­

ments at a l i m i t e d number o f t e n s t a t i o n s . 

For a comparison o f the r e l a t i o n s h i p s r e p o r t e d by L i u 

and Jordan, and Page and f o r a d e t a i l e d d i s c u s s i o n on the 

accuracy o f the two methods, the r e a d e r i s r e f e r r e d t o the 

p u b l i c a t i o n by K l e i n (.1977) . 

TULLER'S CORRELATION 

T u l l e r (1976) developed the f o l l o w i n g l i n e a r r e g r e s s i o n 

e q u a t i o n : 

H, 
— = 0.84 - 0.62 K . (C.14) 
H 

The above e q u a t i o n i s based on monthly average d a i l y t o t a l 

and d i f f u s e s o l a r r a d i a t i o n d a t a f o r the f o l l o w i n g f o u r 

Canadian l o c a t i o n s : Toronto, M o n t r e a l , Goose Bay and R e s o l u t e . 



I Q B A L ' S CORPvELATION 

Ruth and Chant (1976), Hay (1976) and T u l l e r (1976) 

have found t h a t data f o r Re s o l u t e gave anamalous r e s u l t s . 

I q b a l (1979) excluded the Resol u t e d a t a from the r e g r e s s i o n 

a n a l y s i s and o b t a i n e d the f o l l o w i n g l i n e a r e q u a t i o n : 

H, 
— = 0.914 - 0.847 K . (C.15) 
H 

when o n l y Montreal and Toronto d a t a are i n c l u d e d i n the 

l i n e a r r e g r e s s i o n a n a l y s i s , I q b a l (1979) o b t a i n e d the 

f o l l o w i n g r e l a t i o n s h i p : 

H, 
- % = 0.958 - 0.982 K . (C..16) 
H 

I q b a l (1979) a l s o performed a comparative study o f 

a l l the c o r r e l a t i o n s o f the d i f f u s e t o the t o t a l r a d i a t i o n 

which are b r i e f l y d i s c u s s e d here. The r e a d e r i s r e f e r r e d 

to the o r i g i n a l p u b l i c a t i o n by I q b a l f o r the d e t a i l e d 

r e s u l t s and a more comprehensive d i s c u s s i o n . 



ESTIMATION OF MONTHLY AVERAGE HOURLY DIFFUSE AND TOTAL  

SOLAR RADIATION INCIDENT OF A TILTED SURFACE OF ANY  

ORIENTATION 

I f the sky d i f f u s e r a d i a t i o n i s assumed i s o t r o p i c , then 

the t o t a l d i f f u s e r a d i a t i o n and the ground r e f l e c t e d 

r a d i a t i o n i n c i d e n t on a t i l t e d s u r f a c e i s independent of i t s 

azimuth angle and can simply be w r i t t e n as: 

- - 1 + cos B . T 1 - cos B ( c in\ T = i tL + p i - . ICJ./; 
dBy d 2 2 

The two terms on the r i g h t hand s i d e o f e q u a t i o n (C.17) 

r e p r e s e n t the sky d i f f u s e r a d i a t i o n and the r a d i a t i o n 

r e f l e c t e d by the ground, r e s p e c t i v e l y . 

The beam r a d i a t i o n i n c i d e n t on a t i l t e d s u r f a c e can 

be w r i t t e n as: 

J = (I - I ) c o s 6 , (C.18) 
bBY u  ±d' cos 6 h 

where 6 i s the i n c i d e n c e a n gle f o r a s u r f a c e h a v i n g a t i l t 

angle 8 from the h o r i z o n t a l and an o r i e n t a t i o n angle y from 

due south w h i l e 6 h i s the i n c i d e n c e angle f o r a h o r i z o n t a l 

s u r f a c e . 

The i n c i d e n c e angle f o r a h o r i z o n t a l s u r f a c e i s g i v e n 

by 

cos 6^ = s i n 6 s i n 0 + cos 6 cos 0 cos a> , (C.19) h 

For the t i l t e d s u r f a c e , the i n c i d e n c e angle' can be c a l c u l a t e d 

from the r e l a t i o n g i v e n by D u f f i e and Beckman (1974) as: 



cos 6 = s i n 6 s i n 0 cos 6 - s i n 6 cos 0 s i n B cos y 

+ cos 6 cos 0 cos B cos 10 

+ cos 6 s i n 0 s i n B cos y cos w 

+ cos 6 s i n B s i n y s i n co . (C.20) 

The monthly average h o u r l y d i f f u s e and t o t a l r a d i a t i o n on 

a h o r i z o n t a l s u r f a c e are c a l c u l a t e d u s i n g e q u a t i o n s (C.l) 

and (C.3), r e s p e c t i v e l y . 

I q b a l ' s c o r r e l a t i o n , e q u a t i o n (C.16), i s assumed t o be 

v a l i d f o r e s t i m a t i n g the monthly average d a i l y d i f f u s e 

r a d i a t i o n on a h o r i z o n t a l s u r f a c e as needed i n e q u a t i o n 

( C . l ) . 



TABLE C . l 

RECOMMENDED AVERAGE DAY FOR EACH MONTH* 

Month Day of the Year Date 

January 17 January 17 

February 47 February 16 

March 75 March 16 

A p r i l 105 A p r i l 15 

May 135 May 15 

June 162 June 11 

J u l y 198 J u l y 17 

August 228 August 14 

September 258 September 15 

October 288 October 15 

November 318 November 14 

December 344 December 10 

* From S. A. K l e i n (1977) 



NOMENCLATURE 

Symbol D e f i n i t i o n U n i t s 

E 

H 

H 0 

5 0 

H 

b8y 

I d B y 

sc 

E c c e n t r i c i t y c o r r e c t i o n f a c t o r 

Monthly average d a i l y t o t a l s o l a r 

r a d i a t i o n on a h o r i z o n t a l s u r f a c e 

D a i l y e x t r a t e r r e s t r i a l s o l a r r a d i a t i o n 

on a h o r i z o n t a l s u r f a c e f o r day n 

Monthly average d a i l y e x t r a t e r r e s t r i a l 

s o l a r r a d i a t i o n on a h o r i z o n t a l 

s u r f a c e 

Monthly average d a i l y d i f f u s e s o l a r 

r a d i a t i o n on a h o r i z o n t a l s u r f a c e 

Monthly average h o u r l y t o t a l s o l a r 

r a d i a t i o n on a h o r i z o n t a l s u r f a c e 

Monthly average h o u r l y d i f f u s e s o l a r 

r a d i a t i o n on a h o r i z o n t a l s u r f a c e 

Monthly average h o u r l y beam s o l a r 

r a d i a t i o n on a t i l t e d s u r f a c e 

Monthly average h o u r l y d i f f u s e s o l a r 

r a d i a t i o n on a t i l t e d s u r f a c e 

S o l a r c o n s t a n t 

R a t i o o f the monthly average d a i l y 

t o t a l s o l a r r a d i a t i o n on a h o r i z o n t a l 

s u r f a c e t o the d a i l y e x t r a t e r r e s t r i a l 

s o l a r r a d i a t i o n , K T = H/H^ 

d i m e n s i o n l e s s 

kJ.m 

k J . -2 
.m 

kJ.m -2 

kJ.m -2 

kJ.m -2 

kJ.m -2 

kJ.m -2 

-2 kJ.m 

kJ.m .h 

di m e n s i o n l e s s 



n 

0 
6 

6 

Y 

0) 

CO 

Day of the year (January 1 -+• n = 1) d i m e n s i o n l e s s 

R a t i o of the monthly average h o u r l y d i m e n s i o n l e s s 

t o t a l t o the monthly average d a i l y 

t o t a l s o l a r r a d i a t i o n on a h o r i z o n t a l 

s u r f a c e r = I/H 

R a t i o o f the monthly average h o u r l y d i m e n s i o n l e s s 

d i f f u s e t o the monthly average d a i l y 

d i f f u s e s o l a r r a d i a t i o n on a 

h o r i z o n t a l s u r f a c e r , = I,/H, 
d d' d 

r a d i a n s 

r a d i a n s 

r a d i a n s 

r a d i a n s 

L a t i t u d e angle (north p o s i t i v e ) 

D e c l i n a t i o n a n gle 

T i l t angle from the h o r i z o n t a l 

S u r f a c e azimuth angle 

South -»• y = 0 

E a s t -»• Y p o s i t i v e 

West Y n e g a t i v e 

I n c i d e n c e angle f o r a t i l t e d s u r f a c e r a d i a n s 

I n c i d e n c e angle f o r a h o r i z o n t a l s u r f a c e r a d i a n s 

Hour angle 

S o l a r noon -*• to = 0 

Mornings •> to •*• p o s i t i v e 

A f t e r n o o n -»• to -*• n e g a t i v e 

S u n r i s e o r sunset from angle f o r a 

h o r i z o n t a l s u r f a c e 

Ground albedo 

r a d i a n s 

r a d i a n s 

d i m e n s i o n l e s s 



APPENDIX D 

NUMERICAL CALCULATION 

OF 

PSYCHROMETRIC PROPERTIES 

OF 

MOIST AIR 



COMPUTER SIMULATION OF PSYCHROMETRIC PROPERTIES 

The d e t e r m i n a t i o n o f s e l e c t e d p s y c h r o m e t r i c p r o p e r t i e s 

o f moist a i r i s r e q u i r e d f o r the e s t i m a t i o n o f l i v e s t o c k 

v e n t i l a t i o n r a t e and supplemental heat requirements. 

Three computer s u b r o u t i n e s f o r the c a l c u l a t i o n of the 

p s y c h r o m e t r i c p r o p e r t i e s are d i s c u s s e d . Input parameters 

requirement to the s u b r o u t i n e b e s i d e s the t o t a l atmospheric 

p r e s s u r e are dew-point and d r y - b u l b temperatures, or humidity 

and d r y - b u l b temperature. The method used here i s t h a t 

d e s c r i b e d by Wilhelm (1976). The c h o i c e o f Wilhelm's 

procedure over methods g i v e n by Brooker (196 7) i s t h a t 

Wilhelm used SI u n i t s throughout h i s a n a l y s i s . 

CALCULATION OF THE WATER VAPOUR SATURATION PRESSURE 

The s a t u r a t i o n p r e s s u r e can be c a l c u l a t e d from the 

a b s o l u t e d r y - b u l b temperature u s i n g one o f the f o l l o w i n g 

two e q u a t i o n s , depending on the range o f the d r y - b u l b 

temperature. 

F o r the range: -4 0 °C < t,, < 0 °C we have 
— db — 

P w s = exp (24.2779 - 6238.64/T - 0.344438 In T) (D.la) 

and f o r the range: 0°C < <_ 120°C we have, 

P w s = exp (89.63121 - 7511.52/T + 0.02399897 T 

- 1.1654551 x 10~ 5 T 2 - 1.2810336 x 10" 8 T 3 

+ 2.0998405 x 1 0 _ 1 1 T 4 - 12.150799 In T) CD.lb) 

where T = a b s o l u t e temperature (K) = t,, + 273.16 
db 



INPUT: - Dry-bulb temperature, t d b -

- R e l a t i v e humidity, RH. 

- Atmospheric p r e s s u r e , P a t m -

OUTPUT: - A c t u a l water vapour p r e s s u r e , P w: 

pw = ( R H ) (pw,s} • 
- S a t u r a t i o n humidity r a t i o , Wg: 

Ws = 0.62198 [ P W F S / ( P A T M " P W F S ) 3 • 

- A c t u a l humidity r a t i o , W: 

W = 0.62198 [ P w / ( P a t m - P W)] • 

- Degree of s a t u r a t i o n , V: 

P = w/ws . 
- S p e c i f i c volume, v: 

v = (R a T / P a t m ) ( 1 + 1.6078 W) . 

- S p e c i f i c e n t halpy o f moi s t a i r , h: 

h = 1. 006 t,, + W (2501 + 1.775 t ) , db db 
f o r - 50°C < t d b <_ 110°C . 

- Dew-Point temperature, : 

t d = 5.994 + 12.41a + 0.4273 a 2 , 

f o r - 50°C < t,, < 0°C ; — db — 
6.983 + 14.38a + 1.079 a 2 , 

f o r 0°C < t d b _< 50°C; and, 

t , = 13.80 + 9.478a + 1.991 a 2 

dp 

f o r 50°C < t d b < 110°C , 

where a = In (P w) . 

(D.2) 

(D.3) 

(D.4) 

(D.5) 

(D.6) 

(D.7) 

(D.8a) 

(D.8b) 

(D.8c) 

(D.9) 



In some i n s t a n c e s weather data f o r environmental 

humidity are r e p o r t e d i n terms o f dew-point temperature 

r a t h e r than r e l a t i v e humidity. T h e r e f o r e , s u b r o u t i n e I 

must be s l i g h t l y m o d i f i e d i n o r d e r to be a b l e t o determine 

the o t h e r p s y c h r o m e t r i c p r o p e r t i e s of the moist a i r . 

F i r s t , the a c t u a l water vapour p r e s s u r e must be 

determined by s o l v i n g e i t h e r e q u a t i o n (D.la) o r (D.lb) 

u s i n g the dew-point r a t h e r than the d r y - b u l b temperature 

as i n p u t . Then, the a c t u a l humidity r a t i o can be c a l c u l a t e d 

d i r e c t l y u s i n g e q u a t i o n (D.4). With the use of t h i s 

c a l c u l a t e d a c t u a l humidity r a t i o , the s p e c i f i c volume and 

s p e c i f i c e n t h a l p y of the moist a i r can be e a s i l y determined 

from e q u a t i o n s (D.6) and (D.7), r e s p e c t i v e l y . 

D e t e r m i n a t i o n o f the environmental r e l a t i v e h u m i d i t y 

r e q u i r e s the s o l u t i o n of e i t h e r e q u a t i o n (D.la) or (D.lb) 

with the d r y - b u l b temperature as the independent v a r i a b l e 

to o b t a i n the s a t u r a t i o n water vapour p r e s s u r e ; then, the 

c o r r e s p o n d i n g r e l a t i v e h umidity i s simply: 

= Vpw,s • t D' 1 0 ) 



For i n s i d e c o n d i t i o n s , u s u a l l y the d r y - b u l b temperature 

and the humidity r a t i o are known and i t i s needed t o c a l c u l a t e 

the dew-point temperature, the s p e c i f i c e n t h a l p y , the s p e c i f i c 

volume and the r e l a t i v e h u m i d i t y o f the i n d o o r moist a i r . 

The s p e c i f i c volume may be c a l c u l a t e d d i r e c t l y u s i n g 

e q u a t i o n (D.6) f o r the g i v e n d r y - b u l b temperature, a c t u a l 

h umidity r a t i o and atmospheric p r e s s u r e . 

The s p e c i f i c e n t h a l p y can be found d i r e c t l y u s ing e q u a t i o n 

(D.7) f o r the known d r y - b u l b temperature and humidity r a t i o . 

The c a l c u l a t i o n o f the dew-point temperature r e q u i r e s the 

knowledge of the a c t u a l vapour p r e s s u r e o f the moist a i r as 

i n d i c a t e d by eq u a t i o n (D.9). T h i s vapour p r e s s u r e may be 

c a l c u l a t e d u s i n g a t r a n s f o r m e d form o f e q u a t i o n (D.4) as 

f o l l o w s : 

P w = (W . P a t m ) / C O . 6 2 1 9 8 + W) ; ( D . l l ) 

then, the dew-point temperature i s determined by the 

s o l u t i o n of one o f the f o l l o w i n g e q u a t i o n s : (D.8a), CD.8b) 

or (D . 8c) . 

I f i t i s d e s i r e d t o determine the i n s i d e r e l a t i v e 

h umidity, then the s a t u r a t i o n water vapour p r e s s u r e must 

be c a l c u l a t e d u s i n g e i t h e r e q u a t i o n CD.la) o r CD.lb); and 

the r e l a t i v e humidity can then be c a l c u l a t e d u s i n g equation 

(D. 10) . 



NOMENCLATURE 

Symbol D e f i n i t i o n U n i t s 

h S p e c i f i c e n t h a l p y kJ.kg " 1 

^a 
P , atm 
pw 

Atmospheric p r e s s u r e 

A c t u a l water vapour p r e s s u r e 

S a t u r a t i o n water vapour p r e s s u r e 

kPa 

kPa 

p 
w,s 

Atmospheric p r e s s u r e 

A c t u a l water vapour p r e s s u r e 

S a t u r a t i o n water vapour p r e s s u r e kPa 

Ra 

RH R e l a t i v e humidity 

fcdb Dry-bulb temperature °C 
dp Dew-point temperature °C 
T A b s o l u t e temperature K 

V S p e c i f i c volume 3 u -1 m . kg 
3 a 

W A c t u a l h u m i d i t y r a t i o k g W k g a _ 1 

ws S a t u r a t i o n humidity r a t i o ^ W ^ a " 1 

Degree o f s a t u r a t i o n d i m e n s i o n l e s s 
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HEAT AND MOISTURE PRODUCTION BY SWINE 

Experimental r e s u l t s f o r the t o t a l and room l a t e n t 

heat p r o d u c t i o n of swine are gi v e n by Bond e t a l (1959). 

Carson (1972) has developed r e g r e s s i o n equations f o r the 

t o t a l heat generated by the animals and the t o t a l moisture 

produced w i t h i n the b u i l d i n g as a f u n c t i o n o f animal weight 

and barn temperature from the experimental data of Bond e t a l 

(1959). 

The t o t a l animal heat p r o d u c t i o n i s g i v e n by 

TH = 4.186 x 1 0 X (E.l) 

where X = 1.761 + 0.035 l o g W - 0.00414t + 0.148 (log W) 2 

+ 0.00023t 2 - 0.00563t . l o g W . (E.2) 

wh i l e , the moisture produced w i t h i n the barn may be estimated 

by 

My = 1 0 Y (E.3) 

where M w i s i n kilograms of water produced per hour per p i g , 

and 

Y = 0.00539W - 1.4147 + 0.00171t - 0.0000579W.t 

- 0.0000141W2 + 0.000446t 2 . (E.4) 

Then, the room l a t e n t heat i s determined u s i n g the heat o f 

v a p o r i z a t i o n of water, , e v a l u a t e d at the i n s i d e barn 

dry bulb temperature. T h e r e f o r e , 



L H = h f g ( E ' 5 ) 

where 

h f = 2504.44 - 2.4t . (E.6) 

The t o t a l room s e n s i b l e heat which i s a v a i l a b l e f o r h e a t i n g 

of the o u t s i d e v e n t i l a t i o n a i r can be estimated by 

QSENS = N ' S H 

where N i s the number of animals i n the b u i l d i n g , and, the 

s e n s i b l e heat per animal i s g i v e n by 

SH = TH - LH . (E.8) 

The estimated water vapour p r o d u c t i o n w i t h i n the swine 

b u i l d i n g as w e l l as the t o t a l , s e n s i b l e and l a t e n t heat 

p r o d u c t i o n by hogs as a f u n c t i o n of animal weight and 

environmental temperature are g i v e n i n Tables C . l to Tables 

C.5. A l s o shown i n the t a b l e s i s the f r a c t i o n of the t o t a l 

heat produced which i s i n the l a t e n t form. 



Symbol 

f g 

LH 

N 
QSENS 
SH 

TH 

t 

W 

D e f i n i t i o n 

L a t ent heat o f v a p o r i z a t i o n of water 

L a t e n t heat p r o d u c t i o n 

Moisture p r o d u c t i o n 

Number of animals i n a b u i l d i n g 

T o t a l s e n s i b l e heat p r o d u c t i o n 

Animal s e n i s b l e heat p r o d u c t i o n 

T o t a l animal heat p r o d u c t i o n 

I n s i d e d r y - b u l b temperature 

Animal weight 

U n i t s 

kJ.Kg 
ŵ 

k J . h - 1 per p i g 
-1 per p i g 

kJ.h 

k J . h - 1 per p i g 

k J . h - 1 per p i g 

°C 

kg 



A P P E N D I X F 

HOURLY S I M U L A T I O N RESULTS 

FOR A 

T Y P I C A L SWINE F I N I S H I N G BARN 

LOCATED I N 

VANCOUVER, B.C. 

(C A S E STUDY I ) 

( A ) : MONTH OF THE YEAR 

( B ) : HOUR FROM MIDNIGHT -

( C ) : OUTDOOR DRY-BULB TEMPERATURE FOR THE HOUR °C 

( D ) : OUTDOOR DEW-POINT TEMPERATURE FOR THE HOUR °c 

( E ) : T R A NSMISSION HEAT LOSS FOR THE HOUR KJ PER HOG 

( F ) : V E N T I L A T I O N HEAT LOSS FOR THE HOUR KJ PER HOG 

( G ) : SUPPLEMENTAL HEAT REQUIREMENT FOR THE HOUR KJ PER HOG 

( H ) : V E N T I L A T I O N RATE REQUIREMENT D M 3 . S _ 1 PER 

( I ) : TOTAL V E N T I L A T I O N RATE M . S 

( J ) : POWER INPUT TO FANS KWH 



<OUTOOR 
DRY 

(D) 

TEMP . > TKANS. 
LOSSES 

(F) 
VtNTLTN. 

LOSSES 
SUPL 
HEAT 

<VENTLTN «ATE> 
•ANIMAL TOTAL 

l _ . 

FAN 
POWER 

1 
2 
3 
1 
5 
6 
7 
a 
9 
10 
n 
12 
13 
11 
15 
16 
17 
18 
19 
20 
2 I 
22 
2 3 
2 1 

.5 

. 3 

.2 

. J 

. 5 

. 9 
1.5 
2 . 1 
2.8 
3.5 
4.1 1.7 
5.1 
5. J 
5 . 1 
5.3 
5.1 
A . 7 
i . l 
3.5 
2.8 
2.1 
1.5 

. 9 

= 3 - = « S 3 X = S f l E S i a * 3 8 S a 3 S 

TOTAL OF OAY 

- . 7 
- . 7 
- . 8 
- . 7 
- . 7 
- . 6 
-.5 
- . 3 
-.2 
-.1 
. 1 
. 2 
. 3 
. 3 
. 1 
. 3 
. 3 
.2 
. I 

-. 1 
-.2 
-.3 
^.5 
- . 6 

25.5 
25.9 
26.0 
25.9 
25.5 
25.0 
21.3 
23.1 
22.5 
21.1 
2 0.5 
19.7 
19.2 
18.9 
18.9 
19.2 
19.6 
20. 1 
2 0.8 
21.7 
22.5 
23.1 
21. 3 
25.0 

539.2 

: a x a =: -= * z 

280. 1 
279. 7 
279.6 
2 79. 7 
2ao.i 
280 .6 
281.3 
282.2 
283.1 
281.2 
285.1 
285.8 
286 .1 
286. 7 
286. 7 
286 .1 
286.0 
285 .1 
281.8 
283.9 
283.0 
282.2 
281.3 
280 .6 

6791 .6 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

X X 3i a as 8 3 : 

0.0 

3.31 
3.2S 
3.2C 
3 .2S 
3.31 
3.1* 
3.52 
3.67 
3.82 
1.0C 
1.17 
1.33 
1.16 
1.55 
1.57 
4.51 
1.15 
1.32 
4.1? 
3.9S 
3.8* 
3.67 
3.53 
3.12 

5.13 
5.06 
5.03 
5.06 
5.13 
5.26 
5.12 
5.63 
5.87 
6. 11 
6.11 
6.65 
6.85 
6.98 
7.02 
6.97 
6.81 
6.61 
6.10 
6.13 
5.87 
5.63 
5.12 
5.26 

: =t a S x = : ; = a a a a a a : 

.08 

.08 

.03 

.08 

.08 

.08 

.09 

.09 

. 1C 

.11 

.12 

.12 .13 

.13 

.13 

.13 

.13 

.12 

.12 

.11 

.10 

.09 

.09 

.08 

2.18 
t * « 3 Z » 3 

OJ 
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( F ) 

<GUTDOR TEMP.) TRANS. VENTLTN. 
DRY UE^ LOSSES LOSSES 

SUPL 
HEAT 

<VEML TN 
/AN lf«/L 

R A TE > 
TOTAL 

F A N 

P C W E R 

3 1 

3 2 

3 3 

3 4 

3 5 
3 6 

3 7 

3 8 

3 9 

3 L O 

3 L I 
3 1 2 

3 1 3 

3 1 4 

3 L b 

3 1 6 

3 1 / 

3 1 8 

3 1 9 

3 2 0 

3 2 1 

3 2 2 

3 2 3 
3 2 4 

2 . * ) 

2 . 2 

2 . 1 

2 . 2 

2 . 5 

3 . 0 

3 . 6 

4 . 3 

5 . 0 

5 . 7 

6 . 4 
7 . 0 

7 . 5 

7 . 8 

7 . 9 

7 . 8 

7 . 5 

7 . 0 

6 . 4 

5 . 7 

5 . 0 

4 . 3 

3 . 6 
' 3 . 0 

1 . 2 

I . I 

I . 4 

1 . 6 

1 . y 
2 . 0 

2 . 1 
2 . 3 

2 . 4 

2 . 4 

2 . 5 

2 . 4 

2 . 4 

2 . 3 

2 . 1 

2 . 0 

1 . 8 

1 . 6 

1 . 4 
1 . 3 

2 2 . 9 

2 3 . 1 

2 3 . 4 

2 3 . 3 

2 2 . 9 

2 2 . 4 

2 1 . 5 

2 0 . 4 

1 9 . 2 

1 8 . 1 

1 7 . 0 
1 6 . 2 

1 5 . 6 

1 5 . 3 

1 5 . 3 

1 5 . 6 

1 6 . 2 

1 7 . 0 

1 7 . 8 

1 8 . 7 

1 9 . 7 

2 0 . 7 

2 1 . 6 
2 2 . 4 

2 8 2 . 6 

2 8 2 . 3 

2 8 2 . 2 

2 8 2 . 3 

2 8 2 . 6 

2 8 3 . 2 

2 8 4 . 1 

2 8 5 . 1 

2 8 6 . 3 

2 8 7 . 5 

2 8 8 . 6 
2 8 9 . 4 

2 9 0 . 0 

2 9 0 . 3 

2 9 0 . 3 

2 9 0 . 0 

2 8 9 . 3 

2 8 8 . 6 

2 8 7 i 8 

2 8 6 . 9 

2 8 5 . 9 

2 8 4 . 9 

2 8 4 . 0 
2 8 3 . 2 

0.0 
0.0 
0.0 
0 . 9 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

3 . 7 5 

3 . 6 £ 

3 . 6 6 

3 . 6 6 

3 . 7 5 

3 - . 8 t 

4 . 0 1 

4 . 2 C 

4 . 4 3 

4.6e 
4 . 9 4 
5 . 1 € 

5.3<5 

5 . 5 2 

5 . 5 C 

5 . 5 1 

5 . 3 7 

5 . 1 i 

4 . 9 3 

4 . 6 « 

4 . 4 2 

4 . 2 C 

4 . 0 1 

3.ee 

5 . 7 6 

5 . 6 6 

5 . 6 3 

5 . 6 6 

5 . 7 6 

5 . 9 3 

6 . 1 6 

6 , 4 6 

6 . 8 1 

7 . 1 9 

7 . 5 9 

7 . 9 6 

8 . 2 7 

8 . 4 8 

8 . 5 4 

8 . 4 7 

8 . 2 5 

7 . 9 4 

7 . 5 7 

7 . 1 8 

6 . 8 0 

6 . 4 5 

6 . 1 6 
5 . 9 3 

. I C 

. 0 9 

. 0 9 

. 0 9 

. I C 

. 1 C 

. 1 1 

. 1 2 

. 1 3 

. 1 4 

. 1 5 

. 1 7 

. 1 8 

. 1 9 

. 1 9 

. 1 9 

. 1 8 

. 1 7 

. 1 5 

. 1 4 

. 1 3 

. 1 2 

. 1 1 

. I C 

: 3 3 3 X333333333333333333X;3X r C = : 3 3;r : ; i X l E t J 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3t 3 = 3 3 3 3 3 8* 3 3 3 3 3 3 3 3 X333333X: 

TOTAL OF DAY 4 6 6 . 6 6 8 6 7 . 3 0 . 0 3 . 2 2 

13 3 3 3 3: : 3 3 3 3 3 3 3 C 3 3 X 3 : 13 3X33: t » 3 X 3 3 3 

CO 



MONTH HOUR <UUTOO« TEMP.> TRANS. VfcNTLTN. SUPL <VENTLTN R A TE > FAN 
OR Y DEW LOSSES LOSSES • HEAT /ANIMJL TOTAL POWER 

4 1 

4 2 

4 3 

4 

4 5 
4 6 

4 7 

4 a 
4 9 

4 1 0 

L l 
4 1 2 

4 1 3 

4 1 4 

4 1 5 

1 6 

1 7 
1 8 

1 9 

4 2 0 

2 1 

4 2 2 

2 3 

4 2 4 

5 . 2 

4 . 9 

4 . 8 

4 . 9 

5 . 2 
5 . 6 

6 . 5 

7 . 3 

8 . 2 

9 . 0 

9 . 9 

L O . 5 

1 1 . 1 

1 1 . 4 

L l . 5 

1 1 . 4 

1 1 . 1 
1 0 . 5 

9 . 8 

9 . 0 

a . 2 
7 . 3 

6 . 5 

5 . 8 

3 . 0 

2 . 9 

2 . 9 

2 . 9 

3 . 0 
3 . L 

3 . 2 

J . 4 

3 . 6 

3 . 7 

3 . 9 

4 . 0 

4 . 1 

4 . 2 

4 . 2 

4 . 2 

4 . I 
4 . 0 

3 . 9 

3 . 7 

3 . 5 

3 . 4 

3 . 2 

3 . 1 

1 9 . 4 

1 9 . 9 

2 0 . 0 

1 9 . 9 

1 9 . 4 
l b . 7 

1 7 . 6 

1 6 . 3 

1 4 . 9 

1 3 . 5 

1 2 . 3 
1 1 . 4 

1 0 . 7 

1 0 . 3 

1 0 . 3 

1 0 . 6 

1 1 . 3 
1 2 . 3 

1 3 . 4 

1 4 . 5 

1 5 . 6 

1 6 . 8 

1 7 . 8 

1 8 . 7 

2 8 6 . 2 

2 8 5 . 7 

2 8 5 . 6 

2 8 5 . 7 

2 8 6 . 2 
2 8 6 . 9 

2 8 8 . 0 

2 8 9 . 3 

2 9 0 . 7 

2 9 2 . 0 

2 9 3 . 2 

2 9 4 . 2 

2 9 4 . 9 

2 9 5 . 3 

2 9 5 . 3 

2 9 4 . 9 

2 9 4 . 2 
2 9 3 . 3 

2 9 2 . 2 

2 9 1 . I 

2 9 0 . 0 

2 8 8 . 8 

2 8 7 . 8 

2 8 6 . 9 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 
0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 
0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

4 . 5 C 

4 . 3 S 

4 . 3 6 

4 . 3 < i 

4 . 5 C 
4 . 6 6 

4 . 9 4 

5 . 2 6 

5 . 7 C 

6 . 1 6 

6 . 7 C 

7 . 2 2 

7 . 6 7 

7 . 9 6 

8 . O S 

7 . 9 7 

7 . 6 5 
7.1<J 

6 . 6 7 

6 . 1 6 

5 . 6 e 

5 . 2 ? 

4 . 9 4 

4 . 6 6 

6 . 9 1 

6 . 7 5 

6 . 6 9 

6 . 7 5 

6 . 9 1 
7 . 1 9 

7 . 5 9 

8 . 1 1 

8 . 7 5 

9 . 4 9 

1 0 . 2 9 

1 1 . 0 9 

1 1 . 7 8 

1 2 . 2 6 

1 2 . 4 2 

1 2 . 2 4 

1 1 . 7 5 
1 1 . 0 5 

1 0 . 2 5 

9 . 4 6 

8 . 7 3 

8 . 1 0 

7 . 5 8 

7 . 1 9 

. 1 3 

. 1 3 

.12 

. 1 3 

. 1 3 

. 1 4 

. 1 5 

. 1 7 

. 2 0 

. 2 3 

. 2 6 

. 3 0 

. 3 4 

. 3 6 

. 3 7 

. 3 6 

. 3 3 

. 3 0 

. 2 6 

. 2 3 

. 2 0 

. 1 7 

. 1 5 

. 1 4 

: s s s : t 3 3 = 3 3 3 * 3 * 3 : : a z a s 3 ' = « = 

TOTAL OF DAY 3 6 5 . 4 6 9 6 8 . 5 0 . 0 5 . 2 9 

E333X33SSTXS3X3: :=33333333333J : 3 at 3 X 3i tt 3 S 3 1 
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(C) 
< O U T O U R 

OR Y 

(D) 
T E M P . > 

DEW 

(E) 
T R A N S . 

L O S S E S 

(F) 
VfcNTLTN. 

L C 5 S E S 

(G) 
S U P L 

H E A T 

(H) (I) 
< V E N T L T N R A T E * 

/ A N I M A L T O T A L 

( J ) 

F A N 

POWER 

5 1 

b 2 

5 3 

5 4 

b b 
b 6 

b 7 

b 8 

b 9 

b 1 0 

b 1 1 

b 1 2 

b 1 3 

b 1 4 

b lb 
b 1 6 

b 1 ? 

b 1 6 

b 1 9 

5 2 0 

b 2 1 

b 2 2 

b 2 3 

b 2 4 

3 3 3 3 3 3 

8. b 
8 . I 

8 . 0 

8 . 1 

8 . 5 

9 . 0 

9 . a 
1 0 . 6 

1 1 . 5 

1 2 . 4 

1 3 . 2 
1 4 . 0 

1 4 . 5 

1 4 . 9 

1 5 . 0 

1 4 . 9 

1 4 . 5 

1 4 . 0 

1 3 . 2 

1 2 . 4 

1 1 . 5 

1 0 . 6 

9 . 8 
9 . 0 

6 . 0 

5 . 9 

5 . 9 

5 . 9 

6 . 0 

6 . 1 

6 . 3 

6 . 5 

6 . 8 

7 . 0 

7 . 2 
7 . 4 

7 . 5 

7 . 6 

7 . 7 

7 . 6 

7 . 5 

7 . 4 

7 . 2 

7 . 0 

6 . 8 

6 . 5 

6 . 3 
6 . 1 

1 5 . 2 

1 5 , 7 

1 5 . 8 

1 5 . 7 

1 5 . 2 

1 4 . 3 

1 3 . 1 

1 1 . 7 

1 0 . 3 

8 . 9 

7 . 7 
6 . 7 

6 . 0 

5 . 6 

5 . 6 

5 . 9 

6 . 6 

7 . 7 

8 . 8 

1 0 . 1 

1 1 . 3 

1 2 . 5 

1 3 . 5 
1 4 . 5 

2 9 0 . 4 

2 8 9 . 9 

2 8 9 . 8 

2 8 9 . 9 

2 9 0 . 4 

2 9 1 . 3 

2 9 2 . 5 

2 9 3 . 9 

2 9 5 . 3 

2 9 6 . 7 

2 9 7 . 9 
2 9 8 , 9 

2 9 9 . 6 

3 0 0 . 0 

3 0 0 . 0 

2 9 9 . 6 

2 9 8 . 9 

2 9 7 . 9 

2 9 6 . 7 

2 9 5 . 5 

2 9 4 . 3 

2 9 3 . 1 

2 9 2 . t 
2 9 1 . 1 

C O 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 
0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 
0 . 0 

5 . 8 « 

5 . 6 C 

5 . 6 C 

5 . 6 t 

5 . 8 * 

6 . I t 

6 . 6 1 

7 . 2 4 

8 . 0 4 

9 . 0 3 

1 0 . I S 
1 1 . 4 4 

1 2 . 6 2 

1 3 . 4 9 

1 3 . 8 1 

1 3 . 4 7 

1 2 . 5 9 

1 1 . 4 C 

1 0 . 1 5 

8 . 9 9 

8 . 0 1 

7 . 2 2 

6 . 6 C 
6 . 1 5 

8 . 9 7 

8 . 7 0 

8 . 6 1 

8 . 7 0 

8 . 9 7 

9 . 4 5 

1 0 . 1 6 

1 1 . 1 2 

1 2 . 3 5 

1 3 . 8 8 

1 5 . 6 6 
1 7 . 5 8 

1 9 . 3 9 

2 0 * 7 2 

2 1 . 2 1 

2 0 . 6 9 

1 9 . 3 4 

1 7 . 5 1 

1 5 . 5 9 

1 3 . 8 1 

1 2 . 3 0 

1 1 . 0 9 

1 0 . 1 4 
9 . 4 5 

. 2 1 

. 1 9 

. 1 9 

. 1 9 

. 2 1 

. 2 3 

. 2 f c 

. 3 C 

. 3 7 

. 4 6 

. 5 7 

. 7 1 

. 8 6 

. 9 8 

1 . 0 2 

. 9 7 

. 8 6 

. 7 1 

. 5 7 

. 4 5 

. 3 6 

. 3 C 

. 2 6 

. 2 2 

3333333333 3 3333333333 3333X 3333 33333 B 3 3 S 3 3 3 3 : 3 3 3 3 3 3 3 3 3 3 3 3 1 : 3 3 3 S 3 3 3 3 3 3 3 3 3 : 

TOTAL OF DAY 

13 33333333333 S3:I 

2 5 8 . 2 

: 3 s 3 3 s : 

7 0 7 5 . 7 0 . 0 

13 3 3 3 3 = 

1 1 . 4 4 

: » X X m 3 a 



<OUTDOR TEMP.> 
OR Y DEW 

TRANS. 
LOSSES 

(F) 

V E N T L T N . 

LOSSES 
SUPL 
HEAT 

<VENTLTN R AT E > 
/ANIMAL TOTAL 

FAN 
POWER 

6 1 
6 2 
6 3 
6 1 
6 5 
b b 
6 7 
6 8 
6 9 
6 10 
6 L I 
6 12 
6 13 
6 11 
6 15 
6 16 
6 17 
6 18 
6 19 
6 20 
b 21 
b 22 
b 23 
b 21 

11 .1 
1 0 . 8 
10 . 7 
1 0 . 8 
11 .1 
11 .6 
1 2 . 3 
13.1 
11 .0 
11 .9 
1 5 . 7 
1 6 . 1 
1 6 . 9 
17.2 
1 7 . 3 
17 .2 
16. qf 
16 .1 
15 .7 
11 .9 
11.0 
13.1 
1 2 . 3 
11 .6 

9 . 0 
8 . 9 
6, ° 
8 , 
9, 
9. 
9. 
9 , 

9 
9 
0 
1 
2 
3 

9 . 5 
9 . 7 
9 . 8 
9 . 9 

1 0 . 0 
10. I 
10. 1 
10. 1 
1 0 . 0 

9 . 9 
9 . 8 
9 . 7 
9 . 5 
9 . 3 
9 . 2 
9 . 1 

11.8 
12.2 
12.1 
12.2 
11.7 
10.8 

9 .7 
8 .1 
6 . 9 
5 .6 
1.5 
3.5 
2 .8 
2.1 
2.1 
2 .8 
3.5 
1.1 
5 . 5 
6 . 8 
8 . 0 
9 .2 

10.2 
11.1 

293.8 
293.1 
2 9 3 . I 

293.1 
293.9 
291.8 
295.9 
297.2 
298.6 
3 0 0 . 0 
301.1 
302. 1 
302.8 
303.2 
303.2 
302.8 
302.1 
301.2 
300.0 
298.8 
297.5 
296.1 
295.3 
291.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O.O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

7.62 
7.31 
7.21 
7.31 
7.63 
8.11 
8.91 

10.OC 
11.5C 
13 .19 
16.oe 
19.21 
22.56 
25.31 
26.1C 
25.2C 
22. 5C 
19.H 
16.01 
13 .11 
11.15 
9.9? 
8.8S 
8.12 

11.71 
11.27 
11.13 
11.27 
11. 72 
12.50 
13.68 
15.36 
17.66 
20.73 
21.69 
29.50 
31.65 
38.88 
10.55 
38.83 
31.56 
29.10 
21.59 
20.61 
17.58 
15.31 
13.65 
12.18 

. 3 3 

.31 

.3C 

.31 

.33 

.37 

.11 

.55 

.72 

.9e 
1.37 
1.93 
2.62 
3.28 
3.55 
3.27 
2.61 
1.91 
I . 36 

.97 

.71 

.55 

.11 

.37 

TUFAL OF UAY 17 8 .9 7155.0 0.0 

X x a x x x x x x a x x a z s x t 3131 X X E 

29.6C 

:SXSS33SSZ:*Z33X33 3S33 



(C) 

<GUT0 0k 
DRY 

(D) 
"EMP. > 

OEW 

(E) 
TRANS. 
LOSSES 

(F) 
VENTLTN. 

i n c c r c 

(G) 
SUPL 
r A r LOSSES HEAT 

(H) (I) 
<VEMTITN R A TE > 
/ANIM/SL TOTAL 

(J) 
FAN 

POWER 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

12.8 
12.4 
1 2 . 3 
12.4 
12.8 
13.4 
14.2 
15.1 
16. 1 
17. 1 
1 8 . 0 
18. 8 
19 .4 
19 .8 
19 .9 
19. 8 
19. 4 
1 8 . 8 
1 8 . 0 
17.1 
16.1 
15 . 1 
14.2 
13.4 

11 .0 
10.9 
10 .9 
10 .9 
11.0 
11.1 
11.2 
11.4 
11 .6 
11 .8 
12 .0 
12.1 
12 .2 
12.3 
12. 3 
12. 3 
12.2 
12. 1 
1 2 . 0 
11.8 
11.6 
11.4 
11.2 
11.1 

9.6 
10. 1 
10. 2 
10.1 

9 .5 
8.5 
7.2 
5 .7 
4 .1 
2 . 6 
1.3 

. 2 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

. 2 
1.3 
2 .6 
4 . 0 
5 .3 
6 . 6 
7.8 
8 .8 

296.0 
2 9 5 . 5 
2 95.3 
295.5 
296.1 
297 . 1 
298.4 
299.9 
301.4 
303.0 
304.3 
305.4 
306.2 
306.6 
306.6 
306.2 
305.4 
304.3 
303.0 
301.6 
300. 3 
299.0 
297.8 
296.8 

0 .0 
0 . 0 
0 . 0 
0 . 0 
0 .0 
0 . 0 
0 .0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
o.c 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 .0 

i s a o £ 3 = s = c s s z i 3 x a s = s - v i : :t2Ct3333X333ES3 S S 3 

9.5 1 
9 .02 
8.86 
9 .02 
9.51 

10.42 
11.39 
14.19 
17.86 
2 4 . 0 2 
35.2C 
5 0 . OC 
5 0 . OC 
50.OC 
50.OC 
50.OC 
50.OC 
50.OC 
35.01 
2 3 . 8 9 
17.7e 
14.14 
1 1 . 8 6 . 
10.41 

S38SZ3f 

14.61 
13.85 
13.61 
13.85 
14.61 
16.01 
18.26 
21.80 
27.44 
36.89 
54.07 
76. 80 
76.80 
76.80 
76.80 
76.80 
76.80 
76.80 
53 . 78 
36.69 
27.31 
21.72 
18.22 
15.99 

. 50 

.45 
. 44 
.45 
.5C 
.6C 
.77 

l . o e 
1.68 
2.96 
6.17 

11.99 
11.99 
11.99 
11.99 
11.99 
11.99 
11.99 

6.11 
2.93 
1.66 
1.07 

.76 

.6C 

t s a s s t a c a s i a i i a s s 

TOTAL OF DAY 115.6 7221.5 0 . 0 112.64 

= 3 = B 1 



(A) (B) (C) (D) (E) (F) (G) (H) (I) (J) 
MONTH HOUR <UUTUUR T£MP.> TRANS. VENTLTN. SUPL <VENTL TN RA TE > FAN 

OR Y , DEW LOSSES LLSSES HEAT /ANIM/L TOTAL POWER 

8 1 
8 2 
8 3 
8 4 
8 5 
8 6 
8 7 
8 8 
8 9 
8 LO 
8 11 
8 12 
8 13 
8 14 
8 15 
8 16 
8 17 
8 13 
8 19 
8 20 
8 21 
8 22 
8 23 
8 24 

1 3 . 8 
1 3 . 5 
13 .4 
1 J . 5 
13: 8 
1 4 . 3 
1 4 . 9 
15. 7 
16 .5 
17 .3 
1 8 . 1 
1 8 . 7 
1 9 . 2 
19 .5 
19 .6 
1 9 . 5 
19 .2 
1 8 . 7 
1 8 . 1 
1 7 . 3 
1 6 . 5 
1 5 . 7 
1 4 . 9 
1 4 . 3 

11.6 
11.6 
11.6 
11.6 
11 .7 
11.8 
11 . 9 
12 .0 
12.2 
12.4 
1 2 . 5 
12 .6 
12 . 8 
12. fl 
12. 8 
12 .8 
12. 7 
1 2 . 6 
12.5 
12. 4 
1 2 . 2 
12 . 0 
11 .9 
11 .8 

8.4 
8.'8 
8.9 
8.8 
8.4 
7.6 
6 .4 
5 . 1 
3 .6 
2.3 
1.1 

. 2 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

. 5 
1.5 
2.7 
3 .8 
4 .9 
5 . 9 
6 . 9 
7.7 

297.2 
296. 8 
296.7 
296.8 
297.2 
2 9 8 . 0 
2 9 9 . 1 
300.5 
302.0 
303.3 
304.5 
305.4 
306.0 
306.4 
306.3 
305.9 
305.1 
304.1 
302.9 
3 0 1 . 7 
3 0 0 . 7 
2 9 9 . 7 
2 9 8 . 7 
297.8 

0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 .0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 .0 
0 . 0 
0 . 0 
0 .0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

11.01 
10.47 
1 0 . 3C 
10.47 
11.0 1 
12.OC 
13.6C 
16.05 
19. 8f 
2 6 . OG 
36.34 
50.OC 
50.OC 
50.OC 
50.OC 
50.OC 
50.OC 
50.0C 
36.11 
25 .85 
19.76 
16.OC 
13.57 
12.OC 

16.91 
16.08 
15.82 
16.08 
16.92 
18.44 
20.88 
24.66 
30.53 
39.94 
55.82 
76.80 
76.80 
76.80 
76.80 
76. 80 
76.80 
76-. 80 
55.47 
39.70 
30.38 
24.58 
20.84 
18.42 

.66 

.60 

.5e 

.6C 

.66 

. 78 

.99 
1. 36 
2.06 
3.45 
6.56 

11.99 
11.99 
1 1.99 
11.99 
11.99 
11.99 
11.99 

6.48 
3.41 
2.04 
1.36 

.99 

. 76 

l a s a e s s a a x x s a a a s a a s a a x a a a x a a s a c a : 

TOTAL OF OAY 103.5 7232.7 0 . 0 117.28 

CO 



MONTH HOUR < 0 U T D 0 R TEMP.> TRANS. VENTLTN. SUPL <VENTLTN RATE > FAN 
DRY DEW LOSSES LOSSES HEAT /ANIMAL TOTAL PCWER 

9 L 
9 2 
9 3 
9 1 
9 5 
9 6 
9 7 
9 8 
9 9 
9 10 
9 11 
9 12 
9 13 
9 11 
9 15 
9 16 
9 17 
9 18 
9 19 

.9 20 
9 21 
9 22 
9 23 
9 21 

11.1 
10 .7 
10.6 
1C. 7 
11.1 
11.6 
12 .3 
13 .1 
1 1 . 0 
11.9 
15. 7 
16 .1 
16 .9 
17 .3 
17 .1 
17 .3 
1 6 . 9 
16 .1 
15 .7 
11 .9 
11 .0 
13.1 

12.3 
,11.6 

9, 
9, 
9, 
9. 
9 , 
9, 
9 . 6 
9 . 8 

10 .0 
10.2 
10.1 
10. 5 
10. 6 
10 . 7 
10 . 7 
10. 7 
1 0 . 6 
10 . 5 
10. 1 
10. 2 
10. 0 

9 . 8 
9 . 6 
9 . 5 

11.9 
12.3 
12.5 
12.3 
11.9 
11.2 
10. 1 
8. 8 
7.3 
5 .9 
1.6 
3 .6 
2 .9 
2 .6 
2 . 6 
3 . 0 
3 . 8 
1.8 
5 .8 
7.0 
8 . 0 
9 .2 

1 0 . 3 
11.2 

293.7 
293 .3 
293.1 
293.3 
293.7 
291.1 
295.1 
296. 3 
298.3 
299.7 
301.0 
302.0 
302.7 
303.0 
303.0 
302.5 
301.8 
300.8 
299.7 
298.6 
297.5 
296.1 

295.3 
291 . 1 

0 .0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 .0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 .0 

7.56 
7.29 
7.2C 
7.3C 
7.58 
8.OS 
8. 8t 
9 .96 

11.16 
13.51 
16.15 
19.36 
22 .85 
25 .71 
26.86 
25.6S 
22.76 
19 . 2<5 
16. OE 
13.16 
11.11 

9 .91 
8.85 
8.OS 

11.65 
11.20 
11.06 
11.21 
11.65 
12.13 
13.61 
15.30 
17.63 
20.75 
21.81 
29.76 
35 . 10 
39.53 
4 1 . 29 
39.16 
31.98 
29.63 
21.70 
20.67 
17.58 
15.27 
13.60 
12.12 

.33 

.31 

.3C 

.31 

.33 

.37 

. 11 

.55 
.72 
.98 

1. 38 
1.96 
2.69 
3.39 
3.68 
3.37 
2.68 
1.91 
1.37 

.97 

.71 

.55 

.11 

.37 

= 33X = =a = XXXXXXXas:»XXXXXXJi3XXX*:»3»X:X;»XXXSXXXX 

TOTAL OF DAY 18 3.6 7150.3 0 . 0 3 0 . 12 

X X T X X X X X : : = x : : = x x x ; i x: x x x a x : t X X X X i E X> X 2 X X 



<UUTDOR TEMP.> 
OR Y DErf 

TRANS. 
LOSSES 

.(F) 
VENTLTN. 

LOSSES 
SUPL 
HEAT 

<VENTLTN RA TE > 
/ANIMAL TOTAL 

FAN 
POWER 

10 1 6 . 9 
10 2 6 . 7 
10 3 6 . 6 
10 4 6 . f 
10 5 6 . 9 

7.4 10 6 
6 . 9 
7.4 

10 7 8 . 0 
10 0 8 . 7 
LO 9 9 .4 
10 10 10 .1 

1 0 . 8 10 11 
10 .1 
1 0 . 8 

10 12 11 .4 
10 13 11.9 

12.1 10 14 
11.9 
12.1 

10 15 12.2 
10 l b * 12 .1 
10 17 11 .9 

11.4 
10.8 
10 .1 

9 .4 

10 18 
11 .9 
11.4 
10.8 
10 .1 

9 .4 

10 . 11 

11 .9 
11.4 
10.8 
10 .1 

9 .4 
10 20 

11 .9 
11.4 
10.8 
10 .1 

9 .4 10 21 

11 .9 
11.4 
10.8 
10 .1 

9 .4 
10 22 ' 8 i 7 
10 23 8 . 0 
10 24 7.4 

6 . 1 
6 . 0 
6 . 0 
6 . 0 
6 . 1 
6. 2 
6 . 4 
6 . 6 
6 . 8 
7 .0 
7.2 
7. 4 
7.5 
7 .6 
7.6 
7 .6 
7.5 
7.4 
7.2 
7 .0 
6 . 8 
6 . 6 
6 . 4 
6 . 2 

17.2 
17.5 
17.7 
17.5 
17.2 
16.6 
15.8 
14.9 
13.7 
12.5 
11.4 
10.6 
10. 0 

9.7 
9 . 8 

10. I 
10. 7 
11.4 
12.2 
13.1 
14.0 
14.9 
15.8 
16.6 

288.4 
288.0 
287.9 
2 8 8 . 0 
288.4 
2 8 9 . 0 
2 8 9 . 7 
2 9 0 . 7 
291.9 
2 9 3 . 1 
2 94.2 
295.0 
295.6 
295.9 
295.8 
295.5 
294.8 
294.2 
293.4 
292 .5 
291.6 
290.6 
289. 7 
2 8 9 . 0 

0.0 
0.0 
0 . 0 
0 .0 
0 .0 
0 . 0 
0 .0 
0 . 0 
0 .0 
0 .0 
0 .0 
0 .0 
0 .0 
0 .0 
0 .0 
0 . 0 
0 .0 
0 .0 
0 .0 
0 . 0 
0 . 0 
0 .0 
0 .0 
0 . 0 

5.12 
5.0C 
4.96 
5.0C 
5.12 
5.31 
5 . 5 * 
5.94 
6 .37 
6 .87 
7.41 
7.94 
8.39 
8 . 7C 
8.8C 
8.69 
8.37 
7.91 
7.39 
6.8C 
6.36 
5.94 
5.56 
5.31 

7.86 
7.68 
7.62 
7.68 
7.86 
8.15 
8.57 
9.12 
9 . 79 

10.56 
11.38 
12. 19 
12.89 
13.3b 
13.52 
13.34 
12.85 
12.15 
11.35 
10.53 

9 . 78 
9.12 
8.57 
8 . 15 

. 16 

. 16 

.15 

. I t 

.16 

.17 

.19 

.21 

.24 

.27 

.32 

. 36 

. 4 0 

.42 

.43 

.42 

.39 

. 36 

.31 

.27 

.24 

.21 

. 19 

.17 

TOTAL OF OAY 331.1 7002.7 0 . 0 6.38 

x x x = x x x x 3 r x x = x x = s x : = e x : ; x x x x = x x x x x : » x 2 s = x x . X K X = c x x a i x x x x x x x x x x x x x x s » x ; x x * x x x x x x x . « x a 3 x x » a i x x 
u> 
cn 



MONTH HOUR <OUTOOR T6MP.> TRANS. VENTLTN. 5UPL <VENTLTN RATE> FAN 
DRY Ufcrf LOSSES LOSSES HEAT /ANIM/L TOTAL POWER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

LO 
11 
12 
1 3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
2 J 
24 

3.9 
3.6 
3.5 
3.6 
3.9 
4.2 
4.8 
5.3 
6.0 
6.6 
7.2 
7.7 
8.1 
8.3 
8.4 
8.3 
8.1 
7.7 
7.2 
6.6 
6.0 
5.3 
4. 7 
4.2 

2 . 4 
2. 3 
2.3 
d.3 
2. 4 
2.5 
2.6 
2.8 
2.9 
3.1 
3 . 3 
3 .4 
3.5 
3.6 
3.6 
3.6 
3.5 
3 .4 
3.3 
3.1 
2.9 
2.8 
2.6 
2.5 

2 L.2 
21.5 
21.6 
21.5 
21.2 
20. 7 
20.0 
19.2 
18. 3 
17.3 
16. 4 
15.7 
15.2 
14.9 
15.0 
15.3 
15. 7 
16.2 
16.9 
17.7 
i e . 5 
19.2 
20.0 
20. 7 

2B4.4 
284.0 
284.0 
284.0 
284.4 
284.9 
285.6 
286.3 
28 7.2 
288. 3 
289.2 
289.9 
290.4 
290.6 
290.6 
290.3 
289.9 
289. 3 
288.7 
287.9 
287.1 
286.3 
285.6 
2 84.9 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

4.OS 
4.02 
4.0C 
4 .C2 
4.09 
4.2C 
4.3! 
4.53 
4.75 
4.9S 
5.24 
5.46 
5.65 
5.77 
5.8 1 
5.77 
5.6* 
5.45 
5.23 
4.9C 
4.75 
4.53 
4.3* 
4.2C 

6.23 
6.18 
6.15 
6. 18 
6.28 
6.45 
6.67 
6.96 
7.30 
7.6 7 
8.04 
8.39 
8.68 
8. 87 
8.93 
8.86 
8.66 
8.38 
8.03 
7.66 
7.29 
6.96 
6.67 
6.45 

11 
11 

.11 

.11 
11 
12 

.12 

.13 

.14 

.16 
17 
18 
1"5 
20 
2C 
.20 
.19 
.i e 
17 
lfc 
14 

.13 
12 
12 

IXS332S 
E X X X 3 S 3 Z 3 s &> 3 a: m 3? M 3 3 S 3 3 3 S 3 2 3 3 3 3 * 3 3 3 

TOTAL OF OAY 44 0. I 6893.8 0.0 3.58 

:33=-=3 = = 3= xx3 = x = =: : x= s .= 3 x a : a r : :sxtssca*5;xaxa=;3x: CO 



:A) (B) (C) (D) 
JNTH HOUR <OUTDOR 

CRY 
TEMP . > 

DEW 
<OUTDOR 

CRY 
TEMP . > 

DEW 

12 1 1.3 . 5 
12 2 1. 1 . 5 
12 3 1.0 . 5 
12 4 1. 1 . 5 
12 5 1. 3 . 5 
12 6 1.7 . 6 
12 7 2.1 . 6 
12 8 2 . 6 

3.2 
3 .8 

. 7 
12 9 

2 . 6 
3.2 
3 .8 

. 8 
12 10 

2 . 6 
3.2 
3 .8 . 9 

12 11 4 . 3 1 .0 
12 12 4 . 8 1.1 
12 13 5 . 1 1.2 

1.2 
1.2 

12 14 5 .3 
1.2 
1.2 
1.2 12 lb 5.4 

5 . 3 

1.2 
1.2 
1.2 

12 16 
5.4 
5 . 3 

12 17 5.1 1.2 
12 18 4 . 8 1.1 
12 19 4 . 3 

3.8 
3.2 
2 .6 
2 .1 

1.0 
12 20 

4 . 3 
3.8 
3.2 
2 .6 
2 .1 

. 9 
12 21 

4 . 3 
3.8 
3.2 
2 .6 
2 .1 

. 8 
12 22 

4 . 3 
3.8 
3.2 
2 .6 
2 .1 

. 7 
12 23 

4 . 3 
3.8 
3.2 
2 .6 
2 .1 . 6 

12 24 1.7 . 6 

(E) 
TRANS. 
LOSSES 

(F) 
VENTLTN. 

LGSSE S 

(G) 
SUPL 
HEAT 

(H) 
'EN 1 

/ANIMAL 

(I) 
<VENTLTN R ATE > 
/ A ff U * I T n T * » 

TOTAL 

(J) 
FAN 

POWER 

2 4 . 5 
2 4 . 8 
2 4 . 9 
2 4 . 8 
2 4 . 5 
2 4 . 0 
2 3 . 4 
2 2 . 8 
2 2 . 0 
21 .1 
2 0 . 3 
19.6 
19.2 
19.0 
19.0 
19.2 
19. 5 
2 0 . 0 
2 0 . 6 
21 .3 
2 2 . 0 
2 2 . 8 
23.4 
2 4 . 0 

281.1 
2 80.8 
2 8 0 . 7 
2 8 0 . 8 
281.1 
281.5 
2 82.2 
282.8 
283.6 
284.5 
285.3 
285.9 
286. 4 
286.6 
286. 6 
286.4 
286.1 
285.6 
2 8 5 . 0 
2 8 4 . 3 
283.6 
282.8 
282.2 
281.5 

0 .0 
0 .0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0.0 
0 . 0 
0 . 0 

3 = 3 = = 3 a 3 = a » a a a 3 3 x = a 3 ss x 3 = 3 3 3 = a 3 3 3 3 = 3 3 3 3 3 3 3 3-a 3 3 at at a E 3 3 3 3 3 3 

3.49 
3.45 
3 .42 
3.45 
3.49 
3.56 
3.66 
3.78 
3.92 
4 .07 
4.22 
4.36 
4.47 
4.54 
4.56 
4 .5 4 
4.46 
4 .35 
4.22 
4.07 
3.92 
3.76 
3.66 
3.56 

3 3 3 3 3 3 3 « 3 

5.36 
5.30 
5.27 

,5 .30 
5.36 
5.47 
5.63 
5.81 
6.03 
6.26 
6.49 
6.70 
6.87 
6.97 
7.01 
6.97 
6.86 
6.69 
6.48 
6.25 
6.02 
5.81 
5.63 
5.47 

.09 

.09 

.08 

.09 

.09 
. 0 9 
.09 
. IC 
. IC 
.11 
. 12 
. 12 
.13 
.12 
.13 
.13 
.13 
.12 
.12 
.11 
. I C 
. IC 
.09 
. 0 9 

S 3 3 S 3 S 3 3 3 3 3 3 3 3 3 3 

TUTAL OF DAY 

==3333333333X3333333: 

526.7 680 7.2 

13 3333 3 333*3333333X; 

0 . 0 2.57 

: : 3 3 a a * i s s i 3 X a c s i 



APPENDIX G 

HOURLY SIMULATION RESULTS 

FOR A 

TYPICAL GABLE GLASS HOUSE 

VANCOUVER, B.C. 

(CASE STUDY II) 

MINIMUM INSIDE TEMPERATURE: 15°C. 

(A) : MONTH OF THE YEAR 

(B) : HOUR FROM MIDNIGHT 

(C) : SOLAR RADIATION INPUT 

(D) : INFILTRATION HEAT LOSS 

(E) : TRANSMISSION HEAT LOSS 

(F) : TOTAL HEAT LOSS 

(G) : SUPPLEMENTAL HEAT REQUIREMENT 

(H) : FRACTION OF THE TOTAL HEAT LOSS 
SUPPLIED BY SOLAR 



(A) (B) 
MONTH HOIK 

(C) 
SOLAR 

RADIATION 

(D) 
INFIL TRATION 

(E) 
TRANSMISSION 

LOSSES 

'(F) 
TOT/a 

LOSSE S 

(G) 
SUPPLEMENTAL 
HEAT REQUIRD 

(H) 
FRACTION 

Of LOAD 

L 
2 
3 
1 
5 
b 
7 
8 
9 

10 
I t 
12 
13 
11 
15 
l b 
17 
18 
19 
2 0 
21 
22 
2 3 
21 

0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 

2 3 5281 . 
670b99. 
9 8 8 2 0 8 . 

112581b. 
1125816. 

98 82 0 8 . 
6 70699. 
2 3 5 2 8 1 . 

0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 

3 3 3 3 3 3 3 3 3 = 3 = 3 3 3 x 3 3 = 3 3 

TOTAL OF MONTH 6010006. 

71086. 
75132. 
75890. 
75129. 
71082. 
71938. 
6911b. 
65891 . 
62105. 
58917. 
5 5666. 
52875 . 
50731 . 
193M9. 
18931 . 
19391. 
50739. 
52882. 
55675. 
58926. 
62115. 
6 5 9 0 1 . 
69151. 
71915. 

651111. 
668610. 
672C56. 
663639. 
651110. 
610117. 
b l 6 3 6 7 . 
5 8 7 6 8 1 . 
559359. 
527928. 
199113. 
175693. 
156788. 
117171. 
116360. 
153126. 
167626. 
181919. 
505699. 
531181. 
559361. 
587883. 
616368. 
610118. 

72852 1 . 
711072 . 
717916 . 
71106<5 . 
72852 2 . 
712C55 . 
635512 . 
653776 . 
62 1765 . 
5 8 6 8 H . 
55510S. 
528566. 
507522. 
19656C . 
19529C . 
502816. 
51H365 . 
53183 I . 
561371 . 
593111 . 
621 776 . 
653 78 7. 
685522 . 
712C6« . 

- 7 2 8 5 2 7 . 
- 7 1 1 C 7 2 . 
- 7 1 7 9 1 6 . 
- 7 1 1 0 6 9 . 
- 7 2 8 5 2 2 . 
- 7 1 2 0 5 5 . 
- 6 8 5 5 1 2 . 
- 6 5 3 7 7 6 . 
- 3 8 6 1 8 1 . 

0 . 
C. 
0 . 
0 . 
0 . 
0 . 

-2 6753 7. 
- 5 18365. 
- 5 3 1 8 3 1 . 
- 5 6 1 3 7 1 . 
- 5 9 3 1 1 1 . 
- 6 2 1 7 7 6 . 
- 6 5 3 7 3 7 . 
- 6 8 5 5 2 2 . 
- 7 1 2 0 6 1 . 

- = = _ = = 3 = = 3 = = = = = 3 = = = = = = = 3 = 3 = « = ! = * 3 3 X 3 3 S 3 « x « x = = « 3 » 3 3 3 3 3 3 3 X 

1197818. 13121936. 1191973*. - 1 1 2 7 9 3 2 9 . 

0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . coo 

.373 
1.000 
I . 0 0 0 
1. CCO 
l .COO 
l .COO 
1.000 

.168 
O.COO 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

.211 

: 3 3 X = X X : i a a a s a 3 .3 : 
[ 3 3 3 3 3 3 3 3 = 3 : 

: 300 

o 



(A) (B) 
MUNTH HOUR 

(C) 
S C L A R 

RAO I AT ION 

(D) 
I N F I L7 RAT ION 

(E) 
T R A N S M I S S I O N 

L O S S E S 

(F) (G) (H) 
T OT * L S U P P L E M E N T A L F R A C T I O N 
n c c n U C A T REOU IRD OF LOAO L O S S E S HEAT 

2 1 0 . 
z 2 0 , 
z 3 0 . 
2 0 . 
z 0 . 
z fa 0 . 
z 7 0 . 
z B 105825. 
z 9 487117. 
z 10 9 0 2 4 8 3 . 
2 11 1195902. 

1329671. 2 12 
1195902. 
1329671. 

2 13 1329671. 
2 14 1195902. 
2 15 9 0 2 4 3 3 . 
2 16 487117. 
2 17 105825. 
2 18 0 . 
2 19 0 . 
2 20 0 . 
2 21 0 . 
2 22 0 . 
2 23 0 . 
2 24 0 . 

6598 5 . 
6 7 364. 
67833. 
67361 . 
6 5 9 8 0 . 
63784. 
6 0 9 2 2 . 
57591. 
54016. 
50441 . 
47110. 
4 4 2 5 0 . 
42057. 
40678. 
4 0 2 0 9 . 
4 0 6 8 1 . 
4 2 0 6 2 . 
44258. 

. 4 7119. 
50451. 
54026. 
57601 . 
6 0 9 3 1 . 
6 3 7 9 1 . 

591241. 
602100. 
605518. 
602C99. 
591240. 
572246. 
5 4 8484. 
52 1305. 
487447. 
456560. 
424159. 
399820. 
383158. 
371204. 

3/1C50. 
378119. 
392982. 
4119 7 7. 
434420. 
462917. 
491453. 
521306. 
548436. 
5 7 2 2 4 7. 

657226. 
669463 . 
673351 . 
66946C . 
65722C. 
636029 . 
6094C 7 . 
578895 . 
541463 . 
50702 1 . 
47127C. 
444C71 . 
425214 . 
411882 . 

411259. 
418799 . 
435C4« . 
456234 . 
481539 . 
513366 . 
545479. 
578907. 
609417 . 
636036 . 

- 6 5 7 2 2 6 . 
-669463 . 
- 6 7 3 3 5 1 . 
- 6 6 9 4 6 0 . 
- 6 5 7 2 2 0 . 
- 6 3 6 0 2 9 . 
- 6 0 9 4 0 7 . 
- 4 7 3 0 7 0 . 

- 5 4 3 4 6 . 
0 . 
0 . 
0 . 
0 . 
0 . 
0. 
0 . 

- 3 2 9 2 1 9 . 
- 4 5 6 2 3 4 . 
- 4 8 1 5 3 9 . 
- 5 1 3 3 6 8 . 
- 5 4 5 4 7 9 . 
- 5 7 8 9 0 7 . 
- 6 0 9 4 17. 
- 6 3 6 C 3 8 . 

O.COO 
0 . 0 0 0 
0 . 0 0 0 
O.COO 
O.CCO 
0 . 0 0 0 
0 . 000 

.183 

. 9 0 0 
1 .000 
1. COO 
I . 0 0 0 
l .COO 
1.000 
1.000 
1.000 

.243 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

TOTAL OF CONTH 8 0 4 L 9 9 4 . 1296498. 1174L558. 1 3 0 3 8 0 5 ! . - 9 2 4 9 7 7 2 . .291 
00 

, , , - - _ _ = I I = 3 = : i = = = = = =t = x = = = 3a = == = = = = = =» = = = = = = = = = :r:I3=3H 



(A) (B) 
rtUNTh HOUR 

(C) 
SULAK 

RAO I A T.I UN 

(D) 
INFILTRATIUN 

(E) 
TRANS MIS5I ON 

LOSSE S 

(F) 
TOTJL 

LOSSE S 

(G) 
SUPPLEMENTAL 
HEAT REOUIRO 

(H) 
FRACTION 

OF LOAO 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

1 

3 

6 
7 
8 

10 
11 
12 
13 
11 
15 
l b 
17 
18 
19 
20 
21 
22 
23 

0 . 
0 . 
0 . 
0 . 
0 . 
0 . 

61648. 
377622. 
841215. 

12 72174. 
1558719. 
1689188. 
1689188. 
1558719. 
1272174. 

841215. 
377622. 

61648. 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 

63962. 
65438. 
65940. 
654 35. 
63957. 
6 1 6 0 6 . 
58543. 
5497 7. 
51 151. 
4 7324. 
4 3 759. 
4 0 6 9 8 . 
38350. 
3687'4 . 
36372. 
36877. 
38355 . 
40706. 
43 769. 
47335. 
51161. 
54988 . 
5 8 553. 
61614. 

573591. 
5878 10. 
591234. 
587810. 
573590. 
554572. 
529461 . 
496842 . 
457927. 
42^771. 
391654. 

365692. 
346593. 
334625. 
333888. 
342553. 
359C23. 
382127. 
40 7237. 
4391 17. 
469C09. 
500929. 
530781 . 
554 5 73. 

637552. 
65324e . 
6 5 7171. 
653245 . 
6 3754 7. 
616176. 
58800 5 . 
551819. 
509076. 
472095. 
4 35414. 
406391 . 
384943 . 
3 71499. 
37026C . 
37943C . 
397376 . 
422833 . 
451006 . 
486452 . 
52017 1 . 
555917 . 
58933* . 
61618 7. 

- 6 3 7 5 5 3 . 
- 6 5 3 2 4 8 . 
- 6 5 7 1 7 4 . 
- 6 5 3 2 4 5 . 
- 6 3 7 5 4 7 . 
- 6 1 6 1 7 8 . 
- 5 2 6 3 5 6 . 
-1 74 198. 

0 . 
c. 
c. 
0 . 
0 . 
0 . 
0 . 
0 . 

- 1 9 7 5 7 . 
- 3 6 1 1 8 4 . 
- 4 5 1 0 0 6 . 
- 4 6 6 4 5 2 . 
- 5 2 0 1 7 1 . 
- 5 5 5 9 1 7 . 
- 5 8 9 3 3 4 . 
- 6 1,6187. 

0 . 0 0 0 
O.OCO 
O.COO 
O.OCO 
C.COO 
0 . 000 

.105 

.684 
1.000 
I . 0 0 0 
1 . 0 0 0 
I . 0 0 0 
1.000 
1.000 
1. COO 
1.000 

. 9 5 0 

.146 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
o.cco 
0 . 0 0 0 
0 . 0 0 0 

3S333=33=33==3: [=3=33 = 3 3=3 3 3 3 = 3 = 33a=>3 = 333 3 3 3333333.3 3 : 

TOTAL UF MONTH 11601133. 122 77^4. 11135410. 1236315* - 8 1 5 5 5 0 5 . .340 

CS 3 3. * X 3 t= 3 3 3 1= [=33333=333:: 



(A) (B) 

WJNTh HOUR 

(C) 

SOLAR 
RADIATION 

(D) 

INF ILT RAT-ION 

(E) 

TRANSMISSION 
LUSSES 

(F) 

TOT/L 
LOSSES 

(G) 

SUPPLEMENTAL 
HEAT REQUIRD 

(H) 

FRACTIGN 
OF LOAD 

3 3 = 3 : 

4 L 0. 
4 2 0. 
4 3 0. 
4 4 0. 
4 G. 
4 6 41112 . 
4 7 2 70473. 
4 8 627093. 
4 9 1029297. 

10 1358493. 
11 1569254. 

1665666. 4 12 
1569254. 
1665666. 

4 13 1665b66 . 
V 14 1569254. 

15 1358493. 
16 1029297. 
17 627093 . 

270473. 4 18 
627093 . 
270473. 

19 41112. 
20 0. 
21 0. 

«• 22 0. 
4 2 3 0. 
4 24 0. 

TOTAL OF MONTH 13 12 2/75. 

49893. 
51614. 
52200. 
51611. 
4988 7. 
4 7146. 
43574. 
39416. 
34954. 
30492. 
26335. 
22765. 
20027. 
18 3 06 . 
17720. 
18310. 
20033. 
22774. 
26346. 
30504. 
34966. 
39428. 
43585. 
47155. 

839040. 

458168. 
472425. 
477179. 
472424. 
458167. 
434424. 
4C2 382. 
364348. 
320752. 
2805C2 . 
243370. 
214258. 
191175. 
1785C9. 
177597. 
186275. 
205196. 
2 3 4616. 
266658. 
30L265. 
33 794 7. 
372602. 
405891. 
434425. 

7890555. 

508061. 
524C39. 
529379. 
524C35 . 
508053. 
48157C. 
445956. 
403764. 
355706 . 
310994. 
269705. 
23 702 3 . 
211201 . 
196615 . 
195317. 
204585 . 
22523C . 

' 25739C. 
293C0*. 
3 3176 9. 
3 7 2 9 K . 
41203C . 
449476. 
48158C. 

= — E: = 3 3=1 = 3 S333 3 

-5C8C61. 
-524C39. 
-5293 79. 
-524035. 
-508053. 
-440458. 
-175483. 

0. 
c. 
c. 
c. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

-251892. 
-331769. 
-372914. 
-41203C. 
-449476. 
-48158C. 

0.000 
0.000 
0.000 
o.oco 
0.000 
.085 
.607 

1.000 
I.000 
1.000 
1.000 
1.000 
1.000 
I.000 
I.000 
I.000 
1.000 
1.000 
.140 

o.oco 
0.000 
0.000 
c.coo 
0.000 

3 3333333333 33 3 = 3333 = 3333333 

1 ^ 3 = 3 X 3 : 3 3 : 

8729595. -5509168. 

:3=3S3 = s = 3s:3: 

.369 

=! =: X ss : 



(A) (B) (C) (D) (E) (F) (G) (H) 
MUNTH HOUR SOLAR INFILTRATION TRANSMISSION TOT/L SUPPLEMENTAL FRACTION 

RADIATION LOSSES LOSSES HEAT REOUIRO OF LOAO 

5 
5 
b 
5 
5 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

I 
2 
3 
4 
b 
6 
7 
8 
9 

10 
11 
12 
13 
14 
lb 
lb 
17 
18 
19 
20 
21 
22 
2 3 
24 

0. 
0. 
G. 
0. 

7584. 
210324. 
488813. 
837325. 

1180971. 
1450646. 
1622235. 
1701381. 
1701381. 
1622235. 
1450640. 
1180971. 
837325. 
488813. 
210324. 

7584. 
0. 
0. 
0. 
0. 

33303. 
3507 7. 
356HI. 
35074. 
33296. 
304 70. 
26787. 
22499. 
17898. 
13297. 
9011. 
5330. 
2506. 
732 . 
128. 
735. 

2 513. 
5339. 
9022. 

13310. 
179 11. 
22512. 
26799. 
304 79. 

323699. 
33 7964. 
342722. 
337S64. 
323698. 
295857. 
261466. 
222398. 
178122. 
136258. 
99106. 
67645. 
44548. 
31793. 
29e65. 
40219, 
60C81. 
87S22. 

123904. 
162039. 
200061. 
238C82. 
271391. 
301261. 

357C02 . 
373042. 
378402 . 
373CJC • 
356S94. 
32632 1 . 
288253. 
244897 . 
19602C . 
149555 . 
108117. 
7297 1 . 
4 705* . 
32525. 
29 99 3. 
4095*. 
62 59< . 
93261 . 

132926 . 
17534S. 
217972 . 
26059<. 
29819C. 
331741. 

-357002. 
-373042. 
-378403. 
-373038. 
-349410. 
-116003. 

C. 
C. 
C. 
0. 
0. 
0. 
0. 
0. 
0. 
C. 
0. 
0. 
0. 

-167765. 
-217972. 
-260594. 
-298190. 
-3 31741. 

0.000 
0 . o c o 
0.000 
0.000 
.021 
.645 

1 .OCO 
1.000 
I.OCO 
1.000 
I.OCO 
1.000 
1.000 
I.000 
1 .000 
•1.000 
1 .000 
•I.OCO 
1.000 
.043 

C.COO 
0.000 
0.000 
C O C O 

; : 3 3 : 3 : r : c 2 B 3 £ 3 £ a s : r z 5 3 i a s r i 3 s a 3 r x z z a 

TOTAL OF MONTH 14998557. 429710. 4518063. 4 94 77 7«. -3223159. .349 
CO 
0 0 
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(A) (B) 
MONTH HOUR 

(C) 

SOLAR 
RAO I AT I ON 

.(D) 

INF ILTRATION 

(E) 

TRANSMITS ION 
LOSSES 

(F) 

TOTAL 
LOSSES 

(G) (H) 

SUPPLEMENTAL FRACTION 
HEAT RECUIRD UF LOAO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
Lb 
17 
18 
19 
20 
11 
22 
23 
24 

0. 
0. 
0. 
0. 

53923. 
280680. 
.582041. 
942 78 8. 
1290579. 
1562649. 
I 735929. 
1815938. 
18 15938. 
1735929. 
1562649. 
12905 79 . 
942788. 
582041. 
280680. 
53923. 

0. 
C. 
0. 
0. 

11138. 
13076 . 
13735. 
130 72 . 
11131. 
8044 . 
4022. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
C. 
0. 
0. 
0. 
0. 
c. 

4035. 
8054. 

147 712. 
162CC3. 
166769. 
162CC2. 
146971. 
1167 58. 
78309. 
32845. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

13 209. 
52614. 
90648. 
122598. 

15885C . 
1 750 76 . 
180504 . 
17507*. 
158101 . 
124802 . 
82 33 2 . 
32645 . 

C . 
C . 
C . 
C . 
C . 
C . 
C. 
C. 
C. 
C . 
C. 
c. 

13209. 
526 M. 
94682. 
130652 . 

-158850. 
-175078. 
-180504. 
-175074. 
-104178. 

0. 
0. 
0. 
0. 
c. 
o. 
0. 
0. 
0. 
0. 
0. 
c. 
0. 
0. 
0. 

-13209. 
-52614. 
-94683. 

-130652. 

0.000 
0.000 
0.000 
0. coo 
.341 
1.000 
1. COO 
1.000 
o.oco 
0.000 
0.000 
o.oco 
0.000 
o.oco 
o.coo 
0.000 
o.coo 
o.oco 
0.000 
0.000 
o.coo 
o.coo 
0.000 
0.000 

TOTAL OF MONTH 16529051. 86308. 1292436. 1378743. -1084842. .213 
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(A) (B) 
MUNTH HOUR 

(C) 
SOLAR 

RAOIATIUN 

(D) 
INF ILTRAT I ON 

(E) 
TRANSMISSION 

LOSSES 

(F) 
TCT/L 

LOSSES 

(G) 
SUPPLE MENTAL 
HEAT REUUIRD 

(H) 
FRACTION 
OF LOAQ 

3 3 3 5=: 

9 1 0. 
9 2 0. 
9 3 0. 
9 4 0. 
9 5 0. 
9 b 0. 
9 7 136991. 
9 8 481779. 
9 9 937004. 

1335271. 
1594727. 

9 10 
937004. 

1335271. 
1594727. 9 11 

937004. 
1335271. 
1594727. 

9 12 1712727. 
9 13 1712 72 7. 
9 - 14 1594727. 

1335271. 9 15 
1594727. 
1335271. 

9 16 9 37004. 
9 17 481779. 
9 18 136991. 
9 19 0. 
9 20 0. 
9 2 1 0. 
9 22 0. 
9 23 0. 
9 24 0. 

:=== = = = == = == 3==3==;3 = = = 3 = 

TOTAL OF MONTH 12 39 7000. 

20182. 
21918. 
22509. 
21914. 
20175. 
17410. 
13807. 
9611. 
5109. 
608. 

0. 
0. 
0. 
0. 
0. 
0. 
C. 
0. 
0. 

620. 
5122. 
9623. 

13818. 
17419. 

= == = = = = == = = = 

199844. 

2 19C67. 
233326. 
238C82. 
233326. 
2 19C66. 
198665. 
166699. 
126328. 
84317. 
40796. 
3659. 

0. 
,0. 
0. 
0. 
0. 
0. 
0. 

28842. 
65483. 
98fc26. 

136632. 
170127. 
198666. 

2462105 

239246 . 
255244. 
26059C. 
25524C . 
239241. 
216075. 
180505. 
13593S. 
8942 7. 
41404 . 
365S . 

C. 
C . 
c. 
c. 
c. 
c. 
c. 

28842 . 
66103. 

103946. 
146455. 
183944. 
216C85. 

-239248 . 
-255244. 
-260590. 
-25524C. 
-239241. 
-2 16075. 
-435 14. 

0. 
0. 
0. 
0. 
c. 
0. 
c. 
0. 
0. 
c. 
Oi 

-28842. 
-66103. 

-103948. 
-146455. 
-183944. 
-2 16085. 

= = = == 3 3 = 3 = 3 3 = 3 3 = 3 = 3 = = = = = «XX3 = 33Z3=3Ca=S333 = 

266194S. -2254530. 

0.000 
0.000 
0.000 
0.000 
O.OCO 
0. 000 
.759 

1.000 
1. COO 
1.000 
1.000 
0.000 
0.000 
0.000 
0.000 
O.OCO 
0.000 
0.000 
0.000 
o.coo 
0.000 
0.000 
0.000 
0.000 

3 333 =333= = = : 

.153 

= * 3 a 3 = 3 [ X 33 X. J= a : = = a — a '• 

CO 
0 0 

=00 
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(A) (B) 
MUNTH HOUR 

(C) 
SOLAR 

RAO I AT ION 

(D) (E) 
INFILTkATICN TRANSMISSION 

LOSSES 

(F) (G) (H) 
TOT/L SUPPLEMENTAL FRACTION 

LOSSES HEAT REOUIRD OF LOAO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
lfc». 
17 
18 
19 
20 
21 
22 
23 
24 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

2 39509. 
599317. 
856478. 
970889. 
970889. 
856478. 
599317. 
2 39 509. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

57006. 
58252 . 
58676. 
58249. 
57001. 
55017. 
52431. 
49420. 
46189. 
42959. 
39949. 
37364. 
35382. 
34136. 
33712. 
34138. 
35386. 
37371. 
39957. 
42968 . 
46199. 
49429. 
52439. 
5 502 3. 

515 2 33. 
524753. 
529482. 
524752. 
515232. 
500934. 
477215. 
453431. 
424949. 
394794. 
368100. 
346795. 
330165. 
322237. 
322C90. 
329151. 
339330. 
356974. 
377347. 
401132. 
429613. 
453432. 
4 77216. 
500935. 

5 72239 . 
583C05. 
588158 . 
583CC2 . 
572232 . 
55595C . 
529646 . 
502851 . 
4 711 3 C . 
437753. 
408049. 
384159. 
365547. 
356372. 
355801. 
363289. 
374717. 
394345. 
41 7304. 
444099 . 
475812. 
502861. 
529655. 
55595e . 

-5 72239. 
-583C05. 
-583158. 
-5e3002. 
-572233. 
-555950. 
-529646. 
-5C2851. 
-231629. 

0. 
0. 
0. 
0. 
C. 
0. 

-123780. 
-374717. 
-394145. 
-4 17304. 
-444099. 
-475812. 
-502861. 
-529655. 
-555958. 

O.OCO 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0. 000 
.5G8 

1. COO 
1.000 
1.000 
l.COO 
I.000 
1.000 
.659 

O.COO 
O.COO 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

TOTAL UF MONTH 533238b. 1108653. 10215291. 1132394* . -8537243. .246 
t o 

o 



(A) (B) 
MONTH HOUR 

(C) 
SOLAR 

RADIATION 

(D) 
INF ILTRATIUN 

(E) 
TRANSMISSION 

LOSStS 

(F). 
TOT/SL 

LOSSES 

(G) 
SUPPLEMENTAL 
HEAT REQUIRD 

(H) 
FRACTION 
OF LOAD 

12 1 0. 
0. 12 2 
0. 
0. 

12 3 0. 
12 4 0. 
12 5 0. 
12 b 0. 
12 7 0. 
12 8 0. 
12 9 105854. 
12 10 4 78059. 
12 11 760585. 
12 L2 880842. 

880842. 
7605.85. 

12 13 
880842. 
880842. 
7605.85. 12 14 

880842. 
880842. 
7605.85. 

12 15 4 76059. 
105354. 12 16 
4 76059. 
105354. 

12 17 0. 
12 18 0. 
12 19 0-
12 20 0. 
12 21 0. 
12 22 0. 
12 23 C. 
12 24 0. 

70084. 
71210. 
71593. 
712 07. 
70080. 
68286. 
65949. 
63228. 
60309. 
5 7389. 
54669. 
52334. 
50542. 
494 16. 
49033. 
49418. 
50546. 
52340. 
54677. 
5 7 398. 
6U317. 
63236. 
65956. 
68292. 

624521. 
634023. 
635400. 
634022. 
624520. 
610252. 
591235. 
567496. 
543726. 
515951. 
489961. 
471C26. 
456758. 
44 71 75. 
448707. 
453430. 
462932. 
478519. 
49 7535. 
51995 7. 
543 727. 
567497. 
5912 36. 
610253. 

694605 . 
705232 . 
706992 . 
70523C . 
69460C . 
67853f . 
65718! . 
630724 . 
604034 . 
573341. 
544631 . 
52336C . 
50730C . 
49659 1 . 
49774C . 
502849 . 
513 4 7 9. 
530859 . 
552212. 
577354. 
604044 . 
63073* . 
657193 . 
6 78545 . 

-694605. 
-705232. 
-706993. 
-7C5230. 
-694600. 
-6 78538. 
-657185. 
-630724. 
-498180. 
-95282. 

0. 
0. 
0. 
0. 

-19681. 
-396995. 
-513479. 
-530859. 
-552212. 
-577354. 
-604044. 
-6 30 7 34. 
-657193. 
-678545. 

0.000 
O.COO 
0.000 
0.000 
0.000 
0.000 
0.000 
0. 0 00 
.175 
.834 

1.000 
1. COO 
1.000 
1.000 
.960 
.211 

0.000 
0.000 
0.000 
0.000 
O.OCO 
0.000 
0.000 
0.000 

= 3 3 a 3 3 = 3 . 3 : : 3 3 3 3 3 3 3 3 s 3 = 3 = 3 = =s=3=cs3==-x S 32ir=a==zr2x==iaars; : as £ 3 3 3 

TCT/L OF MUNTH 

: 3 3 3 3 3 3 ; 

27.49.UCLP. AATUNZ 

4 4 50679. 144 7510. 

0.rt2 9KLNS. A T V A 12 3. 

13019661. 

:=== = = 3S : 

1446737]. -11227663. 

= = 33 = 333=333333333=1 

.224 
CO 

13 3 3 3 3 3. 



A P P E N D I X H 

HOURLY SIMULATION RESULTS 

FOR A 

GREENHOUSE/SWINE F I N I S H I N G BARN 

COMBINATION 

LOCATED I N 

H A L I F A X , N.S. 

(CASE STUDY I I I ) 

MINIMUM GREENHOUSE TEMPERATURE; 10°C. 

(A) : MONTH OF THE YEAR 

( B ) : HOUR FROM MIDNIGHT 

( 0 : SOLAR RADIATION CAPTURED BY THE GREENHOUSE K J 

(D) : HEAT GAIN FROM L I V E S T O C K B U I L D I N G V E N T I L A T I O N 
A I R BY THE GREENHOUSE K J 

( E ) : TRANSMISSION HEAT LOSS FROM THE GREENHOUSE KJ 

( F ) : HEATING LOAD WHEN SOLAR ENERGY CAPTURED 
BY THE GREENHOUSE I S CONSIDERED = ( E ) - ( C ) K J 

(G) : ACTUAL SUPPLEMENTAL HEAT REQUIREMENT WHEN 
HEATING FROM LIVESTOCK V E N T I L A T I O N I S 
CONSIDERED = ( F ) - (D) K J 

(H) : FRACTION OF TRANSMISSION LOSS S U P P L I E D 
BY SOLAR = ( C ) / ( E ) 

( I ) : FRACTION OF HEATING LOAD S U P P L I E D BY 
V E N T I L A T I O N A I R = ( D ) / ( F ) 



(B) (C) (D) (E) (F) 

.1. 0. -•1.68376. 598684. 598684, 
':> 0. -165745. 61.09.1.6. 61.091.6, 
3 0. - 164868. 6.1.4966. 614966. 
4 0. .1.65745. 61.091.6. 6.1.09.1.6. 
5 0. -168376. 598684, 598684. 
6 0. - 172323. 581.562. 581562. 7 0. -1.78023, 554932. 554932, 
8 3327. -185477. 526412. 523085. 
9 235110. -193808. 495385. 260275, 

10 565967. -203016. 459636. 0. It 804435. -212663. 429197. 0. 
12 912165. -220994. 396506. 0. 
13 912165. -228010. 3728.1.8. 0. 14 804435, -232833. 354730. 0. 
15 565967. -234148. 346660. 0. 
16 235110. -232394. 358346. 123236. 
17 3327. -227571. 377708. 374381. 
18 0. -220555. 396964. 396964. 
19 0. -211786. 429361. 429361 . 
20 0. -202578. 462754, 462754. 
21 0. -193808. 495385. 495385. 
22 0. -185477. 526412, 526412. 
23 0. -1.78023. 556456, 556456. 
24 0. -1.72323. 581562, 581562. 

5042008. -4718920. 11736952, 8900532, 

(G) (H) (I) 

430308. 0,000 .281 
4451.71, 0,000 ,271. 
450098.' 0.000 . 268 
445171, 0.000 .271 
430308. 0,000 .281 
409239. 0.000 . 296 
376909, 0.000 .321 
337608, .006 .355 
66467. .475 .745 

0. 1 .000 0.000 
0. 1 .000 0.000 
0. 1 ,000 0.000 
0. 1 .000 0.000 
0. 1 ,000 0.000 
0. 1 .000 0,000 
0. ,656 1 .000 

1.468.1.0. .009 . 608 
176409. 0.000 .556 
217575. 0.000 .493 
260176. .0.000 .438 
301577. 0.000 .39.1. 
340935. 0,000 .352 
378433. 0.000 .320 
409239. 0,000 .296 
5622433. . 242 . 368 

CO 

CO 



A) (B) (O 

9 1 0. 
9 2 0. 
2 3 0. 
9 4 0. 
9 5 0. 
9 6 0. 
9 7 0. 
2 8 118713. 
2 ? 452001. 
2 1.0 807786. 
9 11 1057940. 
9 .1.2 1172565. 

1172565. 9 13 
1172565. 
1172565. 

2 14 1057940. 
2 15 807786. 
2 16 452001. 

1187.1.3. 2 17 
452001. 
1187.1.3. 

2 18 0. 
2 19 0. 
2 20 0. 
2 21 0. 
2 ^2 0. 
2 23 0. 
2 24 0. 

7218010. 

(D) (E) (F) (G) (H) (I) 

- -166184 . 
-163553. 
-1.62676. 
-1.63553. 
-1.661.84. 
-170130. 
-175830. 
-182846, 
-191177. 
-200385. 
-209593. 
-217925. 
-224502. 
-229325. 
-230640. 
-228887. 
-224063. 
-217048. 
-208716. 
-199947. 
-191177. 
-.1.82846. 
-175830. 
-170130. 

-4653147. 

6101.50. 
622307. 
626440. 
622307. 
61.0.158. 
591.280. 
565286. 
536766. 
505739. 
474865. 
443951. 
417962¬
3991.67. 

. 384697. 
370905. 
372362. 
386380. 
402300. 
423179. 
445828. 
476830. 
517911. 
551956. 
580319. 

11939052. 

6.1.01.58. 
622307. 
626440. 
622307. 
610158. 
591.280. 
565286. 
418053. 
53738, 

0. 
0. 
0. 
0. 
0. 
0. 
0. 

267667. 
402300. 
423179. 
445828. 
476830. 
517911. 
551956, 
580319, 
I "IT t~t L" 1 1 Z 8385716, 541.1265. 

443974. 
458754. 
463764. 
458754. 
443974, 
4211.50. 
389456. 
235207. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

43604. 
185252. 
214463. 
245881. 
285653. 
335065. 
376126. 
410189. 

0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
.221. 
.894 

1 .000 
1 .000 
1 .000 
1 .000 
1.000 
1 ,000 
1.000 
,307 

0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
0.000 
. 298 

.272 
,263 
.260 
.263 
,272 
.208 
,31.1. 
.437 

1 .000 
0.000 
0,000 
0,000 
0.000 
0.000 
0.000 
0.000 
.837 
.540 
.493 
,448 
.40.1. 
.353 
.31.9 
.293 
, 355 

O J 



(A) (B) (O (D) (E) (F) (G) (H) (I) 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

23 
24 

0. 
0. 
0. 
0. 
0. 
0. 

61473* 
35471.7. 
784300. 
1183028. 
1447234. 
1567391. 
1567391. 
1447234. 
1183028. 
784300. 
354717. 
61473. 

0. 
0. 
0. 
0. 
0. 
0. 

10796286. 

--1.94247. 
-191177. 
-1.89862. 
-191177. 
-194247. 
-199508. 
-206524. 
-215732. 
-226256. 
-238095. 
-249934, 
-261334. 
-270104. 
-276242. 
-277996. 
-275804. 
-269227. 
-260019. 
-249057. 
-237218. 
-225817. 
-215294. 
-206524. 
-1.99508. 

-5520903. 

488000. 
501.973. 
506102. 
502057. 
491.357. 
473448. 
450520. 
4221.03. 
393499. 
364339. 
336478. 
31.2025. 
295085. 
282866. 
278820. 
282866. 
295004. 
31.1394. 
323292. 
342708. 
366101. . 
399690. 
431.652. 
453780. 

93051.62. 

488000, 
50:1.973, 
5061.02. 
502057. 
491.357, 
473448, 
389047. 
67386, 

0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 

249921. , 
323292, 
342708, 
366101. 
399690. 
431652. 
453780. 

598651.5. 

293753, 
310796. 
316240. 
310880. 
297110. 
273940. 
1.82523. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

74235. 
1.05490. 
140284. 
1.84396. 
225128. 
254272. 

2969048. 

0.000 
0.000 
0,000 
0.000 
0.000 
0.000 
. 1.36 
.840 

1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
.197 

0.000 
0.000 
0.000 
0.000 
0.000 
0,000 
.357 

.398 

. 381. 

. 375 

.381 

.395 
,421. 
.531 

1 .000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
1 .000 
.770 
.692 
.61.7 
.539 
.478 
,440 
.504 

Ln 



4 .1 0. -243795. 31.9477, 31.9477. 75682. 0,000 
4 2 0, -238533. 324790. 324790. 86257. 0,000 
4 3 0. -236779. 33581.7. 

342408, 
33581.7. 99038. 

1.03875. 
0,000 
0,000 4 4 0. -238533. 

33581.7. 
342408, 342408. 

99038. 
1.03875. 

0,000 
0,000 

4 5 0. --243795. 331.377. 33.1.377. 87582. 0,000 
4 6 21599. -252564. 31.6694. 

2991.74. 
295095. 4253.1., , 068 

4 7 2318.1.3. -265719, 
31.6694. 
2991.74. 67361. , 0, .775 

4 8 
9 

570221. . -28238.1. , 270633. 0. 0. 1 .000 
1 ,000 4 

8 
9 960725. 

1283703. 
-302551. . 
-325791, 

237908. 
204708. 

0, 0. 
1 .000 
1 ,000 

4 10 
960725. 

1283703. 
-302551. . 
-325791, 

237908. 
204708. 0. 0. 1 .000 

4 .1. .1. 1.490698. -350346. 17441.5. 0, 0. 1 .000 
4 12 1.585223. -374462. 

-395070. 
14769.1.. 0. 0, 1 .000 

4 13 1585223. 
-374462. 
-395070. 1.27368. 0, 0'. 1 .000 

4 14 1490698. -409102. .1.1.51.31. , 0. 0. 1 .000 
4 15 1283703. 

960725. 
-414364. .1.10993, 0. 0. 1 .000 

1 .000 4 16 
1283703. 
960725. -408663. 115131, 0. 0, 

1 .000 
1 .000 

4 17 570221. . -394194. 1.27368, 0. 0. 1 .000 
4 18 231813. 

21599. 
-373146. 
-348592. 

147691. 
1.74415. 

0. 0. 1 , 000 
4 19 

231813. 
21599. 

-373146. 
-348592. 

147691. 
1.74415. 1.5281.6, 0. . 1.24 

4 20 0, -324037. 204712. 204712. 0. 0,000 
4 21 0. -301674, 

-281504. 
237908. 
268956. 

237908, 
268956. 

0. 0.000 
0.000 4 0. 

-301674, 
-281504. 

237908. 
268956. 

237908, 
268956. 0. 

0.000 
0.000 

4 23 0. -265280. 297573. 297573, 32293. 0.000 
4 24 0. 

12287964. 
-252564, 

-7523439. 
311371. 

5543708, 
311371, 

3489662. 
58807. 

586065. 
0.000 
.371 

1 

763 
• 734 
• 705 
697 
736 
. 856 
000 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

000 
000 
000 
000 
.891 
.81.1 
,832 



3 
rr 4 

r~, 

5 6 
5 7 
5 8 
5 9 
5 10 
5 11 
c- 1 2 5 13 
5 14 
5 15 
5 16 
5 17 
5 18 
5 19 
5 20 
5 21 
5 22 
5 23 
5 24 

0. 
0. 
0. 
0, 
0. 

143086. 
411785. 
764073. 

1111904. 
1388025. 
1564323. 
1645540. 
1645540. 
1564323. 
1388025. 
1111904. 
764073. 
411785. 
143086. 

0. 
0. 
0. 
0. 
0. 

14057472. 

--324475. 
-313952. 
-3.1.0444, 
-313952. 
-324475. 
-342891. 
-370954. 
-409102. 
-459089. 
-523545. 
-600718, 
-686660. 
-771725. 
-835304. 
-859859. 
-834427. 
-769532. 
-684467. 
-597210. 
-520476. 
-457773. 
-407786. 
-370077. 
-342891. 

-12431784. 

.1.7802.1. , 

.1.85829. 

.1.9281.2. 
196951. 
.1.89403, 
161.047. 
I. 23930, 
84141, 
57844. 
29558. 

0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 

8292. 
43283. 
80794. 

II. 9030, 
154102. 
183359. 

1988397. 

1.78021. , 
1.85829, 
.1.9281.2. 
1.96951. , 
.1.89403. 
17961, 

0, 
0, 
0, 
0. 
0, 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 

43283. 
80794. 

119030. 
154102. 
.1.83359, 

.1.541.546. 

0. 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 0,000 
0, 
0, 
0 , 1,000 
0, 1.000 

1 .000 

. 888 
1 ,000 

0. 
0, 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0, 0.000 
0. 0.000 
0. 0.000 
0. 1.000 
0. 0,000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 
0. 

0,000 
.225 

1. , 000 
1 ,000 
.1. ,000 
1. . 000 
1 ,000 
.1. , 000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0. 000 
1. . 000 
1 .000 
1 .000 
.1. .000 
1 .000 
1. . 000 

1 
n 



(E) 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
.1.3 
14 
.15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

0. 
0. 
0. 
0. 

25652. 
233661. 
552649. 
939184. 

1295447. 
1575790. 
1755640. 
1838858. 
1838858. 
1755640. 
1575790. 
1295447. 
939184. 
552649. 
233661. 

0. 
0. 
0. 
0. 

16433762. 

--478382. 
-45601.9, 
•449004. 
-4560.1.9. 
-478382. 
-51.9599. 
-584932, 
-683590, 
-832674. 

-1065506. 
-1.434707. 
-2034986. 
-2998765. 
-3367526. 
-3367526. 
-3367526. 
-2990872. 
-2027093. 
-1423306. 
-1058052. 
-829166. 
-680082. 
-582740. 
-5.18722. 

-32685176. 

68527, 
80628. 
81.570, 
74371. , 
55981. 
22997. 

0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 

16982. 
47272. 

448328. 

68527, 
80628, 
8.1.570, 
74371. 
30329, 

0, 
0, 
0. 
0, 
0, 
0, 
0, 
0. 
0, 
0. 
0, 
0. 
0. 
0, 
0. 
0. 
0. 

16982. 
47272. 

399679. 

0. 0.000 
0, 0.000 
0. 
0, 
0. 

0.000 
0,000 
.458 

0. 1,000 
0. 0,000 

0.000 
0.000 
0.000 

0. 0.000 
0. 0,000 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0. 0.000 
0. 0,000 
0. 0.000 
0. .1.09 

0. 
0. 
0. 

0. 
0. 
0. 
0. 
0, 
0. 
0. 
0, 
0. 

1. .000 
1. .000 
1. , 000 
1. . 000 
.1. , 000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0 .000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0. 000 
.1. .000 
1. . 000 
1. . 000 

CO 

CO 



(A) (B) (C) (D) (E) (F) (G) 

0. 0, 0. 
0. 0, 0. 
0. 0. 0. 
0. 0. 0. 
0. 0, 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0, 0. 0. 
0. 0, 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0, 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0, 0. 
0. 0. 0. 
0. 0, 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0, 0. 
0. 0. 0. 

(H) (I) 

7 1 
7 •p 
7 3 
7 4 
7 5 
7 6 
7 7 
7 8 
7 9 
7 10 
7 11 
7 12 
7 13 
7 14 
7 15 
7 .1.6 
7 17 
7 18 
7 19 
7 20 
7 21 
7 22 
7 23 
7 24 

0. 
0. 
0. 
0. 

95. 
191332. 
4899.1.9. 
865119. 

1221547. 
1503218. 
1683409. 
1766570. 
1766570. 
1683409. 
1503218. 
1221547, 
865119. 
489919. 
191332. 

95. 
0. 
0. 
0, 
0. 

1544241.8. 

-83.1358. 
-766025. 
-746293. 
-766025. 
-831358. 
-962902. 

-1209328. 
-1724103. 
-3126362. 
-3367526. 
-3367526, 
-3367526. 
-3367526. 
-3367526, 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3112770. 
-1712703. 
-1207135. 
-962464. 

-55001612. 

0.000 
0.000 

0.000 
0.000 
0.000 
0,000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
A ftftft 

0 .000 
0,000 
0.000 
0. 000 
0.000 
0.000 
0.000 
0,000 
0.000 
0 ,000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 



8 1 0. 
8 2 0. 
8 3 0, 
8 4 0. 
8 5 0. 
8 6 74358. 
8 7 336418. 
8 8 734416. 
8 9 1165316. 
8 10 1513772. 
8 11 1735815. 
8 12 1837138. 

1837138. 
1735815. 

8 
8 

13 
14 

1837138. 
1837138. 
1735815. 

8 15 1513772. 
1165316. 
734416. 
336418. 
74358. 

8 16 
1513772. 
1165316. 
734416. 
336418. 
74358. 

8 17 

1513772. 
1165316. 
734416. 
336418. 
74358. 

8 18 

1513772. 
1165316. 
734416. 
336418. 
74358. 8 19 

1513772. 
1165316. 
734416. 
336418. 
74358. 

8 20 0. 
8 21 0. 
8 22 0. 
8 23 0. 
8 24 0. 

14794466. 

-932647, 
-857667. 
-833989. 
-857667. 
-932647. 

- .1.087430. 
-1381650. 
-2013939. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-1999907. 
• 1375512. 
-1084361. 

-57135254. 

0. 0. 0, 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0, . 0. 0. 
0. 0. 0. 
0, 0. 0. 
O f 0, 0, 
0. 0. 0.. 
0. 0. 0. 
0. 0* O f 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0, 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0. 0. 
0. 0, 0. 
0. 0. 0. 
0. 0. 0. 

0.000 
0.000 
A AAA 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
0.000 
0.000 
A AAA 

0.000 
0. 000 
0,000 
0. 000 
0.000 
0.000 
0. 000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

o 
o 



(E) 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

3 
4 
5 
6 
7 
8 
9 

.to­
i l 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

0 . 
0. 
0. 
0, 
0. 
0. 

124404* 
447666. 
879605. 
1259113. 
1506043. 
1618221. 
1618221. 
1506043. 
1259113. 
879605. 
447666. 
124404, 

0. 
0. 
0. 
0. 
0. 
0. 

11670104. 

-574847. 
-546346. 
-537576. 
-546346. 
-574847, 
-626149. 
-709022. 
-837935. 

-1038759. 
-.1363234. 
-1919227. 
-2945270. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-3367526. 
-2931677. 
-1910457. 
- 1357973. 
-1035690. 
-836620. 
-708584. 
-626149. 

-38464338. 

.1.081. . 
19046. 
32261. . 
29685. 
2278.1. . 
2365. 

0. 
0. 
0. 
0, 
0. 
0, 
0. 
0, 
0. 
0. 
0, 
0. 
0, 
0. 
0. 
0. 
0. 
0. 

1.07219. 

1.081. , 
1.9046. 
32261. . 
29685, 
22781. . 
2365, 

0, 
0. 

• 0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0, 

107219. 

0. 
0. 

0.000 
0.000 

0. 0.000 
0. 0.000 
0, 0,000 

0.000 
0,000 
0.000 
0.000 

0. 0.000 
0. 0.000 
0. 0,000 
0. 0.000 
0. 0.000 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0. 0.000 
0. 0.000 

0.000 
0.000 

0. 
0. 
0. 
0, 

0. 
0. 
0. 
0. 
0. 
0. 
0. 

0. 
0. 

.1. . 000 
1. ,000 
.1. . 000 
.1. .000 
:l.. ooo 
1 .000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0. 000 
1. . 000 

it* 
o 



(A) (B) (C) 

10 1 0. 
10 2 0. 
10 3 0. 
.1.0 4 0. 
10 0. 
10 6 0. 
1.0 7 0. 
1.0 
10 

8 
9 

18771.2. 
5471.1.8. 
91.5919. 10 10 

18771.2. 
5471.1.8. 
91.5919. 

10 11 1170170. 
10 12 1286299, 

1286299. 1.0 13 
1286299, 
1286299. 

10 14 1170170, 
1.0 15 915919. 
10 16 54711.8. 

187712» 10 17 
54711.8. 
187712» 

10 18 0, 
10 19 0. 
1.0 20 0. 
10 21 0. 
10 22 0. 
1.0 23 0. 
.10 24 0. 

(E) 

8214436. 

-350784. 
-340699. 
-337191 . 
- 340699. 
-350784. 
-368762. 
-395070. 
-431.026. 
-477505. 
-534507. 
-601156. 
-672628. 
-739277. 
-788387. 
-805926. 
-787072. 
-737085. 
-669997. 
-598964. 
-533192. 
-476628. 
-430587. 
-395070. 
-368762. 

-12531.758. 

1.374.1.8. 
140699, 
156661. , 
1.65589. 
1.51.834, 
134682. 
120622. 
97032. 
67674. 
35286. 
5005. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 

5005. 
35286. 
67757. 
97119. 
126366. 
140153. 

1.684189, 

1.3741.8, 
1.40699, 
1.56661. , 
165589, 
151.834. 
1.34682. 
1.20622, 

0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

5005. 
35286. 
67757, 
97119. 
1.26366, 
140153. 

.1.4791.92, 

0. 0.000 
0. 0.000 
0, 0,000 
0, 0.000 
0. 0.000 
0. 0.000 
0,. 0.000 
0. 1.000 
0. 1. . 000 
0. 1.000 
0. 1.000 
0. 0.000 
0 . 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0. 0.000 
0 . 0,000 
0. .122 

1. 
000 
000 

1 .000 
1 ,000 
1. . 000 
1. , 000 
.1. .000 
0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
0,000 
0,000 
0.000 
0.000 
0. 000 
1 .000 
1 .000 
1 .000 
1. . 000 
1 .000 
1. . 000 
1 .000 



(A) (B) (C) 

.1.1 1 0. 
11 2 0. 
11 3 0. 
1.1 4 0. 
1.1 5 0, 
11 6 0. 
1.1 7 0. 
1.1 8 27142. 

9 
10 
11 

238429. 
523213. 
727777, 

12 
13 
14 

820894. 
820894. 
727777, 

ii 
15 
.1.6 
17 

523213. 
238429. 
27142. 

11 18 0. 
1.1 19 0. 
11 20 0. 
1.1 21 0. 
11 9 9 

A- A.. 
0. 

1.1 23 0. 

(D) (E) (F) (G) (H) (I) 

1.1 24 0. 
4674910, 

-257388. 
-252564. 
-2508.1.1 . 
-252564. 
-257388. 
-266157. 
-278435. 
-293782, 
-312198. 
-333245. 
-355607. 
-376654. 
-395070. 
-406909. 
-411294. 
-406471. 
-394194. 
-375777. 
-354730, 
-332806, 
-3.1.1759. 
-293782, 
-277996. 
-266157. 

-77.1.3738. 

292044. 
296693. 
297826. 
305327, 
301758, 
279229. 
250123. 
219582. 
201239. 
.1.81245. 
.1.57150. 
1.42046. 
1.27355. 
.1.1.8972. 
I.1.4927. 
II. 8972, 
127355. 
145959, 
1.68089. 
1.94966, 
221799. 
250305, 
2771.05. 
299868, 

5089932, 

292044. 
296693, 
297826. 
305327. 
301758, 
279229, 
250.1.23, 
1.92440, 

0, 
0, 
0, 
0, 
0. 
0. 
0. 
0. 

1.00213. 
1.45959. 
168089, 
194966. 
221.799. 
250305, 
2771.05, 
299868. 

3873742, 

34656. 
44.1.29, 
470.1.5. 
52763. 
44370. 
13072. 

0. 
0, 
0, 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0, 
0, 

33711. . 
2697.1.4. 

0.000 
0,000 
0,000 
0.000 
0.000 
0.000 
0. 000 
. 124 

.1 .000 
1 .000 
.1 .000 
1 .000 
.1 .000 
1 .000 
1 .000 
1. . 000 
.2.1.3 

0.000 
0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
,239 

,88.1. 
,851. 
.842 
,827 
. 853 
.953 

1. , 000 
1. . 000 
0.000 
0.000 
0 .000 
0.000 
0,000 
0.000 
0.000 
0. 000 
1 .000 
1. , 000 
.1. .000 
1. .000 
1. , 000 
.1. . 000 
.1. .000 
. 888 
. 930 

o 
oo 



12 1 0, 
1.2 2 0. 
1.2 3 0, 
1.2 4 0. 
1.2 r r 

vJ 0. 
12 6 0. 
1.2 7 0. 
1.2 8 0. 
12 9 131680. 
12 
12 

10 
1.1 

406353. 
604266 . 
692433. 12 12 

406353. 
604266 . 
692433. 

12 13 692433. 
604266. 1.2 14 
692433. 
604266. 

12 15 406353. 
12 16 13.1680. 
12 17 0. 
12 18 0. 
12 19 0. 
12 20 0. 
12 21 0. 
12 22 0. 
12 23 0. 
12 24 0. 

51.5608, 
524626. 
528671. . 
522944. 
510736, 
483665. 
453780. 
419835, 
388899. 
370906, 
351.937. 
324614. 
308189, 
298792. 
302858. 
311563. 
323526. 
34214.1.. 
364260. 
390984. 
419490. 
446477. 
474878. 

3669464. 

-188546. 
-.1.8591.6, 
-1.84600. 
-1.85916, 
-1.88546. 
-1.92931 . 
-199508, 
-207401. 
-217048, 
-227133. 
-237656. 
-247303. 
-255195. 
-260019. 
-261773. 
-2600.19. 
-254757. 
-246864. 
-237218. 
-227133. 
-217048. 
-207401• 
-199508. 
-.1.92931. . 

-5282370. 9877018. 7656361. 

5:1.5608, 
524626. 
528671. . 
522944. 
51.0736, 
483665. 
453780. 
41.9835, 
257219. 

0. 
0. 
0, 
0. 
0, 
0. 

1.79883. 
323526. 
342141. 
364260. 
390984. 
419490. 
446477. 
474878. 
A a -J i. A i\ 497640. 497640. 

327062, 
338710. 
344071. , 
337028. 
322190. 
290734. 
254272. 
212434. 
40171. . 

0. 
0. 
0. 
0, 
0. 
0. 
0. 

68769. 
95277. 
127042. 
163851. 
202442. 
239076. 
275370. 
304709. 

3943207. 

0.000 
0.000 
0,000 
0.000 
0.000 
0,000 
0,000 
0. 000 
. 339 

1 .000 
1 ,000 
1 .000 
1 ,000 
1. .000 
1 .000 
.423 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
.225 

, 366 
, 354 
,349 
.356 
,369 
. 399 
,440 
.494 
.844 

0.000 
0.000 
0.000 
0,000 
0,000 
0. 000 
1. . 000 
. 787 
.722 
.651. 
.581. 
.51.7 
. 465 
.420 
. 388 
.485 



FOR A 

SOLAR-SHED GREENHOUSE 

VANCOUVER, B.C. 

(CASE STUDY IV) 

MINIMUM INSIDE TEMPERATURE: 15°C. 

(A) : MONTH OF THE YEAR 

(B) : HOUR FROM MIDNIGHT 

(C) : PASSIVE SOLAR RADIATION INPUT 

(D) : INFILTRATION HEAT LOSS 

(E) : TRANSMISSION HEAT LOSS 

(F) : TOTAL HEAT LOSS 

(G) : SUPPLEMENTAL HEAT REQUIREMENT 

(H) : FRACTION OF THE TOTAL HEAT LOSS 
SUPPLIED BY PASSIVE SOLAR 

(I) : SOLAR RADIATION CAPTURED BY THE 
INTEGRAL SOLAR COLLECTOR 

KJ 

KJ 

KJ 

KJ 

KJ 

KJ 
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(C) (D) (E) (F) (G) (H) (I) 
PASSIVE INF IL T TRANS MT N TOTAL 5UPLPENTL FRACTN SGLAR 

SOLAR -RATION LOSSES LOSSES HEAT REQD LOAD COLECTEC 

2 1 0. 115171. 583098. 69 85 71. -698571 . 
-711337. 
-715975. 

C.000 
0.000 

0. 
I 2 0. 1 1 7886. 593151. 7 113 3 7. 

-698571 . 
-711337. 
-715975. 

C.000 
0.000 0. 

I 3 0. 118 707. 597267. 7159 75. 

-698571 . 
-711337. 
-715975. C.000 0. 

I c. 11 7882 . 593151. 711332. -711332. C.000 0. 
I 5 0. 115165. 583097. 

561339. 
698561. -698561. 

-675960. 
0.000 
C.000 

0. 
2 6 0. 111622. 

583097. 
561339. 675960. 

-698561. 
-675960. 

0.000 
C.000 0. 

2 7 0. 106611. 5108/3 . 617187. -617187. 0.000 0. 
2 8 81568. 100 781. 513522. 611306. 

571175. 
-529 737. 
-127302. 

.138 

.778 
0. 

2 117173. 91 52 7. 179918. 
611306. 
571175. 

-529 737. 
-127302. 

.138 

.778 911C1. 
2 10 8 5 3/18. 88272. 117165 . 535137. 0. 1.000 357 121. 
2 11 112769C. 82113. 111702 . 197115. 

168605. 
0. 1.000 527658. 

2 12 1213156. 77138. 391166. 
197115. 
168605. 0. 1.000 600732. 

2 I 3 1213156. 73 599. 372551. 116119. 0. 1.000 603085. 
2 11 1127690. 71186. 362775. 

362560. 
133961. 0. 1.000 531117. 

2 15 853718. 70365. 
362775. 
362560. 132925. 0. 1.000 367651. 

2 16 11717 3. 71191. 3 717/0. 112961. 0. l.COO 101191. 
2 1 7 81568. 73608. 390190.^ 163797. 

186168. " 
-379229. . 182 

C.000 
0. 

2 18 0. 77451. 109017. 
131692. 
156161. 

163797. 
186168. " -186168. 

. 182 
C.000 0. 

2 19 0. 82458. 
109017. 
131692. 
156161. 

511150. -511150. c.coo 
0.000 
0.000 

0. 
2 20 0. 88289. 

109017. 
131692. 
156161. 511150. 

582630. 
,-511150. 
-582630. 

c.coo 
0.000 
0.000 

0. 
2 21 0. 91515. 188085. 

511150. 
582630. 

,-511150. 
-582630. 

c.coo 
0.000 
0.000 0. 

2 22 0. 100 801. 517196. 617997. -617997. C.000 0. 
2 2 3 0. 106630. 510875. 617501. -617501. 0.000 0. 
2 21 0. 111631. 561310. 675971. -675971. 0.000 0. 

tat ssit 3 3 3 = 1 S 3 £ ! :a3ss3==2Esss = = = r; xa==xaaxaas^axxxxaxaxxx:xaxazaxi?:ax-=axxst.axaaaa-s* 

TOTAL 
OF 

DAY 
7513270. 2263871 11569289, 13838160. -9961668. .280 3185962. 



(C) 
PASSIVE 

SOLAR 

(D) 
INF ILT 

-RATION 

(E) 
TRANSMTN 
LOSSES 

(F) 
TOTAL 

LOSSES 

(G) 
SUPLMENTL 
HEAT RE OD 

•(H) . 
FRACTN 
LOAD 

(I) 
SOLAR 

COLECTEC 

1 0. 111934. 568901. 680e 34. -680834. 0.000 0. 
2 0. 114516. 

115 39-?. 
5 79270. 693766. -693 786 . 0.000 0. 

3 o. 
114516. 
115 39-?. 583091. 698486. -6 9 8 486. 0.000 0. 

4 114511. 5 79269 . 693780. -693 780. C.COO 0. 
5 c. 111924. 568900. 680824. -680824. C.OOC 0. 
b 0. 10781 I. 550048 . 65 7659. -65 7859. 0.000 0. 
/ 4 8 3 7 5. 102451. 521947. 624398. -576023. .077 0. 
8 346465 . 96210. 489094. 585304. 

541251. 
-238839. .592 0. 

9 795621 . 89 513. 451738. 
585304. 
541251. 0. 1.000 185372. 

10 1195055. 82 818. 415313. 498130. 0. 1.000 397361. 
53 4 736. 11 1446002 . 76579. 382602. 

354926. 
459180. 
426148. 

0. 1.000 
l.COO 

397361. 
53 4 736. 

12 1552154 . illll. 
382602. 
354926. 

459180. 
426148. 0. 

1.000 
l.COO 598698. 

13 1552154. 6 7112. 
64530. 

335933. 4C3C45. 0. l.COO 601071. 
14 1446002. 

1195055. 

6 7112. 
64530. 326142. 3906 72. 0 . l.COO 541839. 

15 
1446002. 
1195055. 63651. 325344. 

334417. 
388995. 
398952. 

0. 1.000 408566. 
l b 79562 I. 64535. 

325344. 
334417. 

388995. 
398952. 0. 1.000 200036. 

17 346465. 6 7 12 2. 352780. 419902. -7 343 7. .825 0. 
18 483 75. 

0. 
712 35. 379909. 451145. -402770. 

-480932 . 
-515422. 

. 107 0. 
19 

483 75. 
0. 76595. 404337. ! 480932. 

-402770. 
-480932 . 
-515422. 

C.OOC 0. 
20 0 . 82836. 432586. 515422. 

-402770. 
-480932 . 
-515422. O.OOC 0. 

2 1 0. 89533. 465410. 554943. -554943. C.000 0. 
22 0. 9622 8. 493770. 589998. -589998. C.000 0. 
23 0. 102467. 522880. 625347. 

657943. 
-625347. 
-657943. 

O.COO 0. 
24 0 . 107824. 550119. 

625347. 
657943. 

-625347. 
-657943. C.000 0. 

: C 3 3 3 X S 3 = 3 Z X X S 2 S ; K 3 = 3 3 a X X S 3 3 S a S 3 3 3 ^ 

TOTAL 
OF 10767346. 2148552. 
DAY 

10968725. 13117277. -8821223. .328 3467679. 

x = s 3*«aesx ;»*3*«=*.xaaxssss33sxs3s 

o 
00 



(A) (B) (C) (D) (E) (F) (G) (H) (I) 
MONTH HOUR PASSIVE INFILT TRANSMTN TOTAL SUPLKENTL FRACTN SOLAR 

SOLAR -RATION LOSSES LOSSES HEAT RF.OO LOAD COLECTEO 

4 I 0. 8 7 313. 4 514 71. 5 3 8 7 8 3. -538783. 
-55 5944. 4 1 

<L 0. 90324. 465620. 555944. 
-538783. 
-55 5944. 

4 3 0 . 91349. 47C316. 561665. -561665.. 
4 4 0. 9 0 3 i e . 465620. 555938. -5 55938. 
4 5 0. 87302. 

82505. 
451470. 538771. 

514201. 
-538771. 

4 fa 29501. 
87302. 
82505. 43 1696. 

538771. 
514201. -484700. 

4 7 211866. " 76255. 399420. 4 756 75. -263809. 
4 8 5 4 3 3 2 3. 68978. 

61169. 
358056. 427033. 0. 

4 913370. 
68978. 
61169. 316138. 

2 74221 . 
3 77307. 
327582. 

0 . 
4 10 1204 3 76. 53361. 

316138. 
2 74221 . 

3 77307. 
327582. 0. 

11 1381945. 4608?) . 23 7097. 283182. 0. 

4 
12 1458017. 39839. 205174. 245013. 0. 

4 13 1458017. 3 5 04 7. 181869. 216917. 0. 
14 1381945. 32036. 17 1321 . 

170735. 
2G325 7. 
201746. 

0. 
4 15 1204376. 31011. 

17 1321 . 
170735. 

2G325 7. 
201746. 0. 

«) 16 913370. 32042. 17 9821. 211663. 0. 
4 17 543323. 35058. 202179. 237237. 

270C13. 
0. 

4 18 211866. 39855. 230158. 
237237. 
270C13. -58147. 

19 29501. 46105. 262364. 308469. -278968. 
20 0. 5 3 382. 296170 . 349553. -349553. 

-394097. 
-439502. 

21 0. 61191. 3329C6. 394097. 
439502. 

-349553. 
-394097. 
-439502. 22 0. 68999. 3 70502. 

394097. 
439502. 

-349553. 
-394097. 
-439502. 

4 23 0. 76274. 403447. 479722. -479722. 
4 24 0. 82521. 431697. 514218. -514218. 

0.000 
c.ooc 
C.000 
c.ooc 
0. COO 
.057 
.445 

l.OCO 
1. COO 
1.000 
1.000 
1.000 
1.000 
1.000 
l.OOC 
1.000 
1.000 
.785 
.096 

0.000 
C.000 
C.000 
0.000 
0.000 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

135722. 
273138. 
365311. 
411107. 
414178. 
373885. 
286554. 
1533C4. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

= xl a: = 25 =r *, sc : 

TOTAL 
OF 

DAY 

: t t I X S ! = r 3 2 a t 2 2 £ = Z 2 S 3 t 3 5 X 2 = rZtt35X22Sta3 33323S2= = aa3a2I2 

11484797. 1468321. 7759467. 1227788. -6C13817. .348 2413198. 

: S £ : 3 2 X 2 S 2 £ 2 3 2 3 Z 3 r : . = XXZSZ33StISZ2'SSXZS32EaXSS 

O 



(A) (B) (C) (D) (E) (F) (G) (H) (I) 
MONTH HOUR PASSIVE INFILT ' TRANSPTN TOTAL SUPLfENTL FRACTN SOLAR 

SOLAR -RATION LOSSES LOSSES HEAT REQD LOAD CCLECTEC 

5 L 0. 5 8 28 0. 318835. 
332993. 

3 7 7 115. -377115. 
-394378. 

C.COO 0. 
5 0. 6 13 8 5. 

318835. 
332993. 394 3 78. 

-377115. 
-394378. O.COC 0. 

5 3 0 . 62442. 337691. 
332992. 

400133. -4C0133 . C.000 
O.OOC 

0. 
5 4 0. o 1 3 79. 

337691. 
332992. 394372. -394372 . 

C.000 
O.OOC 0. 

5 5 5 4 3 6. 5 8 269. 318834. 377102. -371667. .014 0. 
5 '.7 1 32 139. 5,3 32 2 . 295021. 34 8 34 3. -216204 . 

0. 
.379 

l.COC 
1.000 

0 . 
5 7 352422. 46 8 78. 258405. 305282. 

-216204 . 
0. 

.379 
l.COC 
1.000 

0. 
5 a 708120. 39 3 74. 

31322. 
217162. 256536. 0. 

.379 
l.COC 
1.000 0. 

5 9 1021696. 
39 3 74. 
31322. 175012. 206333. 0. l.COO 1199CI. 

5 10 1256945 . 23270. 129541. 
92397. 
59668. 
40531. 

152612. 0. 1.000 
1.000 
1.000 

231258. 
306943. 
345762. 

5 u 13995L8. 15 768. 
129541. 
92397. 
59668. 
40531. 

108165. 
68995. 

0 . 
1.000 
1.000 
1.000 

231258. 
306943. 
345762. 5 1 2 1461197. 9 32 7. 

129541. 
92397. 
59668. 
40531. 

108165. 
68995. 0. 

1.000 
1.000 
1.000 

231258. 
306943. 
345762. 

5 l j 14 6119 7. 4 3 8 6. 

129541. 
92397. 
59668. 
40531. 44916. 0. 1.000 348298. 

5 14 1399518. 1281. 26159. 27440. 
26006. 

0. 1.000 3158CI. 
5 15 1256945. 224. 25782. 

34801. 

27440. 
26006. 0. l.COO 245120. 

5 16 1021696. 1287. 
25782. 
34801. 36088. 0 . l.COO 138685. 

5 1 7 708 120. 4397. 56954. 61351. 0. l.COO 12927. 
5 18 352422. 9344. 88761. 98104. 

140445. 
185802* 

0. 1.000 0. 
5 19 132139. 15788. 124657. 

98104. 
140445. 
185802* 

-8306. .941 0. 
5 20 5436. 23293. 162510. 

98104. 
140445. 
185802* -180367. .029 

0.000 
0. 

5 21 0. 31345. 196455. 227800. -227800. 
.029 

0.000 0. 
5 22 0.. 39396. 234073. 273469. -273469. 

-314006. 
-353248. 

0.000 0. 
5 23 0. 46898. 267108. 314C06. 

-273469. 
-314006. 
-353248. 

0.000 0. 
5 24 0. 53339. 299909. 3 5 3248.' 

-273469. 
-314006. 
-353248. 0.000 0. 

5178243. -3511064. .322 2064695. 
TOTAL 

OF 12674944. 751993. 4426250. 
0 A Y 

O 



(A) (B) (C) (D) (E) ' (F) (G) (H) (I) 
MONTH HOUR PASSIVE INFILT TRANSMTN TOTAL SUPLMENTL FRACTN SOLAR 

SULAR -RATION LOSSES LOSSES HEAT REQC LOAD COLE CTED 

6 I 0. 34 930. 2 15190. 250120. -250120. 
-266400. 

0.000 
c.ooc 

0. 
b 2 0. i79ll. 228477. 2664C0. 

-250120. 
-266400. 

0.000 
c.ooc 0. 

b 3 0. 3894 3. 233172. 2 72 114. -272114. C.000 0. 
b 4 0. 37 918. 

3 4 919. 
30151. 

2 28476. 266394. -266394. 0.000 0. 
b 5 5696o. 

37 918. 
3 4 919. 
30151. 

214186. 249105 . 
216867. 
178592. 
130140. 
80464. 

-192139. .229 0. 
b 6 186035. 

37 918. 
3 4 919. 
30151. 186716. 

249105 . 
216867. 
178592. 
130140. 
80464. 

-30831. .858 0. 
b 7 454220. 2 3 938. 154655. 

249105 . 
216867. 
178592. 
130140. 
80464. 

0. 1.000 o. 
b 8 869294. 16704. 113436. 

249105 . 
216867. 
178592. 
130140. 
80464. 

0. 1.000 
l.COC 

20C8. 
b 9 1187575. 894 1 . 71523. 

249105 . 
216867. 
178592. 
130140. 
80464. 0 . 

1.000 
l.COC 135896. 

b 10 1423,689. 1 180. 30329. 3 1509. 0. 1.000 25C949. 
329937. 
37C7C7. 
3733CO. 
338991. 

b 11 1566934. 0. 0. ' 0. 0. 0.000 
25C949. 
329937. 
37C7C7. 
3733CO. 
338991. 

6 12 1628982. 0. 0. 0. 0. C.000 

25C949. 
329937. 
37C7C7. 
3733CO. 
338991. 

6 13 1628982. 0. 0. 0. 0. 0.000 

25C949. 
329937. 
37C7C7. 
3733CO. 
338991. b 14 1566934. 0. 0. 0. 0. C.000 

25C949. 
329937. 
37C7C7. 
3733CO. 
338991. 

b 15 1423689. 0. 0. 0. 0. C.000 265118. 
b lb 1187575. 0. 0. 0. 0. 0.000 154466. 
b 17 8b9294. 0. 0. 0. 0. C.000 22987. 
6 18 454220. 0. 0. 0. 0. C.COO 0. 
6 19 186035. 0. 22007. 220C7. 0. 1.000 0. 
6 20 56966. 1201. 58905. 60106. -3140. ,94e 0. 
b 21 0. 896 3. 96639. 105602. -1C5602. 0.000 0. 
b 22 0. 16725. 130559. 

163500. 
1472C4. -147284. 0.000 0. 

6 2 3 0. 23957. 
130559. 
163500. 187457. -187457. 0.000 0. 

6 2 4 0. 30166. ' 191746. 221913. -22 1913 . 0.000 0. 

3== = = =3=3 = =:ff = .« = a*=3 = = = = == 3-==3==33=, = =3 = = = 3= = == 3= 3 = 3 = X= == = = 33== = 33S3 = 3 = = = t5==X3 3= =S3 

TOTAL 
OF 14747389. 346559. 2339516. 2686C75. -1943394. .276 2244358. 

DAY 
= 3 = 333=3 = ==:= = = = = = = = = == 33 = 3 33=:s=.s{3 3 = = 3 = 3 = = = = = 33 = 3 = = == == 3=3=3 = == =3*3n = 3= 33;33:» = = = = 33 



(A) (B) 
MONTH H O U R 

(C) 
P A S S i v e 

S U L AR 

( D ) 

I N F I L T 
O A T I n Kl 

(E). 
T R A N S M T N 

L U S S E S 

(F) 
TCTAL 

(G) (H) 
S U P L M E N T L F R A C T N 

H F A T c c r n i I n A r - R A T I O N L U S S E S L O S S E S H E A T R E Q O L O A D 

(I) 
S O L A R 

C C L E C T E C 

T O T A L 

OF 

D A Y 

1 0. 1 9 4 9 . 144687. 164 178. 
185356. 

-164178. 
-185356. 2 0. 22 883. 162473. 

164 178. 
185356. 

-164178. 
-185356. 

3 0. 2 4 0 3 7. 167250. 19128 7. -1912 8 7. 
4 0. 22876. 162473. 18 5 3 4 9. -18 5 349. 
5 3264*. 19479. 144 332. 163611. -131168. 
b 162122. l««077. 116086. 130163. 0. 
7 410166. 70 39. 79206. 86245. 0. 
8 802466. 

1122946. 
C . 3 32 98. 33298. 0. 

9 
802466. 

1122946. 0. 0. 0. 0. 
10 1361663. 0. 0 . 0. 

0. 
n 

11 1506306. 
1568873. 

0. 0. 
0. 
0. u . 

0. 12 
1506306. 
1568873. 0. 0. 0. 0. 

I 3 1568873. 0. 0. 0. 0. 
14 1506306. 

1361663. 
0. 0. 0.. 0. 

15 
1506306. 
1361663. 0. 0. 0. 0. 

16 , 1122946. 0. 0. 0. 0 . 
17 802466. 0. 0. 0. 0. 
18 410166. 0. 0. 0. 0. 
19 162 122. 0. 0. 0. 0. 
10 32644. 0. 0. 0. 0. 
Z I 0. 0. 11947. 11947. -11947. 
ZZ Q. 0. 50492 . 50492. -50492. 
23 0. 7061. 88193 . 

120185 . 
95254. -95254. 

-134281. 24 0. 14095. 
88193 . 

120185 . 134281. 
-95254. 

-134281. 

= = = r r s s r t t s s s s i a a a s a 3 x 3 3 3 3 ; 1 
S 3 3 X 3 S 3 3 3 3 3 trsacitiraasaaaiiasa: 

13934370. 151038. 1280622. 1431660. -1149310. 

s = a i = = 3. = = = = = = = = 3 3 S = 3 3 3 3 3 c : 

0.000 
0.000 
0.000 
0. COO 
.199 

1. COO 
1.000 
1.000 
C.COC 
C.000 
C.000 
0.000 
C.000 
C.000 
0.000 
C.COO 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0. 
0. 
0 . 
0. 
0. 
0. 
0. 

15621. 
149784. 
264953. 
344131. 
384605. 
387918. 
354050. 
28C750. 
170052. 
39612. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 

.197 2391476. 

13 3 3 3 3 

F R A C T I O N S U P P L I E D eY S O L A R 2 . C 8 1 

I—1 
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A) ( B ) (C) ( D ) ( E ) . (F) (G) (H) ( I ) 
U H H U U R P A S S I V E 

S O L A R 

I N F I L T 

- R A T I O N 

T R A N S M T N 

L O S S E S 
T O T A L 

L O S S E S 
S U P L 1 E N T L F R A C T N S O L A R P A S S I V E 

S O L A R 

I N F I L T 

- R A T I O N 

T R A N S M T N 

L O S S E S 
T O T A L 

L O S S E S H E A T R E QO L O A D C O L E C T E O 

8 I 0 . 1 0 9 2 1 . 1 1 4 3 6 8 . 1 2 5 2 8 9 . - 1 2 5 2 8 9 . 

- 1 3 8 5 5 3 . 

0 . 0 0 0 

0 . 0 0 0 

O . O O C 

0 . 
8 2 0. 1 3 7 2 7 . 1 2 4 8 2 7 . 

1 2 9 5 1 6 . 

1 3 8 5 5 3 . 

- 1 2 5 2 8 9 . 

- 1 3 8 5 5 3 . 

0 . 0 0 0 

0 . 0 0 0 

O . O O C 

0 . 
8 3 0 . l « « 6 8 2 . 

1 2 4 8 2 7 . 

1 2 9 5 1 6 . 1 4 « . 1 9 7 . - 1 4 4 1 9 7 . 

0 . 0 0 0 

0 . 0 0 0 

O . O O C 0 . 
8 t 0. 1 3 7 2 1 . 1 2 4 8 2 6 . 1 3 8 5 4 7". - 1 3 3 5 4 7 . 

- 1 2 5 2 7 8 . 

- 1 8 4 3 3 . 

G . C O O 0 . 
8 5 0 . 1 0 9 1 1 . 1 1 4 3 6 7 . 1 2 5 2 7 8 . 

- 1 3 3 5 4 7 . 

- 1 2 5 2 7 8 . 

- 1 8 4 3 3 . 

O . C O O 0 . 
8 h 7 9 5 3 6 . 6 4 4 1 . 9 1 5 2 7 . 

5 9 2 1 8 . 

1 8 1 8 1 . 

9 7 9 6 9 . 

5 9 6 3 5 . 

1 8 1 8 1 . 

- 1 3 3 5 4 7 . 

- 1 2 5 2 7 8 . 

- 1 8 4 3 3 . . 8 1 2 0 . 
8 7 3 0 2 9 3 8 . 6 1 8 . 

9 1 5 2 7 . 

5 9 2 1 8 . 

1 8 1 8 1 . 

9 7 9 6 9 . 

5 9 6 3 5 . 

1 8 1 8 1 . 

0 . 1 . 0 0 0 0 . 
8 8 7 0 6 6 9 1 . 

1 1 1 2 0 8 1 . 

1 4 2 1 9 7 5 . 

0. 

9 1 5 2 7 . 

5 9 2 1 8 . 

1 8 1 8 1 . 

9 7 9 6 9 . 

5 9 6 3 5 . 

1 8 1 8 1 . 0 . 1 . 0 0 0 

0 . 0 0 0 

3 7 5 6 8 . 
8 9 

7 0 6 6 9 1 . 

1 1 1 2 0 8 1 . 

1 4 2 1 9 7 5 . 

0 . 0 . 0 . 0 . 

1 . 0 0 0 

0 . 0 0 0 2 0 6 7 4 2 . 
8 1 0 

7 0 6 6 9 1 . 

1 1 1 2 0 8 1 . 

1 4 2 1 9 7 5 . 0 . 0 . 0 . 0 . 0 . 0 0 0 3 5 3 6 2 6 . 
8 1 1 1 6 0 9 5 7 4 . 0 . 0 . 0 . 0 . o.cco 4 5 3 0 4 5 . 
8 12 1 6 8 9 6 8 0 . 0 . 0 . 0 . 0 . 0 . 0 0 0 

O . O O C 
5 0 2 4 1 5 . 

8 1 3 1 6 8 9 6 8 0 . 0 . 0 . 0 . 0 . 
0 . 0 0 0 

O . O O C 5 0 5 0 5 8 . 
8 1 4 1 6 0 9 5 7 4 . 0 . 0 . 0 . 0 . 0 . 0 0 0 

O . O O C 

4 6 C 9 6 0 . 
8 1 5 1 4 2 1 9 7 5 . 0 . 0 . 0 . 0 . 

0 . 0 0 0 

O . O O C 3 6 6 7 6 3 . 
8 1 6 1 1 1 2 0 8 1 . 0 . 0 . 0 . 0 . O . C O O 2 2 3 7 1 4 . 
8 1 7 7 0 6 6 9 1 . 0 . 0 . 0 . 0 . 0 . 0 0 0 

c.coc 
5 7 0 1 1 . 

8 1 8 3 0 2 9 3 8 . 

7 9 5 3 6 . 

0 . 0 . 0 . 0 . 

0 . 0 0 0 

c.coc 0 . 
3 1 9 

3 0 2 9 3 8 . 

7 9 5 3 6 . 0 . 0 . 0 . 0 . C . 0 0 0 0 . 
8 2 0 0 . 0 . 0 . 0 . 0 . C . C O C 0 . 
8 2 I 0 . 0 . 6 0 3 1 . 6 C 3 1 . - 6 0 3 1 . O . O O C 0 . 
8 2 2 0 . 0 . 3 8 9 7 6 . 3 8 9 7 6 . - 3 8 9 7 6 . 0 . 0 0 0 

C . C O O 

0 . 
8 2 3 0 . 6 3 6 . 6 7 3 4 3 . 6 7 W 9 . - 6 7 9 7 9 . 

0 . 0 0 0 

C . C O O 0 . 
8 2 4 0 . 6 4 5 6 . 9 5 4 8 5 . 1 0 1 9 4 1 . - 1 0 1 9 4 1 . C . 0 0 0 0 . 

. s a = = ===XXX=X = = CX:X:==.*.= =XXn = = X XXXXXXIiXiXXXXXXXXXXXXXX = "X 3 X =, X 3 3 3 3 X 3 axsxsxsx 3333 3X33 

O T A L 
O F 1 3 8 4 4 9 5 0 . 7 8 1 1 1 . 9 8 4 6 6 6 . J L 0 6 2 7 7 7 . - 9 0 5 2 2 5 . . 1 4 8 3 1 6 6 9 C 2 . 

D A Y 

7 8 1 1 1 . J L 0 6 2 7 7 7 . 

: X X s x x = = = x : x x = = = = x x . x x = X X X X X X X X X X X X 3 = . X 3 S t = 3 C 3 X r XXXCXXX3X3X3XX X X 

F R A C T I O N S U P P L I E D B Y S O L A R 3 . 4 9 e 



TABLE 
(A) (B) (C) (D) (E) 

MONTH HOUR PASSIVE INFILT TRANSMTN 
SOLAR -RATION LOSSES 

9 1 0. 3 5 318. 2 18967. 
9 2 0. 3 3 3 5 6. 233119. 
9 3 G. 39 390. 2 3 7 815. 
9 0. 33350. 2 33119. 
9 5 0. 3530 7. 218966. 
9 b 0. 304t> 7. 19 5516. 
9 7 111377. 2 4 l b l . 163446. 
9 8 43926 1. 16819. 124960. 
9 9 872401. 394 I. 79152. 
9 10 1234843. 1064 . 33627. 
9 1 L 1458776. 0. 0. 
9 12 1553617. 0. 0. 
9 1 3 1553617. 0. 0. 
9 14 1458776. 0. 0. 
9 lb 1234843. 0 . 0. 
9 16 872401. 0. 0. 
9 17 439261. o. 0. 
9 18 I l l 3 77. 0. 0. 
9 19 0. 0. 30689. 
9 20 0. 1085. 63640. 
9 21 0. 8964. 96709. 
9 22 0. 16841. 134312. 
9 23 0. 24 181. 167263. 
9 24 0. 30 48 3. 195517. 

3 a = a s = s 33S:XS 3 3 S 3! S3 3 = 3 = S3 333 33333333=3 

TOTAL 
OF 11340550. 349727. 2426818. 

DAY 

(F) (G) .(H) (I) 
TOTAL SUPLMENTL FRACTN SOLAR 

LOSSES HEAT REUO LCAfJ COLECTEC 

254285. -254285. O.COO 0. 
2 714 75. -271475. C.000 0. 
2 77206. -277206. C.COO 0. 
2 71469. -27146?. 0.000 0. 
2542 73. -254273. C.000 0. 
225983. -225983. C.000 0. 
18 7608. -76230. .594 0. 
141779. 0. l.COO 118C1. 
88093. 0. 1.000 220212. 
34691. 0. i.ooc 4050C3. 

0. 0. 0.000 526185. 
0. 0. 0.000 584510. 
0. 0. 0.000 587099. 
0. 0. O.COC • 535230. 
0. 0. 0.000 418506. 
0. 0. 0.000 . 238744. 
0. 0. O.OOC 32714. 
0. 0. C.COO 0. 

30689. -30689. C.OOC 0. 
64726. -64726. 0.000 0. 

105673. -105673. 0.000 0. 
151153. -151153. O.OOC 0. 
191444. -191444. 0.000 0. 
226C00. -226000. C.000 0. 

13 = 3= 33333^ 

2/76545. -240C605. .135 356C004, 

: a 3B333S33B331 



(A) (B) (C) (D) -(E) • (F) (G) (H) (I) 
MONTH HUUK PASSIVE INFILT FRANSMTN TCTAL SUPLMENTL FRACTN SOLAR 

SGLAR -RATION LOSSES LOSSES HEAT REQD LOAD COLECTEO 

10 1 0 . 7 2 0 7 8 . 3 8 4 6 5 8 . 
3 9 4 1 6 1 . 

456 7 3 7 . - 4 5 6 7 3 7 . 0 . 0 0 0 
C . 0 0 0 

0 . 
10 2 0 . 7 4 60 7. 

3 8 4 6 5 8 . 
3 9 4 1 6 1 . 4 6 8 7 6 8 . - 4 6 8 7 6 8 . 

0 . 0 0 0 
C . 0 0 0 0 . 

10 3 0 . 7 5 4 6 8 . 3 9 8 8 4 2 . 4 7 1 3 1 0 . - 4 7 4 3 1 0 . 0 . 0 0 0 0 . 
1.0 4 0 . 7 4 6 0 2 . 394 161 . 4 6 8 7 6 3 . - 4 6 8 7 6 3 . c . ooo 0 . 
10 5 0 . 7 2 0 6 9 . 3 8 4 6 5 7 . 4 5 6 7 2 6 . - 4 5 6 7 2 6 . 0 . 0 0 0 0 . 
10 6 0 . 6 8 0 4 I . 3 6 5 8 8 3 . 4 3 3 9 2 4 . - 4 3 3 9 2 4 . 0 . 0 0 0 0 . 
10 7 o . 62 79 2 . 3 4 2 3 2 6 . 4 0 5 1 1 8 . - 4 0 5 1 1 8 . C .COO 0 . 
10 3 1 6 1 C 9 6 . 5 6 6 8 I. 3 0 9 6 2 6 . 

2 7 2 2 8 2 . 

3 6 6 3 C 7 . - 2 0 5 2 1 1 . . 4 4 0 0 . 
10 9 5 5 2 9 8 2 . 50 1 2 3 . 

3 0 9 6 2 6 . 

2 7 2 2 8 2 . 3 2 2 4 0 6 . 0 . 1 . 0 0 0 16 2 9 1 3 . 
10 10 9 5 3 5 5 5 . 4 3 5 6 7 . 2 3 5 0 8 0 . 2 7 8 6 4 7 . 0 . 1 . 0 0 0 4 1 1 3 8 9 . 
10 11 1 2 1 5 1 1 L . 3 7 4 5 7 . 2 0 3 1 0 0 . 2 4 0 5 5 7 . 0 . 1 . 0 0 0 5 7 C 2 C 5 . 

6 4 0 1 5 6 . 10 12 1 3 2 5 1 5 0 . 3 2 2 1 2 . 1 7 9 1 C 7 . 2 1 1 3 1 9 . 0 . l . C O O 

5 7 C 2 C 5 . 

6 4 0 1 5 6 . 
10 1 J 1 3 2 5 1 5 0 . 2 8 1 3 7 . 1 6 0 2 6 3 . 1 8 8 4 5 1 . 0 . l . C O O 6 4 2 6 2 4 . 
10 14 1 2 1 5 1 1 1 . 

9 5 3 5 5 5 . 
2 5 6 5 9 . 
2 4 7 9 8 . 

1 5 0 5 4 7 . 1 7 6 2 0 6 . 0 , l . C O O 5 7 6 9 8 1 . 
10 15 

1 2 1 5 1 1 1 . 
9 5 3 5 5 5 . 

2 5 6 5 9 . 
2 4 7 9 8 . 1 5 0 3 2 9 . 17 512 7 . 0 . l . C O O 4 2 2 4 3 6 . 

10 l b 5 5 2 9 8 2 . 2 5 6 6 4 . 1 6 3 0 7 4 . 1 8 8 7 3 7 . 0 . l . C O O 1 7 6 9 4 7 . 
10 17 I b l 0 9 b . 2 8 1 9 7 . 1 8 2 1 5 1 . 

2 0 1 2 0 7 . 
2 1 0 3 4 8 . 
2 3 3 4 3 2 . 

- 4 9 2 5 2 . . 7 6 6 0 . 
10 18 0 . 3 2 2 2 5 . 

1 8 2 1 5 1 . 
2 0 1 2 0 7 . 

2 1 0 3 4 8 . 
2 3 3 4 3 2 . - 2 3 3432 . O.OOC 0 . 

10 19 0 . 3 7 4 7 4 . 2 2 4 6 9 4 . 2 6 2 1 6 8 . - 2 6 2 1 6 8 . 0 . 0 0 0 0 . 
10 20 0 . 4 3 5 8 5 . 2 5 2 9 3 2 . 

2 8 4 9 5 2 . 

2 9 6 5 1 6 . 
3 3 5 C 9 4 . 

- 2 9 6 5 1 6 . 
- 3 3 5 0 9 4 . 

O.OOC 0 . 
10 21 0 . 5 0 1 4 2 . 

2 5 2 9 3 2 . 

2 8 4 9 5 2 . 

2 9 6 5 1 6 . 
3 3 5 C 9 4 . 

- 2 9 6 5 1 6 . 
- 3 3 5 0 9 4 . 0 . 0 0 0 

C .COO 
0 . 

10 22 0 . 5 6 6 9 9 . 3 1 4 0 9 0 . 3 7 0 7 8 9 . - 3 7 0 7 8 9 . 
0 . 0 0 0 
C .COO 0 . 

10 23 0 . 6 2 8 0 9 . 3 4 2 3 2 8 . 4 0 5 1 3 6 . - 4 C 5 1 3 b . 0 . 0 0 0 0 . 
10 24 0 . 6 8 0 5 4 . 3 6 5 8 8 4 . 4 3 3 9 3 8 . - 4 3 3 9 3 8 . C . 0 0 0 0 . 

X S * 3 3 3 3 3 33X333X33X3 3 3 3 3 3 3333X333333333X3 X 3 3 tt X SS33X3X.X3SB33S3.X3X 3 3 3 3 3 3 . 3 3 3 3 X 3 3 3 3 3 

T O T A L 
OF 

DAY 
8 4 1 5 7 8 9 . 1 2 0 3 1 8 9 . 6 b 5 6 3 3 5 . 7 8 5 9 5 2 4 . - 5 7 5 5 8 8 3 . . 268 3 6 0 3 6 5 2 . 

x 3 = = x 33333X333SX 3333S333C23333 = == = 3 = = = 3= = ====a==a==3 3Z3X33Z333XX 3 3 X 3 3 3 E33SX3S333 
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(C) (D) (E) .(F) (G) (H) (I) 
PASSIVE. INFILT TRANSMTN TOTAL SUPLMENTL FRACTN SOLAR 

SOLAR -RATION LOSSES LOSSES HEAT REQO LOAO COLECTED 

L2 I 0. 12264b. 
12 2 0. 124617. 
12 3 c. 125287. 
12 4 0. 12 4 613. 
12 5 0. 122639. 
12 6 0. 119 501. 
12 7 o. 115411. 
12 8 0. 110650. 
12 9 81444. 10 5 5 4 0. 
12 10 413640. 100432. 
12 11 680678. 9 56 71. 
12 12 793540. 91584 . 
12 1 J 793540. 88449. 
12 14 6806 78. 86479. 
12 15 413640. 85808. 
12 16 81444. 86482. 
12 17 0. 88456. 
12 18 0. 91595. 
12 19 0. 95684 . 
12 20 0. 100446. 
12 v 21 0. 105555. 
12 22 0. 110664. 
12 23 0. 115424. 
12 24 0. 119511. 

r 2 a s s t s r s s s r s a E = 31 r 3 3 3333 = 

TOTAL 
OF 3938605. 2533143. 

616034. 
625487. 
630080. 
625486. 
616033. 
601942. 
583092. 
559648. 
536104. 
508097. 
484006. 
461625. 
44 7464. 
441682. 
442059. 
446793. 
459849. 
474871. 
493651. 
512631. 
536105. 
559650. 
583093 . 
601943. 

738680. 
750103. 
755368. 
750099. 
7386 72 . 
721442. 
698503. 
670298. 
64 1644. 
6085.29. 
579677. 
553209. 
535913. 
528160. 
527866. 
533275. 
5483C5. 
566466. 
589335. 
613076. 
641660. 
670313. 
698517. 
721454. 

-738630. 
-750103 . 
-755368. 
-750099. 
-738672. 
- 721442 . 
-698503. 
-670298 . 
-560200. 
-19 4889. 

0 . 
0. 
0. 
0. 

-114227. 
-451831. 
-548305. 
-566466. 
-589335. 
-6 13076. 
-64 1660. 
-670313. 
-698517. 
-72 1454 . 

0.000 
0.000 
C.000 
0.000 
0.000 
O.COO 
0.000 
0.000 
. 127 
.680 

1.000 
1.000 
1.000 
1.000 
.764 
.153 

C.COO 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

166724. 
390514. 
477614. 
479349. 
395709. 
174783. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

DAY 
3 3 3 3 3 3 X 3 3 3 3 3 3 = 3 3 3 3 3 3 3 3 X 3 = 3 3 3 X 3 3 X 3 3 3 3 3 3 3 3 3'3 = = S 1 

3 X =>= = X = .= r = = = = = = = = 3 = = = • 3 3 = 3 3 = 3 3 3 3 3 3 = 3 3 3 



A P P E N D I X J 

HOURLY S I M U L A T I O N MODELS 

FOR A 

SOLAR-SHED GREENHOUSE/HOG BARN COMBINATION 

H A L I F A X , N.S. 

(CAS E STUDY V ) 

MINIMUM GREENHOUSE TEMPERATURE: 1 5 ° C . 

( A ) : MONTH OF THE YEAR 

( B ) : HOUR FROM MIDNIGHT 

( C ) : SOLAR RADIATION CAPTURED BY PLANT CANOPY KJ 

(D ) : ANIMAL HEAT RECOVERY FROM HOG BARN KJ 

( E ) : TRANSMISSION HEAT LOSS BY GREENHOUSE KJ 

( F ) : HEATING LOAD WHEN SOLAR ENERGY CAPTURED 

BY THE GREENHOUSE I S CONSIDRED = ( E ) - ( C ) KJ 

( G ) : ACTUAL SUPPLEMENTAL HEAT REQUIREMENT WHEN 
HEATING FROM L I V E S T O C K V E N T I L A T I O N I S 
CONSIDERED = ( F ) - ( D ) KJ 

( H ) : FRACTION OF TRANSMISSION LOSS S U P P L I E D 
BY SOLAR = ( C ) / ( E ) 

( I ) : SOLAR RADIATION CAPTURED BY INTEGRAL 
SOLAR COLLECTOR KJ 

( J ) : FRACTION OF HEATING LOAD S U P P L I E D 
BY V E N T I L A T I O N A I R 



(A) (B) (C) (D) (E) 
ML/NTH HOUR PASSIVE BARN TRANSMTN 

SOLAR HEAT LOSSES 

TOTAL 
OF 

DAY 

1 0. 16 7400. 8620 36. 
2 0. 164919. 3758C5 . 
3 0. • 16 4097. 880396. 
4 0. 164924. 875804 . 
5 0. 16 7 409. 862035. 
6 0. 171507. 839099. 
7 0. 1 7 7 14 7. 811548. 
8 2681 . 18 4 17 5. 778544. 
9 2067 77. 192 426. 733054. 
10 541041. 201403. 686844 . 
11 780807. 210517. 641807. 
12 883116. 213969. 61C006. 
13 883116. 225882 . 590884. 
14 780807. 230417. 531082. 
15 541041. 23194C. 584993. 
16 208777. 230243. 603482. 
1 7 2681 . 225576. 626178. 
18 0. 218666. 645441. 
19 0 . 210252. '676665. 
20 0. 201220. 7088.07. 
2 1 0. 192 322. ' 741840. 
22 0. 184 154. 7 78546. 
2 3 0. 17 7130. 811549. 
24 0. 171493. 839099. 

= •= = = = = — 

4632842. 4634 189. 17 645543. 

(F) (G) (H) (I) (J) 
TCTAL SUPLMENTL FRACTN SOLAR FRACTN 

LUSSES HEAT RE QD LOAC COLECTEC BY VETLN 

862C36. 694635. 0. COC ' 0. . 194 
875CC5. 710836. C.000 0. .188 
880 396. 716299 . 0.000 0. .136 
375804. 710881. 0.000 0. . 188 
862035. 694625 . C.COC 0. . 194 
839C99. 667592 . 0.000 0. .204 
811548. 634400. C.000 0. .218 
775864. 59 1688. .003 0. .237 
5242 77. 331851. .285 0. . 367 
145803. 0. .788 1458C5. 1.000 

0, 0. 1.000 3036C7. 0.000 
0. 0. 1.000 367605. C.000 
0. 0. 1 .000 369833. C.000 
0. 0. l.OOC 310831. C.000 

43953. 0. .925 15 7957. 1 .000 
394705. 164462. .346 0. .533 
623497. 397921. .004 0. . 362 
645441. 426775. 0.000 0. .339 
676665. 466413. 0.000 0. .311 
7088C7. 507587. 0.000 0. .284 
74ie40. 549518. 0.000 > 0. .259 
778546. 594392 . 0.000 0. .237 
811549. 634419. 0.000 0. .218 
839C99. 667606. 0.000 0. .204 

=s XJ xs = =s = x= xx =* 2* = X 3 Z S 3 ? S S S X I 3 1 3 3 3 X 3 3 X X3=SE3X2E3S = = 3I 

1716768. 10161951. .223 1655637. .265 
s s s - i s s •=.»•= — S S 3a3X)SB33 3 X 3 X X X S 3 X a s s x : S 3 



0 (B) . (C) 
PASSIVE 

(D) (E) (F) (G) (H) (I) (J) 
JTH HOUR 

. (C) 
PASSIVE BARN TKANSKTN TCT AL 

LOSSES 
SUPLtffcNTL FRACTN SOLAR FRACTN 

SOLAR HEAT L'JS SES 
TCT AL 

LOSSES HEAT RE3D LCAO COLECTFD BY VETLN 

2 1 0. 16 5 4 49. 
163022. 

8 75 768. 8 7 5 7 6 8. 710319. 
726516. 

0.000 
0.000 

0. .189 
.183 
.181 

I I 0. 
16 5 4 49. 
163022. 8 8 9 5 3 7. 8895 3 7. 

710319. 
726516. 

0.000 
0.000 0. 

.189 

.183 

.181 I 3 0. 162218 . 
163026 . 

89^128. 894128. 73 1911. 0.000 0. 

.189 

.183 

.181 
2 0 . 

162218 . 
163026 . 889537. 889537. 726511. 0.000 0. . 183 

I 0 . 1654 58. 8 75 768 . 8 75768. 710310. 0.000 0. . 189 
2 6 0. 169 46 3. 852831 . 852631. 683368. 0.000 

c.ooo 
0. . 19 9 

2 0. 174974. 825280. 825280. 650306. 
0.000 
c.ooo 0. .212 

2 8 10017b. 181890. 788462 . 688286. 506397. • .127 0. . 264 
2 9 435040. 

792171. 
189966. 742111. 307C71. 117105. .586 6595. .619 

2 10 
435040. 
792171. 198 74 1. 692369. 0. 0. 1.CC0 212460. 0.000 

2 1 1 1030046. 20 7614. 651584 . 0. 0. 1.000 342737. C.OOO 
2 12 1131846. 215834. 619924. 0. 0. 1.000 399681. C.OOO 
2 13 1131846. 22 2 551. 

226955. 
596988. 0. 0. l.COO 402463. C.OOO 

2 14 1030046. 
22 2 551. 
226955. 587186. o« 0. 1.000 3505C3. 

224599. 
0.000 

2 15 792 171. 
435040. 

228416. 590519. 0. 0. l.OOC 
3505C3. 
224599. C.OOO 

2 16 
792 171. 
435040. 226753. 608146. 173106. 0. .715 22464. 1.000 

2 17 . 100176. 222 192 . 635376. 535200. 313008. .158 0. .415 
2 18 0. 215 4 32. 

20 7253. 
659174. 
686 725. 

659174. 
686725. 

443742 . „ 
479472. 

C.OOO 
0.000 

0. .327 
2 19 0. 

215 4 32. 
20 7253. 

659174. 
686 725. 

659174. 
686725. 

443742 . „ 
479472. 

C.OOO 
0.000 0. . 302 

2 20 0. 198448. 723401. 723401. 524953. 0.000 0. .274 
2 21 0. 189779. 75557 3. 

792278. 
755573. 
792278. 

565793. 
. 610451. 

0.000 
o.ooc 

0. .251 
2 2 2 0. 181828. 

75557 3. 
792278. 

755573. 
792278. 

565793. 
. 610451. 

0.000 
o.ooc 0. .229 

2 23 0. 174957. 825281. 825281. 650325. c.ooo 0. .212 
2 24 0. 169450. 852832. 852832. 68 3382. 0.000 0. . 199 

: rasas: 

TOTAL 
OF 
DAY 

: =; .= a = X J rtsssj 

6978559. 4621666. 17910779. 13101778. 9833869. 

:-ax3 3:s:s.3XS! 

.268 1961503. 

t x 3 x a = 3 sz a : 

.258 

to 
O 
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« 

(A) (B) (C) (D) (E) (F) (G) (H) (I) (J) 
MONTH HOUR PASSIVE BARN TRANSMTN TOTAL SUPLfENTL FRACTN SOLAR FRACTN 

SOLAR HEAT LOSStS LOSSES HEAT RE 0 C LOAO COLECTEO BY VETLN 

4 L 0. 2^1329. 5 75 73 7. 575737. 334408. C.OOO 
0.000 
O.COO 

0. .419 
.397 4 0. 2 361 28. 

2 34409. 
59404 7. 59 4C4 7. 35 7919. 

C.OOO 
0.000 
O.COO 

0. 
.419 
.397 

<• 3 0. 
2 361 28. 
2 34409. 598640. 5 9 8 6 4 0. 364232. 

C.OOO 
0.000 
O.COO 0. .392 

4 0. 236138. 594047. 59 4C4 7. 357909. C.OOO 0. 
} 0. . 

.398 
4 0. 241340. 575737. 575737. 334388. 0.000 

0. 
} 0. . .419 

4 6 17119. 250119. 
262658. 

552790. 535672. 
327774. 

285552. 
65116. 

.031 0. .467 
4, 7 192634. 

250119. 
262658. 520408. 

535672. 
327774. 

285552. 
65116. .370 0. . 801 

4 0 5190 70. 278 886. 471695. 0. 0 . l.COC 0. C.OOO 
4 9 89188 7. 

1 189 726. 
296564. 426046. 0. 0 . l.COO 

1.000 
923C2. 0.000 

4 
4 

10 
89188 7. 

1 189 726. 32 1082 . 
345152. 

377149. 0. 0. 
l.COO 
1.000 220394. C.OOO 4 

4 LI 1373100. 
32 1082 . 
345152. 336206. 0. 0. l.CCO 306830. C.OOO 

4 12 1452412. 368 770. 304532. 0. 0. 1.000 349718. C.OOO 
1 3 1452412. 389129. 281586. 0. 0. 1.000 352714. 0.000 
14 1373100. 403022 . 271200. 0. 0. l.OOC 315197. 0.000 
15 1189 726. 40 7H5 8. 

402658. 
270716. 0. 0. 1.000 234074. C.OOO 

4 lo 891887. 
40 7H5 8. 
402658. 283953. 0. 0. 1.000 110604 . 

0. 
0.000 

4 17 519078. 388419. 310329. . 0. o. 1.000 
110604 . 

0. C.OOO 
IB 192634. 

17119. 
367829. 
344105. 

346016. 153383. 0. .557 0. 1.000 
4 19 

192634. 
17119. 

367829. 
344105. 382071. 364953. 20848. .045 0. .943 

20 0. 320179. 418763. 418763. 98584. 0.000 0. . 765 
21 0. 297908. 455485. 455485. 

492208. 
15 7578 . 
213751 . 

O.OOC 
C.OOO 

0. .654 
4 22 

2 3 
0. 278457. 492208. 

455485. 
492208. 

15 7578 . 
213751 . 

O.OOC 
C.OOO 0. .566 22 

2 3 0. 262460. 52522 7. 52522 7. 262767. C.OOO 0. . 500 
24 0. 250090. 556464. 556464. 306374. C.COO 0. .449 

TOTAL 
UF 11271912. 7426696. 10521053. 6768137. 3159426. .357 1981833. .706 

DAY 

to to 
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APPENDIX K 

DERIVATION OF EQUATIONS 9 & 11 

OF 

CHAPTER 4 



} DERIVATION OF EQUATION 9 

(CHAPTER 4, PAGE 168) 

Le t B be the beam s o l a r r a d i a t i o n i n c i d e n t on any V, y 
v e r t i c a l s u r f a c e " i " of the greenhouse, having an azimuth 

angle "y". Furthermore, l e t D be the d i f f u s e component ^ v, y 

i n c i d e n t on t h a t s u r f a c e . Then, the beam and d i f f u s e s o l a r 

r a d i a t i o n t r a n s m i t t e d through a u n i t area of greenhouse cover 

may r e s p e c t i v e l y be w r i t t e n as: 

B . = B x, , (K.l) w,i v,y b , i 

and 

D . = D T , . . (K.2) w,i v,y d , i 

The f i r s t a b s o r p t i o n by a p l a n t canopy having an e f f e c t i v e 

albedo "E," t o t o t a l s o l a r r a d i a t i o n i s given by 

(B w . + D ) (1 - a , (K.3) w, 1 w, 1 

as shown i n F i g u r e K . l . 

Now, assume t h a t the r a d i a t i o n r e f l e c t e d by the p l a n t s 

and o b j e c t s w i t h i n the greenhouse i s p e r f e c t l y d i f f u s e 

r e g a r d l e s s of the form of the o r i g i n a l i n c i d e n t r a d i a t i o n , 

then, the t o t a l s o l a r r a d i a t i o n absorbed by the p l a n t 

canopy a f t e r the f i r s t r e f l e c t i o n by the cover may be 

c a l c u l a t e d as: 

(B . + D . ) (1 - x , . - a. ) (1 - 5)5 • (K.4) w,i w,i d , i i 

The term (1 - . - n.) i n the above equation i s simply 

the r e f l e c t a n c e of the greenhouse cover t o d i f f u s e s o l a r 

r a d i a t i o n . 



I f o n l y the f i r s t r e f l e c t i o n i s t a k i n g i n t o account, 

then the t o t a l s o l a r r a d i a t i o n absorbed by the p l a n t s may 

be approximated by summing equations K.3 and K.4 t o g i v e , 

J w , i = ( B w , i + D w , i ) ( 1 - + - T d , i - • ( K ' 

The c o n t r i b u t i o n of subsequent r e f l e c t i o n s t o the 

s o l a r r a d i a t i o n captured by the p l a n t s i s n e g l i g i b l e 

p r o v i d e d the t r a n s m i t t a n c e of the c o v e r i n g m a t e r i a l t o 

d i f f u s e s o l a r r a d i a t i o n i s h i g h and the albedo o f the 

p l a n t canopy i s low. 

F i r s t A b s o r p t i o n 
( B w . + D . ) (1 - (•) w, 1 w, 1 

Second A b s o r p t i o n 
(B . + D . ) (1 - g) w,l w,1 
(1 -T .-a • )K a, l i 

(B . + D . ) 5 w,1 w,1 

(B .+D . K d - T . .-a.) w,i w,i d , i x 

P l a n t 

C a n o p y 
U) 

C o v e r , i 
( T d , i ' a i } 

FIGURE K . l : BEAM AND DIFFUSE SOLAR RADIATION INPUT 

FROM A VERTICAL WALL OF A GREENHOUSE. 



DERIVATION OF EQUATION 11 

(CHAPTER 4, PAGE 169) 

Let the d i f f u s e component of s o l a r r a d i a t i o n i n c i d e n t 

upon r o o f s l o p e " j " of s u r f a c e area A . b e : 

°r,j A r , j - (K.6) 

then, as shown i n F i g u r e K.2, the p o r t i o n of the d i f f u s e 

r a d i a t i o n o r i g i n a t i n g from r o o f s l o p e " j " t h a t i s d i r e c t l y 

i n c i d e n t on the p l a n t canopy i s g i v e n by, 

A r , j °r,j T d , j ( 1 " W •'• (K. 7) 

and the p o r t i o n i n c i d e n t on the o p p o s i t e roof slope " j * " 

i s , 

A -. D . T , . F . (K.8) r,j r , j d , i r+r 1 ' 

I t i s c l e a r , from the above two equations t h a t t h e i r sum 

i s e q u a l t o d i f f u s e r a d i a t i o n t r a n s m i t t e d through r o o f 

slope " j " or, 

V j D r , j T d , j ' <K'9> 

T h i s , of course, i m p l i e s t h a t a l l the d i f f u s e r a d i a t i o n 

t r a n s m i t t e d by one r o o f s l o p e i s i n t e r c e p t e d by the p l a n t s 

and by the o p p o s i t e r o o f s l o p e . Obviously, the above 

assumption i s v a l i d o n l y i f the f r a c t i o n of d i f f u s e r a d i a t i o n 

o r i g i n a t i n g from the roof and i n t e r c e p t e d by the gable 

end w a l l s i s s m a l l . T h e r e f o r e , equations K.7 and K.8 are 

s t r i c t l y a p p l i c a b l e t o long greenhouses. 



Equation K.8 g i v e s the d i f f u s e r a d i a t i o n o r i g i n a t i n g 

from one r oof slope and i n c i d e n t on the other. However, 

not a l l t h a t energy may be c o n s i d e r e d as l o s s , s i n c e 

a c e r t a i n amount i s r e f l e c t e d back on the p l a n t canopy. 

The amount of d i f f u s e s o l a r r a d i a t i o n t r a n s m i t t e d 

through r o o f slope " j " and r e f l e c t e d by the o p posite r o o f 

s l o p e " j * " upon the p l a n t canopy may be approximated 

by the f o l l o w i n g e x p r e s s i o n : 

D . T , . F (1 - x, .. - a..) A . F . (K.10) r,j d,j r->r d,: * j*' r , j r+p u ; 

In the above e q u a t i o n , the symbols T , . . and a... r e p r e s e n t s 
d,3* j* 

r e s p e c t i v e l y the t r a n s m i t t a n c e and absorptance of the 

o p p o s i t e r o o f slope " j * " t o d i f f u s e s o l a r r a d i a t i o n . 

The t o t a l d i f f u s e r a d i a t i o n o r i g i n a t i n g from one r o o f 

s l o p e and i n c i d e n t on the p l a n t canopy i s found by 

summing equations K.7 and K.10 t o g i v e , 

A r , j D r , j T d , j [ ( 1 " F r ^ r ) + F r ^ r ( 1 " T d , j * " V W ^ ' 1 1 * 

Equation K . l l takes i n t o account the f i r s t r e f l e c t i o n 

o n l y by the cover. The c o n t r i b u t i o n of subsequent r e f l e c t i o n s 

t o d i f f u s e r a d i a t i o n i n c i d e n t on the p l a n t canopy i s 

c o n s i d e r e d n e g l i g i b l e . 

Furthermore, i f a l l the beam r a d i a t i o n t r a n s m i t t e d 

through the r oof of the greenhouse i s i n t e r c e p t e d by the 

p l a n t s ( i . e . low r oof s l o p e ) ; then, the t o t a l s o l a r r a d i a t i o n 



t r a n s m i t t e d by ro o f s l o p e " j " and i n c i d e n t on the p l a n t 

canopy may be c a l c u l a t e d as f o l l o w s : 

I . = B . T, . A . + D . T . . A r , 3 r,j b,] r , j r,3 d,j r,j 

K l - F r ^ r } + F r + r ( 1 " T d , j * " a j * ) E W ' ( K ' 1 2 ) 

The same a n a l y s i s a p p l i e s f o r the r a d i a t i o n o r i g i n a t i n g 

from the opposite r o o f s l o p e . 



Symbol 

A 
r , 3 

B 

B v, Y 

B 
w, i 

D 
V , Y 

D 
w, 1 

F r+p 

F r->r 

'r, j 

2 m 

. -1 -2 kJ-h «m 

. T , -1 -2 kJ*h "in 

kJ«h «m 

kJ'h *m 

D e f i n i t i o n U n i t s 

Surface area o f s l o p e d r o o f " j " 

Beam s o l a r r a d i a t i o n i n c i d e n t on 

slo p e d r o o f " j " 

Beam s o l a r r a d i a t i o n i n c i d e n t on 

a v e r t i c a l w a l l o f o r i e n t a t i o n y 

Beam s o l a r r a d i a t i o n t r a n s m i t t e d 

through any v e r t i c a l w a l l " i " 

D i f f u s e s o l a r r a d i a t i o n i n c i d e n t 

on s l o p e d r o o f " j " 

D i f f u s e s o l a r r a d i a t i o n i n c i d e n t 

on a v e r t i c a l s u r f a c e of y 

o r i e n t a t i o n 

D i f f u s e s o l a r r a d i a t i o n 

t r a n s m i t t e d through any v e r t i c a l 

w a l l i 

R a d i a t i o n c o n f i g u r a t i o n f a c t o r 

between the ro o f and the p l a n t 

canopy 

R a d i a t i o n c o n f i g u r a t i o n f a c t o r 

between the two sl o p e s of the 

greenhouse r o o f 

T o t a l s o l a r r a d i a t i o n t r a n s m i t t e d 

through r o o f s lope " j " t h a t i s 

i n t e r c e p t e d by the p l a n t canopy kJ-h 

i T u-1 -2 kJ«h *m 

, T . -1 -2 kJ«h -m 



Symbol 

I 
w,i 

T b , i 

T b , j 

T d , i 

T d , i 

a . l 

a . 
3 

D e f i n i t i o n U n i t s 

T o t a l s o l a r r a d i a t i o n t r a n s m i t t e d 

through v e r t i c a l w a l l " i " and 

absorbed by the p l a n t canopy kJ«h 1 « m ^ 

Transmittance o f w a l l " i " t o 

beam s o l a r r a d i a t i o n 

Transmittance o f r o o f slope 

" j " t o beam s o l a r r a d i a t i o n 

Transmittance o f w a l l " i " t o 

d i f f u s e s o l a r r a d i a t i o n 

Transmittance of r o o f slope 

" j " t o d i f f u s e s o l a r r a d i a t i o n 

Absorptance of w a l l " i " t o 

s o l a r r a d i a t i o n 

Absorptance of r o o f s l o p e " j " 

t o s o l a r r a d i a t i o n 

O r i e n t a t i o n of the s u r f a c e 

from due south r a d i a n s 

E f f e c t i v e albedo of the p l a n t 

canopy 

y 



APPENDIX L 

CALCULATION OF THE 

MEAN PLATE TEMPERATURE 

OF THE COLLECTOR 

FOR THE CONSTANT 

FLOW CASE 



THEORY 

A s e c t i o n of the a i r s o l a r c o l l e c t o r used i n t h i s 

study i s shown s c h e m a t i c a l l y i n F i g u r e L . l . As i n d i c a t e d 

i n the f i g u r e , the f o l l o w i n g heat flows are c o n s i d e r e d 

d u r i n g the a n a l y s i s : 

i ) Keat l o s s by thermal r a d i a t i o n from the top 

of the absorber p l a t e t o the greenhouse cover, 

i i ) Heat l o s s by n a t u r a l c o n v e c t i o n from the top 

of the p l a t e t o the greenhouse a i r . 

i i i ) Heat l o s s by f o r c e d c o n v e c t i o n from the back 

of the p l a t e t o the t r a n s p o r t f l u i d , 

i v ) R a d i a t i v e heat t r a n s f e r between the back of 

the absorber p l a t e and the i n s u l a t e d greenhouse 

n o r t h w a l l . 

EVALUATION OF THE RADIATIVE HEAT TRANSFER COEFFICIENT 

BETWEEN COLLECTOR PLATE AND GREENHOUSE ROOF (h , ) : 

The thermal r a d i a t i o n heat l o s s from the c o l l e c t o r 

t o the greenhouse r o o f may be c a l c u l a t e d u s i n g equation 

56 of Chapter 6 (page 251) as: 

A h . (T -T ) = A F o(T 4-T 4) , ( L . l ) c r , l e g r r-*c c r ' 

- a ( T c
4 - T r

4 ) / [ ( l - e c ) A c A c 

+ ( 1 / A r F r + c } + < l - * r > A r A r ] f (L.2) 



FIGURE L . l : SCHEMATIC OF A SECTION OF THE AIR SOLAR 

COLLECTOR LOCATED WITHIN A SOLAR-SHED 

GREENHOUSE (NOT TO SCALE). 



where the r a d i a t i v e heat l o s s i s l i n e a r i z e d and expressed 

i n terms of the temperature d i f f e r e n c e between the 

average p l a t e and greenhouse temperature. 

The r a d i a t i v e heat t r a n s f e r c o e f f i c i e n t can be 

determined by equations L . l and L.2, as: 

= A F * r , l " " r a ( T
c ~ T r ^ W V (L.3) 

where A F r r+c 
1 - e e 

c + 
1 1 

+ — r 
e IK A F E A c c r r-»-c r r 

-1 

EVALUATION OF THE AVERAGE NATURAL CONVECTION HEAT TRANSFER 

COEFFICIENT ( h ^ ) : 

The heat t r n a s f e r from the top of the c o l l e c t o r t o 

the greenhouse a i r i s e s s e n t i a l l y a case of n a t u r a l 

c o n v e c t i o n from a v e r t i c a l p l a t e at a uniform heat f l u x . 

Holman (1976) g i v e s the f o l l o w i n g e m p e r i c a l c o r r e l a t i o n s : 

For the laminar flow range, 

h x = (k/x) [0.60(Gr* P r ) 0 * 2 ] , (L.4) 

f o r 10 5 < Gr* < 1 0 1 1 and q t i = co n s t a n t , 

where Gr* i s a m o d i f i e d Grashof number and d e f i n e d as: 

G r x = <9Bq wx 4)/(kv 2) . 

where, q w , i n t h i s case i s taken as the s o l a r r a d i a t i o n 

absorbed by the p l a t e (q = a I ) 
ŵ c c 



For f u l l y developed t u r b u l e n t flow, the l o c a l heat 

t r a n s f e r c o e f f i c i e n t s were c o r r e l a t e d w i t h , 

h •= (k/x) [0.17(Gr* P r ) 0 * 2 5 ] , (L.5) 

13 * 16 f o r 2 x 10 < Gr < 10 and q = con s t a n t . x ŵ 

The average heat t r a n s f e r c o e f f i c i e n t f o r the laminar 

r e g i o n may be e v a l u a t e d by i n t e g r a t i n g the equation f o r 

h (L.4) from x = 0 t o x = H, where H i s the h e i g h t of 

the c o l l e c t o r . Thus, 

h x = (5/4) h x = H . (L.6) 

When t u r b u l e n t n a t u r a l c o n v e c t i o n i s encountered, 

Holman (1976) has shown t h a t the l o c a l heat t r a n s f e r 

c o e f f i c i e n t i s e s s e n t i a l l y constant w i t h h e i g h t . 

A l l the t h e r m o p h y s i c a l p r o p e r t i e s of the a i r i n the 

above equations are e v a l u a t e d at the f i l m temperature, 

T, = (T + T )/2. 
f c g 

EVALUATION OF THE AVERAGE FORCED CONVECTION HEAT TRANSFER 

COEFFICIENT (h & h^) : 

For f o r c e d c o n v e c t i o n between two p a r a l l e l f l a t p l a t e s , 

the f o l l o w i n g c o r r e l a t i o n s can be d e r i v e d from Kay's data 

( D u f f i e and Beckman (1974)) f o r a i r f l o w i n g between two 

p l a t e s w i t h one s u r f a c e i n s u l a t e d and the other at uniform 

w a l l heat f l u x . 



For f u l l y developed laminar flow, 

h 2 = 5.4 k/D e , (L.7) 

and f o r f u l l y developed t u r b u l e n t flow, 

h 2 = (k/D e) (0.0158 R e 0 , 8 ) . (L.8) 

The Reynolds number i s based upon the h y d r a u l i c diameter 

D e = 4A/P (L.9) 

where A = a • b and P = 2a + 2b. 

Since a >> b, then P = 2a, 

t h e r e f o r e D = 2b or twice the s e p a r a t i o n d i s t a n c e between e 
the p l a t e s • 

The suggested c r i t i c a l Reynolds number i n t h i s case 

i s 2300; thus, i f i t i s d e s i r a b l e t o keep the flow 

between the two p l a t e s i n the t u r b u l e n t r e g i o n , then the 

minimum r e q u i r e d a i r v e l o c i t y may be c a l c u l a t e d as f o l l o w s : 

Re = 2b v/v > 2300 . 

For a i r at 300 K, 

v = 16.84 x 10~ 6 m 2 s _ 1 , 

then 
— 2 - 1 bv > 0.02 m s , or f o r a sp a c i n g of 10 cm 

v > 0.2 m • s ^ . 



EVALUATION OF THE RADIATIVE HEAT TRANSFER COEFFICIENT 

BETWEEN THE TWO PLATES (h « ) : r , 2 

The heat t r a n s f e r c o e f f i c i e n t f o r r a d i a t i v e exchange 

between the absorber p l a t e and the i n s u l a t e d back s u r f a c e 

of an a i r s o l a r c o l l e c t o r i s gi v e n by D u f f i e and Beckman 

(1974) as 

h 2 = o(T1
2+T2

2)(T1+T2)/(l/e1+l/e2-l) . (L.10) 

EVALUATION OF THE COLLECTOR EFFICIENCY FACTOR (F'K.AND 

HEAT REMOVAL FACTOR ( F R ) : 

D u f f i e and Beckman (1974) g i v e an e x p r e s s i o n t o 

c a l c u l a t e the e f f i c i e n c y f a c t o r f o r an a i r s o l a r c o l l e c t o r 

when the f l u i d flow i s underneath the absorber p l a t e as 

F' = ) l + U L / { h 2 + l / [ ( h 3 ) - 1 + ( h r ^ 2 ) - 1 ] } } _ 1 ( L . l l ) 

where, U i s the c o l l e c t o r o v e r a l l heat l o s s c o e f f i c i e n t . 

The c o l l e c t o r heat removal f a c t o r can be expressed i n 

terms of the e f f i c i e n c y f a c t o r and the heat l o s s c o e f f i c i e n t 

as 

Fp = (GC /U_) [1 -exp(-{U.F VGC })] . (L.12) 
K p Li x p 

F i n a l l y , the t o t a l u s e f u l energy g a i n of the c o l l e c t o r 

as a f u n c t i o n of the i n l e t temperature can be es t i m a t e d by 

the f o l l o w i n g equation : 

' Q U = A c F R [ S - V T f , i - T a ) ] • • ( L ' 1 3 ) 



EVALUATION OF THE MEAN TEMPERATURE OF THE ABSORBER 

PLATE (T ): 

A l l the heat t r a n s f e r c o e f f i c i e n t s d i s c u s s e d i n 

t h i s Appendix are a f u n c t i o n of p l a t e temperature and 

an i t e r a t i v e process becomes necessary. The i t e r a t i v e 

approach proposed by D u f f i e and Beckman (1974) i s 

used d u r i n g t h i s study. 

The mean p l a t e temperature i s r e l a t e d t o the mean 

f l u i d temperature by 

T c = * f + Q u/h 2 • (L.14) 

The above equation i s o n l y an approximation s i n c e the 

temperature d i f f e r e n c e between the p l a t e and the f l u i d 

v a r i e s along the flow d i r e c t i o n due t o changes i n the 

heat l o s s from the c o l l e c t o r . 

The mean f l u i d temperature i s c a l c u l a t e d u s i n g the 

e x p r e s s i o n g i v e n by D u f f i e and Beckman as 

T- = T. . + {[0 /A ]/U F }{1-F /F'} . (L.15) t r , l U C L R R 

EVALUATION OF THE THERMOPHYSICAL PROPERTIES OF AIR: 

E s t i m a t i o n of the c o n v e c t i v e heat t r a n s f e r c o e f f i c i e n t s 

r e q u i r e the knowledge of the t h e r m o p h y s i c a l p r o p e r t i e s 

of a i r a t the f i l m temperature which i s a f u n c t i o n of 

p l a t e temperature. 



The f o l l o w i n g equations are d e r i v e d from t a b u l a t e d 

v a l u e s given by Holman (1976) assuming a l i n e a r r e l a t i o n s h i p 

between the p r o p e r t i e s and temperature w i t h i n the range 

300 K t o 350 K. 

1. 

2 . 

3 . 

5. 

D e n s i t y (kg • m 3 ) 

P = 1.1774 - 0. 003588 (T-300). 

S p e c i f i c heat (kJ • kg -' - 1 K " 1 ) : 

c 1.0057 + 0.000066 (T-300). 

Thermal c o n d u c t i v i t y (W • m _ 1 • K 1 ) : 

k = 0.02624 + 0.0000758 (T-300). 

Kinematic v i s c o s i t y (m 

v = [16.84 + 0.0784 (T-300)] 

P r a n d l number: 

Pr = 0.708 - 0.0002 (T-300). 

2 s" 1) 

x 10" 6 

(L.16) 

(L.17) 

(L.18) 

(L.19) 

(L.20) 



CONSTANT PLATE TEMPERATURE VS CONSTANT 

FLOW RATE: A COMPARISON 

The s o l a r - s h e d greenhouse of case study IV was 

analysed f o r the case of cons t a n t flow r a t e of a i r 

through the c o l l e c t o r u s i n g the theory developed i n the 

pr e v i o u s s e c t i o n . The greenhouse s i z e and c o n s t r u c t i o n 

parameters used w i t h r e s p e c t t o t h i s a n a l y s i s are 

i d e n t i c a l t o those l i s t e d i n Table 6 . 1 , page 2 6 2 . In 

a d d i t i o n , the f o l l o w i n g parameters were chosen f o r the 

i n t e g r a l s o l a r c o l l e c t o r : 

i ) A b s o r p t i v i t y of the c o l l e c t o r absorber p l a t e 

t o s o l a r r a d i a t i o n ( a
c ) = 0 . 9 . 

i i ) E m i s s i v i t y of absorber p l a t e t o thermal 

r a d i a t i o n on both s i d e s (e and e , ) = 0 . 9 . 
c 1 

i i i ) E m i s s i v i t y o f back i n s u l a t e d w a l l t o thermal 

r a d i a t i o n ( e 2 ) = 0 . 1 . 

i v ) C o l l e c t o r h e i g h t (flow d i r e c t i o n ) = 5 . 7 7 m 
. l e c t o r l e n g t h = 1 v) C o l l e c t o r l e n g t h = 100 m. 

v i ) Width of space between p l a t e and back w a l l = 0 . 1 m. 

Three flow r a t e s of the t r a n s p o r t f l u i d ( i . e . a i r ) 

were s e l e c t e d : 

i ) Low ( 0 . 0 0 7 kg s _ 1 m~ 2). 
-1 -2 

i i ) Medium ( 0 . 0 1 4 kg s m ) 

i i i ) High ( 0 . 0 2 8 kg s " 1 m~ 2). 



S o l u t i o n f o r the mean p l a t e temperature was o b t a i n e d 

by an i t e r a t i o n technique t o the n e a r e s t 0.1°C f o r each 

hour from s u n r i s e t o sunset f o r the i n t e g r a l c o l l e c t o r 

of a s o l a r - s h e d greenhouse l o c a t e d i n the Vancouver, B.C. 

r e g i o n . 

The computer s i m u l a t i o n r e s u l t s are summarized i n 

Table L . l f o r the t h r e e s e l e c t e d a i r flow r a t e s . The 

v a l u e s i n d i c a t e d i n the t a b l e are g i v e n as minimum and 

maximum f o r the day. E a r l y morning and l a t e a fternoon 

hours were n e g l e c t e d s i n c e v e r y s m a l l amounts of s o l a r 

r a d i a t i o n are a v a i l a b l e f o r c o l l e c t i o n d u r i n g these 

p e r i o d s . Table L . l a l s o shows the co r r e s p o n d i n g a i r 

temperatures l e a v i n g the c o l l e c t o r . 

The p r e d i c t e d o u t l e t temperatures from the c o l l e c t o r 

range between 53°C t o 36°C f o r the low flow r a t e , 

41°C t o 31°C f o r the medium flow r a t e and 34°C t o 28°C 

f o r the high flow r a t e . For the above o u t l e t temperature 

ranges, the c o r r e s p o n d i n g mean p l a t e temperatures?were 

63°C to 42°C, 59°C t o 39°C and 53°C to"36°C f o r low, 

medium and h i g h flow r a t e s r e s p e c t i v e l y . 

The minimum a c c e p t a b l e o u t l e t temperature i s u s u a l l y 

d i c t a t e d by the type of a p p l i c a t i o n . For greenhouse h e a t i n g 

the minimum u s e f u l temperature i s r e l a t e d t o the n i g h t 

time greenhouse temperature requirement f o r the s p e c i f i c 

crop grown. For example, the greenhouse nightime 



TABLE L . l 

EFFECT OF AIR FLOW RATE THROUGH THE COLLECTOR ON THE ABSORBER AND THE OUTLET 
TEMPERATURE FOR THE SOLAR-SHED GREENHOUSE OF CASE STUDY IV (VANCOUVER, B.C.) 

AIR FLOW* 0.007 0.014 0.028 

TEMP** (°C) . T 
c f ,o T 

c 
T f , o T 

c f ,o 

Jan 63-49 53-42 59-46 41-34 53-42 34-30 
Feb 61-49 52-41 57-46 40-34 51-42 33-30 
Mar 62-51 52-43 58-47 40-35 52-43 33-31 
Apr 54-45 45-38 50-42 36-32 45-39 31-29 
May 51-44 43-37 43-41 35-32 43-38 30-29 
June 53-45 44-38 49-42 36-32 44-39 31-29 
J u l y 53-46 45-38 50-43 36-32 45-39 31-29 
Aug 59-50 49-42 55-46 38-34 49-42 32-30 
Sept 62-51 52-43 58-48 40-35 51-43 33-30 
Oct 64-51 53-43 59-48 41-35 53-43 34-30 
Nov 56-44 47-37 52-41 37-32 47-38 32-29 
Dec 55-42 46-36 51-39 37-31 46-36 31-28 

* A i r mass flow r a t e i n , -1 kg • s per u n i t area (m2) of c o l l e c t o r 
** D a i l y maximum and minimum average absorber p l a t e temperature (T ) 

and c o l l e c t o r o u t l e t a i r temperature (T^ ). These temperatures 
are f o r the p e r i o d + 3 hours from s o l a r noon. 



temperature f o r tomatoes should be a t l e a s t 13°C, w h i l e 

f o r l e t t u c e , t h i s temperature may be allowed t o drop 

as low as 7°C. Thus f o r a l e t t u c e crop, the c o l l e c t o r 

may be operated at a lower temperature ( i . e . h i g h t r a n s p o r t 

f l u i d flow rate) i n order t o improve the c o l l e c t o r 

e f f i c i e n c y . 

The e f f e c t of a i r flow r a t e on the monthly average 

d a i l y s o l a r energy c o l l e c t e d and the f r a c t i o n of the 

greenhouse h e a t i n g l o a d s u p p l i e d by the s o l a r c o l l e c t o r 

can be seen i n Table L.2. The monthly average s o l a r 

percentage v a l u e s shown i n the t a b l e are v a l i d f o r a 

minimum nightime greenhouse temperature of 15°C 

(e.g. cucumbers, melons, tomatoes . . . ) . 

F i n d i n g s from t h i s s i m u l a t e d case study has i n d i c a t e d 

t h a t d o u b l i n g the a i r flow r a t e r e s u l t e d i n a decrease 

i n the monthly f r a c t i o n s i n the order of 2 t o 3 

percentage p o i n t s . 

Simulated v a l u e s f o r the constant absorber p l a t e 

temperature case t r e a t e d i n Chapter 6 are a l s o i n c l u d e d 

i n Table L.2 f o r comparison purposes. Examination of the 

r e s u l t s i n the t a b l e i n d i c a t e s t h a t the f r a c t i o n s of the 

greenhouse h e a t i n g l o a d s u p p l i e d by the i n t e g r a l s o l a r 

c o l l e c t o r are h i g h e r when the c o l l e c t o r i s operated at 

a constant temperature of 35°C than at constant a i r 

flow r a t e s . 



EFFECT OF AIR FLOW RATE THROUGH THE COLLECTOR ON THE SOLAR ENERGY 

COLLECTED AND SOLAR FRACTION FOR THE SOLAR-SHED GREENHOUSE  

OF CASE STUDY IV (VANCOUVER, B.C.) 

V a r i a b l e (T c=35°C) 0 > 0 0 7 Q > 0 1 4 0 > 0 2 8 

Q ** c f * * * 

m O 
'C 

f 
m 

O 
c 

f 
m 

Q c f 
m 

Jan 3218 27.0 2241 18.8 2476 20. 8 2688 22.6 
Feb 3114 31. 9 2178 22.3 2406 24.6 2614 26. 8 
Mar 3363 38.8 2322 26.8 2565 29.6 2789 32.2 
Apr 2401 40. 4 1798 30.3 1931 32.5 2104 35.4 
May 2120 61.1 1626 46.9 1739 50.2 1895 54.7 
Jun 2335 100.0 1791 93 .1 1925 100.0 2037 100.0 
J u l y 2466 100.0 1858 100.0 2052 100.0 2180 100. 0 
Aug 3177 100.0 2273 100.0 2512 100.0 2668 100.0 
Sept 3500 100.0 2 463 100.0 2727 100.0 2908 100.0 
Oct 3499 62.1 2389 42 .4 2644 46 .9 2878 51. 0 
Nov 2284 25.2 1694 18.7 1867 20.6 2027 22 . 4 
Dec 2038 17.1 1556 13.1 1665 14.0 1743 14.6 

* A i r mass flow r a t e i n kg • s per u n i t area (m ) of c o l l e c t o r 2 

** Q c = monthly average d a i l y s o l a r energy c o l l e c t e d i n MJ (A c = 577 m ) 
*** f = monthly average percentages of the h e a t i n g s u p p l i e d by s o l a r 



Symbol 

A 

A 
c 

A 
r 

a 

b 

D 
e 

F' 

F R 

r+c 

m 

r->-c 

Gr 

g 

D e f i n i t i o n 

C r o s s - s e c t i o n a l area o f a i r flow 

space of the s o l a r c o l l e c t o r = a x b 

Area of the absorber p l a t e 

Greenhouse r o o f area 

Long s i d e of the a i r flow space 

Spacing between absorber p l a t e and 

i n s u l a t e d back w a l l 

S p e c i f i c heat of a i r 

H y d r a u l i c diameter of a i r flow 

space = 4 A/P 

C o l l e c t o r e f f i c i e n c y f a c t o r 

C o l l e c t o r heat-removal f a c t o r 

C o n f i g u r a t i o n f a c t o r between the 

s o l a r c o l l e c t o r and the greenhouse 

roof 

Monthly average percentage of the 

greenhouse h e a t i n g l o a d s u p p l i e d 

by s o l a r c o l l e c t o r 

Thermal r a d i a t i o n exchange f a c t o r 

as d e f i n e d i n e quation L.3 

A i r flow r a t e per u n i t of c o l l e c t o r 

area 

L o c a l Grashof number 

G r a v i t a t i o n a l c onstant 

U n i t s 

2 
m 
m2 

2 

m 

m 

m 

k J - k g " 1 - K - 1 

m 

, -1 -2 
kg s m 

F 



Symbol 

H 

h 
1 

h. 

h r , l 

h r ,2 

D e f i n i t i o n 

Height of the s o l a r c o l l e c t o r 

Average n a t u r a l c o n v e c t i o n heat 

t r a n s f e r c o e f f i c i e n t at the top 

of p l a t e 

Average f o r c e d c o n v e c t i o n heat 

t r a n s f e r c o e f f i c i e n t a t back 

of p l a t e 

Average f o r c e d c o n v e c t i o n heat 

t r a n s f e r c o e f f i c i e n t at i n s u l a t e d 

back w a l l 

L o c a l n a t u r a l c o n v e c t i o n heat 

t r a n s f e r c o e f f i c i e n t a t a 

d i s t a n c e x from l e a d i n g edge of 

the absorber p l a t e 

R a d i a t i v e heat t r a n s f e r c o e f f i c i e n t 

between absorber p l a t e and 

greenhouse r o o f 

R a d i a t i v e heat t r a n s f e r c o e f f i c i e n t 

between absorber p l a t e and 

i n s u l a t e d back w a l l 

U n i t s 

m 

-2 -1 W«m «K 

-2 -1 W«m -K 

W-m 2 -K 1 

W-m 2-K 1 

m 

-2 -1 W-m -K 

-2 -1 W-m -K 

c 

k 

P 

S o l a r r a d i a t i o n i n c i d e n t on the 

absorber p l a t e 

Thermal c o n d u c t i v i t y of a i r 

Perimeter of the a i r flow space 

of the s o l a r c o l l e c t o r = 2 (a+b) 

W-m 2 

W.m-1.K-1 

m 



Symbol 

Pr 

Q c 

Q u 

Re 

T 

T, 

T f,o 

f ,1 

T 
g 

T 
r 

T2 

D e f i n i t i o n 

P r a n d t l number f o r a i r 

Monthly average d a i l y s o l a r 

energy c o l l e c t e d 

U s e f u l heat g a i n of the c o l l e c t o r 

Heat f l u x on the c o l l e c t o r = a I 
c c 

Reynolds number 

S o l a r r a d i a t i o n absorbed by the 

c o l l e c t o r 

Ambient temperature near the 

c o l l e c t o r 

Average absorber p l a t e temperature 

of the c o l l e c t o r 

F i l m temperature f o r convection 

heat t r a n s f e r 

Mean f l u i d temperature f o r the 

c o l l e c t o r 

O u t l e t f l u i d temperature 

from the c o l l e c t o r 

I n l e t f l u i d temperature t o the 

c o l l e c t o r 

Greenhouse temperature 

Greenhouse roof temperature 

( i n s i d e s urface) 

Absorber p l a t e temperature 

(back s u r f a c e ) 

I n s u l a t e d back w a l l temperature 

U n i t s 

MJ 

W 

W«m -2 

W «m -2 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 



Symbol D e f i n i t i o n U n i t s 

U L 

v 

p 

o 

c 

e 
c 

£1 

O v e r a l l - h e a t l o s s c o e f f i c i e n t 

f o r the c o l l e c t o r 

Average a i r v e l o c i t y i n the 

c o l l e c t o r 

D i s t a n c e from l e a d i n g edge of 

the absorber p l a t e 

V o l u m e t r i c c o e f f i c i e n t of 

expansion of a i r 

Kinematic v i s c o s i t y of a i r 

De n s i t y of a i r 

Stefan-Boltzmann Constant = 

5.6697 x 10~ 8 

Absorptance of p l a t e t o s o l a r 

r a d i a t i o n 

Emmittance of p l a t e f o r i n f r a ­

r e d r a d i a t i o n 

Emmittance of greenhouse r o o f f o r 

i n f r a - r e d r a d i a t i o n 

Emmittance of back of p l a t e f o r 

i n f r a - r e d r a d i a t i o n 

Emmittance of i n s u l a t e d back w a l l 

f o r i n f r a - r e d r a d i a t i o n 

W-m~2-K-1 

m s -1 

m 

K -1 

2 -1 m • s 

kg -m -3 

W*m -K 

E-r 

2 



APPENDIX M 

FORTRAN COMPUTER 
PROGRAM 



PROGRAM GRLS ( TAPES , TAPE6 , OUTPUT ) 

C DECLARE COMMON BLOCKS 
C 

COMMON / THOUT / TDB0(283> , TSKY<288) , WIND C12 i » T0P01288) 
COMMON / HSQUT / T T I L T ( 2 8 8 , 1 0 ) 
COMMON / STOUT / TI1288»10» 
COMMON / SPOUT / TB , SV , FL0WC288) 

C 
DIMENSION GS0L<12,24> , C0L112,2VJ 

C 
INTEGER AN SYS » RUN 

C 
C READ TYPE OF ANALYSIS 
C 

RE AD(5 » *) ANSYS 
RUN = ANSYS 
IF I ANSYS .EQ. 3 ) RUN = 1 

5 CONTINUE 
C 
C CALCULATE HOURLY TEMPERATURES 
C 

CALL WDATA 
C 
C CALCULATE HOURLY RADIATION 
C 

CALL HSRP 
C 
C CALCULATE SURFACE TEMPERATURES OF EXTERNAL WALLS 
C 

CALL SURTEMP 
C 
C CALCULATE HEAT LOSSES OF A BUILDING WITHOUT ATTIC 
C 

GALL QC0NP1 ( ANSYS » RUN ) 
C 
C DQ FURTHER ANALYSIS ACCORDING TO TYPE OF ANALYSIS. 
C 

IF t ANSYS .EQ. 0 ) CALL GRNHSO < GSOL ) 
IF C RUN .EQ. 2 ) GO TO 10 
IF ( ANSYS •NE. 2 ) CALL SUP ( ANSYS ) 
RUN = 2 
GO TO 5 

10 CONTINUE 
C 
C CALCULATE HEAT LOSSES THROUGH GABLE 
C 

GALL GRNHS1 ( QSOL » COL ) 
C 
C CALCULATE TOTAL LOAD , SUPPLY AND FRACTION OF LOAOS 
C 

CALL T0TAL1 ( QSOL , COL , ANSYS ) 
STOP 
END 



SUBROUTINE WOAT A 

C—SUBROUTINE TO SIMULATE THE HOURLY OUTDOOR,DEWPOI NT AND 
C — S K Y TEMPERATURES FROM MONTHLY MEAN AND RANGE OF 
C—OUTDOOR AND OEWPOINT TEMPERATURES 
C 
C DECLARE COMMON BLOCKS 
C 

COMMON / THOUT / T0B0(288) , TSKY(288) , WINDM(12I , T0P0(288) 
C 

DIMENSION TD80M<12),TDBR M ( 1 2 )» TOPOM(12),TDPRM<12) 

INTEGER HTREP 
C 

READ 15,*) HTREP 
READ(5,*)(TOBOM(J),T08RM(J),TDPOM(J) ,TDPRM(J),WI NOM J) , J = 1,12) 
DO 40J=1,12 

C — T O SIMULATE HOURLY OUTDOOR TEMPERATURES 

CALL HTP(TD80MtJ),TDBRM(J),TDBQ » J ) 

C — T O SIMULATE HOURLY DEWPOINT TEMPERATURES 

CALL HTP ( TOPOfK J) , TOP RM ( J ) , TDPO, J ) 

C — T O SIMULATE HOURLY SKY TEMPERATURES FRO P. HOURLY 
C—OUTDOOR TEMPERATURES 

CALL T SKYP(TOBQ,TSKY,J) 

40 CONTINUE 
IF ( HTREP .LE. 0 ) RETURN 
WRITE(6,80) 
00 70 MM = 1 , 12 
DO 70 N !M = 1 , 2 4 

I * ( ( MM - 1 J * 24 ) + NN 
WRITE(6,75) MM , NN , T 0 6 0 I I ) , TDPO(I) , T S K Y ( I ) , WINOM(MM) 

C 

70 CONTINUE 
B C T l l D M 

7 5 
80 



20 

SUBROUTINE HTP(TM,TR,T,J) 
DIMENSION T ( 2 8 8 i 
PI=3.141593 
00 201=1,24 

M Q = ( ( J - 1 ) * 2 4 ) + I 
•HE- ( 2 . * I - 1 . »*30. 
TtMO »= I T R / 2 . ) * S I N ( U 2 . * P I / ( 2 4 . *60. )) *h£ )-P 1/ 1. 412 ) • TM 
CONTINUE 
RETURN 
END 

20 

SUBROUTINE TSKYPi1A,TSKY,J) 
DIMENSION T A ( 2 4 ) , T S C 2 4 ) , T S K Y ( 2 8 8 ) 
00 201=1,24 

MQ = ( I J - 1 } * 24 ) • I 
TS l I ) = . 0 5 5 2 * ( T A ( « Q ) + 2 7 3.16 1**1.5 
TSKY(MQ) = TS< D - 2 7 3 . 1 6 
CONTINUE 
RETURN 
ENO 

SUBROUTINE HSRP 

C—SUBROUTINE TO EVALUATE THE HOURLY RADITATION FOR ANY ANGLE 
C—ANO ORIENTATION FROM DAILY TOTALS ANO AL8ID0 
C — L A T : LATITUDE 
C—OGAMA: ORIENTATION OF THE SURFACE 
C — O S : TILT OF SURFACE 
r c c - c n i A O r n u c T A U T C — SCiSOLAR CONSTANT 
C 
C DECLARE COMMON BLOCKS 
C 

COMMON / HSOUT / T T I L T ( 2 8 8 ,10 ) 
C 

DIMENSION OGAMA<10),DStlO) 
REAL LAT,KT 
INTEGER HRREP 

C 
READI5 ,*) HRREP , OLAT , N 
PI = 3. 141593 
SC=4871. 
LAT=0LAT*PI/180. 
MQ = 0 
REA0C5,*) (OGAMAU ) » D S ( I ) i I » l t N ) 
00 12 NCD = 1 , 12 
READi5,*)DAY,H8AR,ALB 
C0RFAC=1.+0.033*CQS<PI*2.*DAY/365. » 
0£C=2 3 . 4 5 * S I N ( ( ( 2 8 4 . + D A Y » / 3 6 5 . 1*6.2 8 32) 
0EC=DEC*PI/180. 



W S = ACQS (-TAN(LAT )*TAN(DEC )) 
DAYL = 2./15.*WS* 180./P I 
EXTRAD=24./PI*SC*C0RFAC*(CUS(LATI*CQS(DEC)*SIN 1WS) 

l + WS*SIN(LAT)*SIN(OEC) ) 
•/ T _ I I i l A i"i * f~ \J T Ci A r\ 

RATIO-0.958-0.982*KT 
i) B A R = K A I 1U*H 
DW=172.5 
W=?DW*P 1/ 180. 30 
MO = MQ +• 1 
DO 251=1,N 
GAMA=DGAMA(I)*P1/180. 
S-DSII>*PI/180. 
SKY = G.5*(l.+CQS(S )) 
C R 0 U N D = 0 . 5 * A L 8 * ( l . - C 0 S t S n 
HCIA = COS I LAT i*COS1DEC> *CQSIW)+SIN(LAT>*SIN<DEC ) 
IE(HCIA.LE.O.) GO TO 94 
RT1=0.409 + 0.5016*S1N(WS-1.04 7 I 
RT2=G.6609-0.4767*SIN(WS-1.047) 
RT-(PI/24.)*(RT1*RT2*COS(W)l*(COS(Wl-COSCWS » ) / ( S I N ( W S ) - W S * C O S ( W S > ) 
TlBAR=RT*HBAR 
RATH=PI/2 4.*((COS(W)-COS(WS))/(SIN(WS)-WS*C0S(WS>)) 
OIfiAR=RATH*DBAR 
TCIA=COS(S)* SIN(DEC)*S1N(LAT)-SIN(DEC)*CQS(LAT)•SIKCS> 

1*CQS(GAMA)+C0S(DEC)*C0S(LAT)*C0S(S)*COS <W >+C0S(W>*COS(DEC I 
2*SlN4S)*COS(GAttA»*SlN(LATI*COS(DEC)*SIN(S)*SIN(GAMAI 
3*SIN(W) 
IF(TCIA.GT.O.i GO TO 70 
8TILT=0. 
GO TO 80 

70 R8=TCIA/HCIA 
IF(TIBAR.LT.DIBAR ) TI8AR=0I8AR 
8TILT=(TI8AR-DI&AR)*R8 

80 0TILT=SKY*DI8AR+GROUND*TI8AR 
TTILTIMQ,!)=BTILT*DTILT 
GO TO 91 

94 8TILT=0. 
DTILT = 0 . 
T T I L T ( M Q , I » = 0 . 

91 J=OS(I) 
25 CONTINUE 

12 CONTINUE 
IF I HRREP .LE. G ) RETURN 
WRITE (6,21) 
GO 100 MQ = 1 , 288 

WRITE(6,31> ( T T l L T ( M a , I ) , I = l , N ) 
100 CONTINUE 
21 .F0RMAT(1H1»//*10X»*H0URLY RADIATION FROM SUBROUTINE -- HSRP — * , 

1 // I 

O.W»0«-15. 
IF(DW.GT.-180.iG0 
r n M T T M I i c 

TO 30 

31 FORMAT*10F10.1) 
RETURN 
END 



C — T O EVALUATE THE SURFACE TEMPERATURE OF THE EXTERNAL 
C—WALLS TO BE USED IN THE EVALUATION OF TRANSMISSION 
C — L O S S E S FROM THE BUILDING 
C — T T ILT:RAD IATION AVA LI ABLE ON THAT SURFACE HOURLY 
C — RI: RESISTANCE OF THE WALL 
C—TOBO:QUTDOOR TEMPERATURE 
C—A6Y*ABSORPTIVITY 
C—EMY:EMISSIVITY 
C—N:NUMBER OF SURFACES 
C — T B U N O Q O R TEMPERATURE OF THE HOUSE IN ABSOLUTE SCALE 
C 
C 
C DECLARE COMMON BLOCKS 
C 

COMMON / THOUT / TDB0(288> , TSKY(238) 
COMMON / HSOUT / TTILT<288,10 ) 
COMMON / STOUT / '71 ( 288* 10) 

C 

C 
C 

C 

WIND!12 ) 
/ TTILT<288,10> 

COMMON / STOUT 

DIMENSION 0 S ( 1 0 ) , T I ( 1 0 ) , R I < 1 0 ) 

INTEGER STREP 

RE A D ( 5 , » ) STREP , N , ABY , E MY , T fi 
RE A D ( 5 , * ) U D S ( K ) , K = l , N » , { R I ( K ) , K = l , N n 
SIGMA=2.04E-7 
IF ( STREP .LE. 0 ) GO TO 5 
WRITE(6,55) 
CONTINUE 
00 50 MJ = 1 i 12 
DO 50 NJ » 1 , 24 
1 = ( I MJ - 1 ) * 24 ) *• NJ 
TOeOK=TDBO(I)+273.16 
TSKYK=TSKY(I)*273.16 
WINDC = WIND(MJ) 
DO 40K=1,N 
TI(I,K)=333.16 
GALL SURFACE(SUT,EMY,SIGftA,OS,TSKYK,TD80K, 

1WIN0C,HW,TB,RI,A8Y,I,K ) 
IFCSUT.EQ.O.O) GO TO 34 
IF(SUT.LT.O. )G0 TO 20 
T I ( I » K ) = T I ( I » K ) - 1 0 . 
GO TO 10 

20 T l I I , K )=TI(I ,K)+10. 
24 T I ( I »K ) = T I ( I ,K)-1. 

GALL S U R F A C E ( S U T , £ M Y , S I G M A , D S , T S K Y K , T D B O K , 
1WINDCHW ,TB,RI ,ABY,I ,K) 
IF(SUT.EQ.O.O) GO TO 34 
IF(SUT.LT.O.)G0 TO 30 
GO TO 24 
T I ( I , K ) = T I ( I , K ) + 1 . 

32 T l ( I , K > = T I ( I , K ) - 0 . 1 
CALL S U R F A C E ( S U T » E M Y , S I G M A , D S , T S K Y K , T O B O K , 

10 

25 

30 



LWINDC,HW,TB,RI,A8Y,I,K. 
IFISUT.LE.O.OIGO TO 34 
GO TO 32 

3 4 TI(I» K) = T I ( I , K J - 2 73.16 
40 CONTINUE 

IF ( STREP . L E . 0 ) GO TO 50 
W R l T E i 6 , 4 5 H M J , N J , t T H I,K),K=1,N)) 

50 CONTINUE 
45 F . O R M A T U 3 , 3 X » I 3 , 1 0 F 1 2 . 2 ) 
55 f Q R M A T t l H l , / / » l O x » * S U R F A C E TEMPERATURES OF EXTERNAL fcALLS*, 

L *FROM SUBROUTINE — SURTEMP — *,// ) 
RETURN 
END 

SUBROUTINE SURF A C E I S U T , E M Y , S I G M A , D S , T S K Y K , T D 8 0 K , W I N D C » 
I H H f T B i R I l A B Y t I « K ) 

C 
C — T h I S SUBROUTINE EVALUATES THE SURFACE TEMPERATURE 
C 
C DECLARE COMMON BLOCKS 
C 

C 

c 

COMMON / HSOUT / TTILT(288,LO) 
COMMON / STOUT / T I ( 2 8 6 « 1 0 ) 

DIMENSION O S ( l O ) t R K l O ) 

HW=20.52+13.68+WINOC 
SUT = EMY*SIGMA*(TI ( I«K)**4-( ( l . * C 0 S C ( D S < K m / 2 . . * T S K Y K * * 4 

1- M l . - C O S O t D S ( K ) } )/2. ) *TD80K**4)+HW* (TI ( I »K ) -TDBOK I 
2- K T B - T K I »K>)/RI (K) )-AB Y + TTIL T < I »K) 
RETURN 
END 

SUBROUTINE QC0NP1 ( ANSYS RUN ) 
C 
C 
c 
c 
c 
c 
C 
C 
c 
c 
c 
C 
c 
c 

TO EVALUATE THE TOTAL HEAT LOSSES FROM A BUILDING 
WITHOUT AN ATTIC 

TO EVALUATE THE TOTAL TRANSMISSION LCSS 
TO EVALUATE THE INFILTRATION LOS SE SAND THE 
TOTAL HEAT LOSSES FROM THE BUILDING 

UF=HEAT LOSS CONDUCTANCE FROM FOUNDATION 
A F = A R £ A OF FOUNDATION 
UP= HEAT LOSS CONDUCTANCE FROM PERIMETER IN KJ/HR.SCK.K. 
P =PER IMETER 
U V = HE AT LOSS CONDUCTANCE FROM 
AV,= AREA OF THE SIDE WALLS 
TB=INDOOR TEMPERATURE 
A r u = h . d i M Q C o nc AID c v n 

rHES I 0 E WALLS 

ACH= NUMBER OF AIR EXCHANGES PER HOUR 



C VG=VOLUM£ OF THE HOUSE 
C 
C 
C DECLARE COMMON BLOCKS 
C 

COMMON / THOUT / T0B0(288) 
COMMON / HSQUT / QINFI238) , QC(288) , QT0T(288) 
COMMON / STOUT / SA T ( 2 8 8 , i O ) 
COMMON / SPOUT / TB , SV , FL0W(288) 

C 
DIMENSION UV(10),AV(10) 

C 
INTEGER INFREP , ANSYS , RUN 

R£AD<5**> INFREP , N , UF , AF , TG , UP , P 
IF ( (ANSYS . E t l . 2) .OR. (ANSYS .EQ. G> ) READ(5,*> ACH , VG 
IF I RUN . EQ. 1 I TB » TG 
CONF=UF*AF 
CONP=UP*P 

C — TOBO*HOURLY OUTDOOR TEMPERATURE FROM PROGRAM WOA TA 
C — T O EVALUATE INFILTRATION LOSSES 
C 

I f ( RUN .NE. 1 i CALL QINFP(VG,ACH,TG,ANSYS) 
C 

READ(5,* J(UV(K),K = 1, N) , iAV(K)» K=1•N» 
C 
C — S AT iSURFACE TEMPERATURE FROM PROGRAM SURTEMP 
C 

IF ( INFREP .LE. 0 J GO TO 5 
^R I T £ ( 6 , 3 5 ) 

5 CONTINUE 
OQ 20 MJ = 1 » 12 
DO 20 NJ = 1, 2 4 

I = I ( MJ - 1 ) * 24 ) • NJ 
C0N0=0.0 
DO 10K=1,N 

C — T O EVALUATE TRANSMISSION LOSSES 
COND=COND+UV(K)*AV(K>*lTG-SAT( I , K ) ) 

LO CONTINUE 
QCCI)=CONF*(TG-T0 80(I))+C0NPMTG-TDBG<I))+C0N0 
IF ( INFREP . L E . 0 J GO TO 20 
wRITE (6,16) MJ,NJ,TDBO( I) ,QC( I ),QINF(I>,QTOT(I) 

16 f0RMAT(13,3X,I3,5X,F7.2,5X,F12.2,5X,F12.2,5X,F20.2) 
2 0 CONTINUE 

30 CONTINUE 
RE TURN 

35 F Q R M A T ( 1 H 1 » / / » 1 0 X » * I N F I L T R A T I O N ANO TRANSMISSION LCSSES FROM*, 
1 ^SUBROUTINE — QC0NP1 — * ,// > 
END 



SUBROUTINE QINFP(VG•ACH , TG,ANSYS ) 

•THIS SUBROUTINE EVALUATES THE INFILTRATION LOSSES 

DECLARE COMMON BLOCKS 

COMMON / THOUT / TDB0<288) 
COMMON / HSOUT / QINF(288) 
GOCMON / SPOUT / T8 , SV , 

INTEGER ANSYS 

FL0WC288) 

DO 101=1,288 
IF ( ANSYS .NE, 3 ) QINF(I)=1.218*VG*ACH*(TG 
IF ( ANSYS .EQ. 3 ) QI N F ( I ) = ( FLOW(I >/SV*3 

i-TDBO ( I ) ) 
( I ) / S V * 3 6 0 0 . ) * ( T8-TG > 

CONTINUE 
CONTINUE 
RETURN 
END 

SUBROUTINE GRNHS1 ( GRE , COL ) 

DECLARE COMMON BLOCK 

COMMON / GABLE / G8LREP , FRP , FRC , FPR , FPC 

DIMENSION DGAMA(IO) ,GAMA(10),0S( 10 ) f S ( 1 0 ) f N ( 1 0 ) • A R E A ( 1 0 ) t 
1A( 10 ) »B( 10) tTRANDUO) , T AD (10) , TT D ( 10 ) ,SKY ( 10 ), GROUND ( 10 ) , 
2 T C I A ( 1 0 ) , 8 T I L T ( 1 0 ) , R B ( 1 0 > , D T I L T ( 1 0 ) , T T ( 1 0 ) , T I A ( 1 0 > , A 0 F I ( 1 0 ) , 
3 A 0 F R ( 1 0 ) , X X < 1 0 ) , Y Y C 1 0 ) , P £ R E ( 1 0 ) , P A R E ( 1 0 ) , A A ( 1 0 ) , B B ( 1 0 ) , 
4 TRANS(10),TA(10), 
5 I5T112) , GRE(12,24) , C 0 L ( 1 2 , 2 t ) 

C 
INTEGER G8LREP 
REAL LAT,KT 

C 
C INTIA L I Z E DAT 
C 

00 65 MQ = 1 , 12 
IST(MQ) = 0 
DO 60 NQ = 1 > 24 

GRE ( MQ , NQ ) » O.Oo 

COL(MQ » NQ ) = 0.0° 
CONTINUE 
i T T n i l IC 

60 
65 CONTINUE 

C 
C — C A L C U L A T I O N OF TRANSMITTANCE THROUGH GLASS COVER 
C 



C—READ 
C 

R£d0(5,*j 
R £ A D ( 5 , * ) 
READ 15 ,*) 

G8LREP , OLA T , NW , AF 
FRP , FRC • FPR , FPC 

ALP R INDEX AK 

I DGAMA(I) DS( I) N ( I ) AREA!I ) , I = 1 

AL 

NW ) 

IF t G8LREP .LE. 0 ) GO TO 1000 
WRITE(6,1) 
WRITEC6,108) 

1000 CONTINUE 
P1=3.141593 
SC=4871. 
LAT=DLAT*PI/180. 

C 
C—CHARACTERISTICS OF GLASS COVER 
C 

TRANSMITTANCE FOR DIFFUSE RADIATION C—CALCULATION OF 
A0DI=1.0123 
AODR=ASIN(SIN(AO0I)/RINDEX) 
X=AODR-AOOI 
Y=A0DI+AODR 
P E R E F = ( S I N ( X ) / S I N ( Y ) ) * * 2 
PAREF=(TAN(X)/TAN(Y))**2 
n=o 
00 12 MCD = 1 , 12 
R E A D ( 5 »* ) 0AY,H8AR,AL8 
M = M + 1 
G0RFAC=1.+0.033*C0S(PI*2.*DAY/36 5.) 
DEC=2 3.45*SIN(((284.*DAY)/365 . )*2.0 * P I) 
D £ C = D £ C * P I / 1 8 0 . 
WS=AC0S(-TAN(LAT)*TAN(DEC)) 
EXTRA0=2 4./PI*SC*C0RFAC*(C0S(LAT)*C0S(OEC>*SIN I WS) 

1+WS*SIN(LAT)*SIN(DEC) ) 
KT = H8 AR/E XTRAO 
RAT I 0 = 0.958-0.982*KT 
D8AR=RATI0*HBAR 
IF ( G8LREP .LE. 0 ) GO TO 1001 
IF(M.EQ. II WRITE(6,110) 
IF(M.EQ.2 ) 
IF(M.EQ.3) 
IF(M.EQ.H ) 
IFIM.EQ.5) 
IF. (M .EQ.6 ) 
IF(M.EQ.7) 
IF(M.EQ.8) 
IF (M.EQ.9 ) 
IF(M.EQ.10) 
IF(M.EQ.11) 

W R I T E ( 6 , l l l ) 
WRITE(6,112) 
WRITE(6,113 ) 
WRITE(6,114) 
WRITE(6,115) 
WRITE(6,116) 
WRITE(6,117 ) 
WRITE(6,118 ) 
W R I T £ ( 6 , 1 1 9 ) 
W R I T £ ( 6 , 1 2 0 ) 
WRITE(6,121) If(M.EQ.12) 

1001 CONTINUE 
DO 20 I =i,NW 
A ( I ) = ( 2 • * N ( I ) — 1 . ) *PEREF 
8 ( I ) = ( 2 . * N ( I ) - l . ) * P A R E F 

C****CALCULATIQN OF TRANSMITTANCE DUE TO REFLECTION ONLY 
IRAN0(I)=0.5'M(1.-PEREF)/(1. + A ( I ) ) - M l.-PAREF ) / ( l . + e ( I ) ) ) 

C 



C * * * * C A L C U L A T I O N O F T R A N S M I T T A N C E D U E T O A B S O R P T I O N O N L Y 

T A O t I ) = £ X P l - N ( I ) * A K * A L / C O S ( A Q O R ) ) 

C ^ ' C A L C U L A T I O N O F T O T A L T R A N S M I T T A N C E C O N S I D E R I N G A B S O R P T I O N £ R E F 

T T 0 ( I ) * T R A N O ( I , * T A Q { I ) 

G AM A ( I ) = D G A M A ( I ) * P 1 / 1 8 0 . 

St I J = 0 S ( I ) * P I / 1 8 0 . 

5 K Y { I J = 0 » 5 * ( l . + C Q S l S t I ) ) » 

G R O U N D ( I ) = 0 . 5 * A L B * ( 1 . - C 0 S ( S ( I ) ) ) 

2 0 C O N T I N U E 

Q W = 1 2 7 . 5 

3 0 W = D W * P I / 1 8 0 . 

H C I A = C O S f L A T J ' C G S t D E C ) * C O S ( W > • S I N ( L A T ) * S I N ( D E C ) 

I F t H C I A • L E » 0 . ) G O T O 9 4 

R 1 1 = 0 . 4 0 9 + 0 . 5 0 1 6 * S I N ( W S - 1 . 0 4 7 ) 

R f 2 = 0 . 6 6 0 9 - 0 . 4 7 b 7 * S l N ( W S — 1 . 0 4 7 ) 

R T = ( P I / 2 4 . ) * ( R T 1 * R T 2 * C 0 S ( W ) ) * ( C O S ( W ) - C O S ( W S ) ) / ( S I N ( W S ) - W S * C O S ( WS)) 
T I B A R = R T * H B A R 

R A T H = P 1 / 2 4 . * ( ( C O S ( W ) - C O S ( W S ) ) / ( S I N ( W S ) - W S * C O S ( W S ) ) ) 

D I B A R = R A T H * D B A R 

DO 4 0 1=1,NW 
T C I At I ) = C O S ( S ( I ) ) * S I N t D E C ) * S I N ( L A T ) - S I N ( D E C ) * C O S t L A T ) * S I N ( S ( I ) ) * 

1 0 0 S t GAMA 1 1 ) J + C O S ( D E C ) * C O S I L A T ) * C 0 S ( S ( I ) ) * C 0 S ( N ) + C 0 S U ) * C O S ( D E C ) * 

2 S I N ( S t I ) ) * C 0 S ( G A M A t I ) ) * S I N ( L A T ) + C O S ( C E C ) * S I N ( S ( I ) ) * S I N ( G A M A ( I ) ) * 

3SIN(W ) 
I F ( T C I A ( I ) • G T . O • ) G O T O 7 0 

8 T I L T ( I ) = 0 . 

R B I I ) = 0 . 

G O T O 8 0 

7 0 RB( I ) = T C I A ( I ) / H C I A 

I F ( T I 8 A R . L T . 0 I 8 A R ) T I B A R = D I B A R 

B T I L T t I ) = ( T I B A R - D I B A R ) * R 8 ( I ) 

8 0 D T I L T l I ) = S K Y t I ) * 0 I B A R + G R O U N D ( I ) * T I B A R 

I F C T C I A d ) . G T . O . ) G O T O 9 0 

T T ( I ) = 0 . 

G O T O 4 0 

9 0 T I A ( I ) = A C O S t T C I A ( I ) ) 

C — C A L C U L A T I O N O F T R A N S M I T T A N C E F O R B E A M R A D I A T I O N 

A O F I t I ) = T I A ( I ) 

AQFRU ) = A S I N ( S I N ( A O F I ( I ) , / R l N O E X ) 
X X I I ) = A O F R ( I ) ~ A Q F I ( I ) 

Y Y t I ) = A 0 F I ( I ) + A O F R ( I ) 

P E R E t I ) = ( S I N ( X X I I ) ) / S I N t Y Y ( I ) ) ) * * 2 

P A R E ( I ) = ( T A N ( X X ( I ) ) / T A N ( Y Y ( I ) ) ) * * 2 

A A ( I ) = ( 2 . * N ( I ) - l . ) * P £ R £ ( I ) 

8 a ( I ) = ( 2 . * N ( I ) - l . ) * P A R E ( I ) 

€ * * * * C A L C U L A T I Q N O F T R A N S M I T T A N C E D U E T O R E F L E C T I O N O N L Y 

T R A N S I I ) = 0 . 5 * ( t l . - P E R E t I ) ) / ( 1 . + A A ( I ) ) + ( l . - P A R £ ( I ) ) / ( l . + B 8 ( I ) ) ) 

C * * * * C A L C U L A T I Q N O F T R A N S M I T T A N C E D U E T O A B S O R P T I O N O N L Y 

TAt I ) = E X P t - N t I ) * A K * A L / C O S ( A O F R ( I ) ) ) 

C * * * * C A L C U L A T I G N O F T O T A L T R A N S M I T T A N C E C O N S I D E R I N G A B S O R P T I O N £ R E F 

T T l 1 > = T R A N S t I ) * T A 1 1 ) 

4 0 C O N T I N U E 

C A L L C A P F A C 1 ( 8 T I L T , D T I L T , T T , T T D , A R E A , T 1 6 A R , C I B A R , N W , A F , A L P , D W , 
1 M , 

2 G R E , C O L , 1 S T ) 



94 DW-Dw-15. 
IFtDW.GT.O.J GO TO 30 

12 CONTINUE 
IF { GBLREP •LE. 0 ) GO TO 700 

6 WRITE(6,2) 
00 600 MG = 1 » 12 

KG = ISTiMG) 
00 550 NG = 1 , KG 
WRITE*6,i05) COL(HG,NG» , GRE(MG,NG) , MG 

550 CONTINUE 
600 CONTINUE 
700 CONTINUE 

C 
C REARRANGE LOSSES 
C 

CALL PRG1 ( COL , GRE , 1ST ) 
C 

RETURN 
2 FORMAT*1H1,//,10X,*VALUES OF — COL — AND GRE — FROM *, 

1 ^SUBROUTINE — GRNHS1 — *,// > 
F0RMAT12F6.1,I1,F6.0) 
fQRMATt5X,2F15.5,I5) 
F,0RMAT(*l*///7/,29X,*.10 HECTARE*//, 2 5X,*S INGLE GLASS ROOF * / / , 

126X»* SHEO GREENHOUSE*//,26X,*E-W 0RIENTATI ON*//,2SX, 
2*LENGTH=10QM*/,29X,*WIOTH = 10M*/,29X,*HEIGHT=2 M*/,29X, 

100 
105 

110 
1 1 1 

3*SL0PE =30DEG*//,24X,*GLASS CHARACTERISTICS!*/ / , 2 4 > , 
4*THICKNESS=0.30 CM*//,24X,*K = 0.252 CM-i ; IR=1.526*///) 
FORMAT* * 1 * / / / , 3 5 X , » J A N U A R Y * / / ) 

111 F0Rf1AT**i*///,35X,*FEBRUARY*// ) 
112 F0RMAT(*1*///,35X,*MARCH*// ) 
113 FQRMATt*l*///,35X,*APRIL*//) 
114 FORMATl*!*///,35X,*MAY*//) 
115 fiaRMATl*l*///,35X,*JUNE*//) 
116 F0RMAT**1*///,35X,*JULY*//) 
117 FORMAT(*1*///,35X,*AUGUST*//J 
118 F O R M A T I * 1 * / / / » 3 5 X » * S £ P T £ M B £ R * / / ) 
119 FQRMAT**1*///,35X,*0CT0BER*//) 
120 F O R M A T * * 1 * / / / » 3 5 X , * N 0 V E M 8 £ R * / / ) 
121 FOR MAT**!*///,35X,*0ECEM8ER*//) 121 F0RMAT**l*///,3! 

.*S3 
END 

103 FORMAT(29X ,*S1 = SOUTH WALL*/,29X,*S2= SOUTH R00F*/,29X, 
1*S3 » EAST WALL*/,29X,*S4 = WEST A L L * / » 2 9 X , * S 5 » COLLECTOR*/) 

E i i n ' 



SUBROUTINE CAPFA CI (8,0,BTR,OTR,AREA,KBAR,DBAR,NW,AF,ALB,HR,M, 
1 GRE , COL , 1ST > 

C DECLARE COMMON BLOCKS 
C 

COMMON / GABLE / G8LREP , FRP , FRC , FPR , FPC 
r 

DIMENSION B ( I O ) , Q ( i O ) , T ( 1 0 ) , T 8 ( L O ) , T D ( 1 0 ) , T T ( 1 0 ) , B T R ( 1 0 ) , 
10TR(10 J,AREA(10) ,RB(10 >,RD(10) •RFC 10 ) ,T8B(1G )* TDD (10 > , 
2 GRE(12,24) , CQL(12,24) , I S T ( 1 2 ) 

INTEGER GBLREP 
C 

C 
C--CAPTURE FACTORS FOR SHED GREENHOUSES »L C SS FROM ROOF INCLUDED. 
C — A L S C REFLECTION LOSSES 
C 

8BAR=HBAR-DBAR 
IF ( GBLREP .LE. 0 I GO TO 100 
WRITE(6,105) HR 

100 CONTINUE 
DO 10 1=1,NW 

C — R E F E C T I O N LOSSES 
I F U . E Q . 2 ) GO TO 50 
IF.tI.EQ.5) GO TO 60 

C—FACTOR (TRANSO*F )VALID ONLY FOR GABLE WITH SLOPES OF SAME MAT' 
T.BC I 1=8 ( I I *BTRi I) *AREA I I } =M1. -ALB*OTR ( I) > 
TO(I> = D(I> *OTRl1)*AREA(I ) *( 1.-ALB'O T R ( I ) ) 
GO TO 40 

50 T B 8 ( I ) = 8 ( I ) * A R E A ( I ) * B T R ( I ) - B ( 1 ) * A R E A ( 5 ) * B T R ( I ) 
T B i I ) = T 8 8 ( I ) * ( l . - A L B * ( F P R * D T R ( I ) + F P C » ) 
TO O ( I ) = 0 ( I ) * A R £ A ( 1 ) * D T R ( I ) * F R P 
T O ( I ) = T D O ( I ) * ( l . - A L B * ( F P R * D T R ( I ) + I) + FPC ) ) 
GO TO 40 

60 T8CI) = B ( I ) * A R E A ( I ) * B T R ( 2 ) 
TD(I )=D(2)*AREA(2)*DTR(2)*FRC + ALB*FPC*(TBB(2)+TDD(2 )) 

40 T T ( I ) = T B (I ) + T 0 ( I i 
10 CONTINUE 

BEA M = 0. 
DIFF=0. 
TOTA=0. 
DO 20 J=1,NW 
B£A M = 8 £ A M * T B ( J ) 
OIFF=DIFF+TO(JJ 
TOTA = TOTA + TT( J) 

20 CONTINUE 
DO 30 K=1,NW 
IFlBEAM.EQ.0.) GO TO 17 
R8(K)=T8(K)/BEAM 

17 
18 

GO TO 18 
R B ( K 1 « 0 . 
RO(K)=TO(K)/OIFF 
RT(K)=TT(K)/TOTA 
IF I GBLREP .LE. 0 ) GO TO 30 
WRITE(6,101) K , A R E A ( K ) , T 8 ( K ) , T O ( K ) , I T ( K ) , R 8 ( K ) ,RD(K) ,RT(K) 

30 CONTINUE 



HOR =AF *H8 AR 
EFF=TOTA/HOR 
OHOR=AF*DBAR 
6H0R=AF*BBAR 
OEFF=OIFF/QHOR 
IF i BHOR•EQ•0.) GO TO 19 
B£FF=8£AM/BHQR 
GO TO 21 

19 BEFF=0. 
21 IF I G8LREP .LE • 0 ) GO TO 500 

WRITE(6,106) 
WRITE(6,102) B £ A M , D I F F , T O T A , B £ F F , O E F F , E F F 

500 IST(M) = IST(M) • 1 
GRE ( M , IST(M) * = TOTA 
COL ( M , IST(M) ) = T T ( 5 ) 
RETURN 

101 FGRMAT(9X,I1,2X»F6.0» 3F 10 .0 , 3 X , 3F 7 . 3 / ) 
102 FORMAT(9X,3F10.0,3F7.3//) 
105 F 0 R M A T ( 9 X , * S * , 4 X » * A R E A * , 4 X , * S Q L A R ENERGY CAPTURED *,F8.1,3X, 

1*CONTRIBUTION*/,14X,*M**2*,11X,*(KJ/HR )*,2 2X,*T0 TOTAL*//, 
2 2 3 X , * B £ A M * , 3 X , * D I F F U S E * , 5 X , * T 0 T A L * , 6 X , * B E A M * ,3X,*DIF.*,3X, 
3*T0TAL*/) 

106 F0RMATC15X,•TOTAL CAPTURED * / , 1 3 X , * B £ A M * , 4 X » * D I F FUSE*,4X, 
1*T0TAL*,4X,*8CF * , 3X , *D CF *, 4X , * TCF * / ) 
END 

SUBROUTINE PRG1 ( COL , GRE , 1ST ) 
C 
C DECLARE COMMON BLOCK 
C 

c 

COMMON / GABLE / G8LREP 

DIMENSION 1ST*12),COL(12,24),GRE(12,24) 
C 
C INTEGER GBLREP 
C 

00 400 18=1,12 
00 500 JB=1,23 
I F ( C O L ( I B , J B + U.ME.O.) GO TO 500 
KB-1ST(IB) 
00 600 K=1,KB 
L=;13-K 
rt=12-«-K 
N=KB-K+1 
COL( I B i L l - C O U I 8 , M ) = C 0 L ( I B , N ) 
GRE( IB,L)=GRE(IB,M)=GRE(IB,N)• 

600 0 0 L ( I B , N ) = G R £ ( I B , N ) = 0 . 
GO TO 400 

500 CONTINUE 
400 CONTINUE 

IF ( GBLREP . L E . 0 ) GO TO 800 



WRITE(6,950) 
00 700 IC=1,12 
00 700 JC=1,24 
WRITE 16, 900) IC« JC« C O L d C t JCJ , G R E ( I C J C ) 

700 CONTINUE 
800 RETURN 
900 F0RMAT(5X,2I5,2F15.6l 
950 F O R M A T l 1 H 1 , 1 0 X , * V A L U £ S OF — QSOL — FROM SUBROUTINE - - P R G 1 — * « / / ) 

END 

SUBROUTINE TOTAL 1 ( GR ES , COLS , ANSYS ) 
C 
C 
C DECLARE COMMON BLOCKS 
C 
C 

COMMON / HSOUT / QINFJ288) , QTR(288) , QL0ADI288) 
COMMON / STOUT / T I ( 2 8 8 , 1 0 ) 

COMMON / OPTCS / ABC , AC, AR , E 1, E2 , EC , £R ,FRC ,H ,L , S , T C0 , TCC , UM 

DIMENSION C0LS(12,24) , GRES(12,24) 

INTEGER ANSYS 

C 

C 

C 

c 

c 

SIG=2.04E-7 
READ IN CONSTANTS 

REA0(5,«) AC , A8C , EC , ER , AR , FRC , TC 
i f l I M r r i M C T A M T C c n o c i i D o n i i T i M c n o T T r READ IN CONSTANTS FOR SUBROUTINE OPTTC 
REA015,*) E l , E2 , H , S , L , UM , 
TC = TC • 273.16 

TGD , TCC 

DO 20 1=1,12 
SINF=0. 
SQTR=0. 
SS0L=0. 
SSUP=0. 
SLQAD=0. 
SQCOL=0. 

FOLLOWING STATEMENTS ARE FOR SUBROUTINE OPTTC — MAR. 83 

WR I T £ 1 6 , 1 7 7 ) 
FORMAT ( 1H1,1< 

I 
177 FORMAT ( 1H1,10X ,"MONTH NO. = M 3 . / I 

M ON = I 
CALL OPTTC(MON,SiG,COLS> 

END OF NEW STATEMENTS MAR. 83 
IF ( ANSYS .EQ. 2 ) WRITE(6,25) 
IF ( ANSYS .EQ. 3 ) WRITE(6,26) 
DO 30 J=L,24 



= C Q L S ( I , J ) 
- G R E S ( I , J ) 

COL = 
GR 
flO = I ( I - 1 ) * 24 I • J 
TR » TI(MQ,2) 

IFICOL.EQ.O. ) GO TO 50 
TR=TR+273.16 
C Q L 0 S S = ( S I G * ( T C * * 4 - T R * * 4 ) ) / ( ( ( l . - E C ) / ( E C * A C ) ) 

1 * U / ( A R * F R C 1 I * U 1 - E R ) / ( E R * A R ) I » 

GCQL=A8C*COL-COL0SS 
IFIQCOL.LT.O.» QC0L=0. 
GO TO 51 
COLOSS=0. 
QCOL-0. 
n c n i r D . 

50 

51 Q S Q L = G R - C O L 

IF I QINF(MQ) . L E . 0.0 ) QINF(MQ) = 0.0 
IF ( QTR(MQ) .LE. 0.0 ) QTR(MG) = 0.0 
F = 0.0 

C 
C ANALYSIS TYPE 2 
C 

IF ( ANSYS . E Q . 3 > GO TO 100 
QLGAO(MQ) » QlNF(MQ) • QTR(MQ) 
IF ( QLOAD(MQ) . L E . 0.0 ) QLOAD(MQ) = 0.0 
QSUP = QSOL - QINF(MQ) - QTR(MQ) 
IF ( QSUP .GT. 0.0 ) QSUP - 0.0 
IF ( QLOAO(MQ) .NE. 0.0 ) F = ( QLOAG(MQ) • QSUP J / GLQAD(MC) 
WRITE(6,4 0) I,J,GSOL,QINF(MQ) ,QTR(MQ ) ,GLOAD(MQ) ,QSUP,F,QCOL 
GO TO 105 

100 CONTINUE 
C 
C ANALYSIS TYPE 3 
C 

QLOAD(MQ) = QTR(MQ) - QSOL , 
IF ( QLOAO(MQ) .LE. 0.0 ) GLOAD(MQ) = 0.0 
QSUP = QLOAD(MQ) - QINFIMQ) 

IP . I T . n.i IF( QSUP .LT. 0.0 ) QSUP = 0.0 
IF ( QTR(MQ) .NE. 0.0 ) F » ( QTR(MQ) - QLOAD(MQ) ) / QTR(MQ) 
UFCT = 0.0 
IF ( QLOAD(MQ) .NE.0.0 ) QFCT = ( QLOAO(MQ) - QSUP ) / QLOAD(MQ) 
WRITE(6,42) I,J,QSOL,QINF(MQ),QTR(MQ ) , QLOAD(MQ),QSIP,F,QCOL,QFCT 
IF ( QTR(MQ) .EQ. 0.0 ) QINF(MQ) = 0.0 

105 CONTINUE 
S INF = S INF+QINF(MQ) 
SQTR-=SQTR + QTR(MQ) 
SS0L=SS0L+QS0L 
SSUP = SSUP-«-QSUP 
SL0A0=SL0AD+QL0AD(MQ) 
SQCOL-SQCOL+QCOL 

30 CONTINUE 
DA YF = 0.0 

;LOA 
. E Q . 2 ) D A Y F = ( S L O A O + S S U P ) / 

I F I A N S Y S . E Q . 3 ) DA Y F = ( S Q T R - S L O A O ) / S Q T R 

IF ( ( SLOAO .EQ. 0.0 ) .AND. ( ANSYS .EQ. 2 ) ) G O T O 115 
IF ( ( SQTR .EQ. 0.0 ) .AND. ( ANSYS .EQ. 3 ) ) GO TO 115 
IF ( ANSYS . E Q . 2 ) DAYF = ( SLOAO + SSUP ) / SLOAO 

115 COLF = 0.0 



ANSYS .EQ. 3 ) 
i ( 6 , 4 3 ) SSOLtSINF, 

IF ( SSUP .NE. 0.0 ) COLF = SQCOL / SSUP 
SFCT » 0.0 
IF ( SQTR .NE. 0.0 J SFCT = S I NF / SGTR 
IF ( ANSYS .EQ. 2 ) 

.kRITE(6,41) S S O L » S I N F , S G T R , S L O A D , S S U P ,DAYF,SQCOL,COLF 
IF ( 

.WRITE(6,43) SSOL,SINF,SQTR,SLOAD,SSUP,DAYF,SQCOL,SFCT,COLF 
20 CONTINUE 

25 FORMAT(5(/) ,15X, 
1 *MGNTH HOUR PASSIVE I NF IL 1 TRANSMTN TOTAL *, 
2 *SUPLMENTL FRACTN SOLAR *,/,15X, 
3 * SOLAR -RATION LOSSES LOSSES *, 
4 *HEAT REQD LOAD COLECTED *, / 1 5X ,8 1 ( 1H-> , / ) 

4 0 FORMAT(L7X,12,3X,12,IX,2F10.0,3F11.0,F8.3,2F10.0) 
4 1 F O R M A T ( / , 1 5 X , 8 1 ( 1 H = ) , / , L 7 X , * T 0 T A L * » / , 19X,*0F*,4X,2F1C.0,3F11.0, 

1 F8.3,F10.0,/,17X,* DAY *,/,15> ,81(1H» ) , 
2 //,62X,*FRACTI0N SUPPLIED BY SOLAR*,F8.3 ) 

26 FORMAT(5(/),15X, 
1 *MONTH HOUR PASSIVE INFILT TRANSMTN TOTAL *, 
2 *SUPLMENTL FRACTN SOLAR FRACTN *,/,15X, 
3 # c m t o _D » T i n k i n c c c c i n * SOLAR -RATION LOSSES LOSSES *, 
4 *HE AT REQO LOAD COLECTED EY VETLN *,/15*,91(1H-) , / ) 

4 2 FORMAT(17X,12,3X,12,IX,2F10.0,3F11 .0 ,F8.3,F10.0,F10.3) 
4 3 FOR MAT(/,15X,91(1H=),/,17X,*TOTAL*,/,19X , *0F * ,4X , , 2 F10. 0 , 3F 11. 0, 

1 F8.3,F10.G,FI0.3,/,17X,* DAY * ,/, 15X,91(1H= ) , F8.3,F10.G,FI0.3,/,17X,* DAY * , / , l 
2 //,72X*'FRACTION SUPPLIED BY SOLAR*,F8.3 ) 
ENO 

SUBROUTINE SUP ( ANSYS ) 
C 
C DECLARE COMMON BLOCKS 
C 

COMMON / THOUT / T0I288) , TSKY(288) , WIND112) , TCP0(288) 
COMMON / HSOUT / QVENT(288) , QTRANS(288) , QSUP(28fi) , KWHI288) 

1 ,UFL0W(288) , UQ V ENT(288) , UQTR(288 ) , UWH(288) 
2 ,UQSUP(288) 
COMMON / SPOUT / T8 , till , FL0W(288> 

C 
REAL KWH 
INTEGER SUPREP , ANSYS 

C 
C 
C READ IN REQUIRED CONSTANTS 
C 

RE AD(5 , *) SUPREP , N , VER , VENT , WT , TB , RH8 , PAT , PMAX 
C 

FMAX = VENT * N 
C 

CALL HMPRO ( WT , TB , WVP , HL , CSENS , TH ) 
AMW = N * WVP 
SVP = VP(TB) 
CALL DBRH ( TB,RHB,PAT,SVP,AVP,SUR,W8,SV,SPH,DPT ) 



C ASSIGN VALUE OF SV TO l l l l OF COMMON BLOCK. 
C THIS IS DONE TO VALUE OF SV IN SUBROUTINE *QCONPl'. 
C VALUE OF l l l l IS TRANSFERED BY COMMON BLOCK * SPOUT *. 
C 

l l l l = SV 
C 

DO 20 J s 1 i 12 
IF ( SUPREP .NE. 0 ) WRITE16.30) 
DO 20 K - 1 * 24 

I - ( ( J - 1 ) * 2 4 ) * K 
S VPO = V P ( T O ( I ) ) 
A VPO = V P d Q P O d ) ) 
CALL OBDP ( T O d J , RHU , PAT, S VPO , A VP 0, SURO , WO , S VO , EfNTO , TDPO ( I ) ) 
AMA = AMW / ( W8 - WO ) 
r A i i n n c\ n 

C 

C 

C 

C 

CALL OBOP i TB ,RHX,PAT,SVP , AVPO,SlRX,WX, SVX,ENT6 ,TDPOd ) ) 
OVENT(I) » AMA * (E NT8 - ENTO ) 
Q S U P d ) = N * QSENS - QTRANS( I ) - G V E N T d ) 
IF ( Q S U P d ) .LE. 0.0 ) GO TO 10 
Q V E N T d ) » N * QSENS - QTRA NS(I ) 
AMA = QVENT(I) / ( ENTB - ENTO ) 
Q S U P d ) = 0.0 

10 FLOW(I) = ( AMA * SV ) / 3600.0 

KWH(I) = FLOW(I) / VER 
UWHII) = ( KWH(I) * 1000.0 ) / N 

IF { ( FLOW(I) .LT. 0.0 ) .OR. ( FLOW(I) .GT. F MAX ) ) 
FLOWCI) = FMAX 

= FLOWCI) / 
UWHlI) 
UFLOWd ) = FLOW( I ) / N 
UQVENT(I) - QVENT(I ) / N 
UQTR(I) » QTRANSCI) / N 
UQSUP d ) = QSUP(I) / N 
IF i SUPREP .NE. 0 ) 

1 WRITE(6,40> J,K,TO(I),TDPO( I ) ,QTR ANS ( I ) , Q VENT (I ) , C S U P d ) , 
2 FLOW ( I ) ,KWH< I I ,UFLOW( I ) »UQ V ENT d ) * UQTR ( I ) ,UQSUP (I) «UWH( I ) 

20 CONTINUE 
C 
C IF TYPE OF ANALYSIS EQUAL TO THEN PRODUCE TABLE, 
C OTHERWISE RETURN TO CALLING SUBPROGRAM FGR FURTHER 
C ANALYSIS. STOP PROGRAM IF NO ANALYSIS NEEDED. 
C 

IF ( ANSY S .EQ. 3 ) RETURN 

CALL NEWMON ( N , VENT , PMAX ) 

STOP 

30 
* Q V E N T * , 6 X » * Q S U P * » 8 X »*FLOW*» 3 

« l l O T e * . 4 X . * i J Q s ( ] P * . 4 X . * 

FORMATdG(/) »lHl»*f * i Q N*,3X»*HQR*»4X»*TQ*»4X»*TDP0*»4X»*QTRANS<»8X , 
1 * Q V E N T * , 6 X , * Q S U P * , 8 X , * F L 0 W * , 3 X , * K W H * , 3 X , * U F L 0 W * , 3 X , * U Q V E N T » , 2 X , 

*UQTR*,• 
40 FORMAT ( I 3 , 3X, I 3 , 2F7.1, 3F12.1,2F8 . 2 , F7.5,3F8.2,3X,F6.3 ) 

2 *UQTR*» 4X,*UQSUP*,4X,*UWH* »/ ) 

END 

C 



C 
C 

REAL LH , MW 
C 

A = 0.00539*WT + 0.00171*TB - 0.OOOO579*WT*TB - 0.CQCO141*WT**2 
• 0.000446*TB**2 - 1.4147 

MW = 10.0 ** A 
B » 1.761 + 0.035*AL0G10(WT) - 0.00414*T8 • 0.148*(AL0G10(WT))**2 

• 0.00023*TB**2 - 0.00563 *TB*ALOG 10(WT) 
TH = 4.186 * 10.0 ** B 
LH = MW * ( 2504.44 - 2.4*TB ) 
SH = TH - LH 

C 
RETURN 
ENO 

SUBROUTINE D8DP ( OBT,RHU,PAT,SVP,A VP , SUR,AUR,SPV,SPH,OPT ) 
C 

c . 
C 
C THIS SUBROUTINE CALCULATES MOIST AIR PROPERTIES 
C WHEN OB TEMPERATURE AND OB ARE KNOWN 
C 
C INPUT: 
C 
C DBT - DRY-BULB TEMP.(DEG.CELCIUS) FROM THHFX 
C DPT - DEW POINT TEMPERATURE FROM THHFX 
C PAT - ATMOSPHERIC PRESSURE(KPA) 
C SVP - SATURATION WATER VAPOUR PRESSURE (KPA) FROM FLNCT. VP 
C AVP - ACTUAL WATER VAPOUR PRESSURE (KPA) FROM FUNCTION VP 
C 
C 
C OUTPUT: 

SUR - SATURATION HUMIDITY RATIO ( KG. W A TER/KG. DRY-A I «5 ) 
AUR - ACTUAL HUMIDITY RATIO (KG.WATER/KG.DRY-AIR) 
SPV - SPECIFIC VOLUME (CU.METRE/KG.DRY-AIR) 

C 
C 
C 
C SPV - SPECIFIC VOLUME 
C SPH - SPECIFIC ENTHAPLY (KJ/KG,ORY-A IR ) 
C RHU - RELATIVE HUMIDITY (DEG.CELCIUS) 
C 
c 
c  

PAT = 101.32 5 
D A D = n . >>'H 7 f > * R AR = 0.28705 

C 
C CALCULATION OF RELATIVE HUMIDITY 
C 

RHU = AVP / SVP 



C CALCULATION OF SATURATION HUMIDITY RATIO 
C 

SUR = 0.62198 * SVP / ( PAT - SVP J 
C 
C CALCULATION OF ACTUAL HUMIDITY RATIO 
C 

AUR = 0.62198 * AVP / ( PAT - AVP ) 
C 
C CALCULATION OF DEGREE OF SATURATION 
C 

OES = AUR / SUR 
C 
C CALCULATION OF SPECIFIC VOLUME 
C 

AD8 = D8T <- 273.16 
SPV = RAR * ADB / PAT * ( 1.0 • 1.6078 * AUR ) 

C 
C CALCULATION OF SPECIFIC ENTHAPLY 
C 
C FOLOWING EQUATION IS VALID FOR OBT IN THE RANGE OF -50 TO 110 ONLY 
C 

SPH = 1,006 * D8T • AUR * ( 2501 > 1.775 * DBT ) 
RETURN 
END 

SUBROUTINE DBRH ( 
C 
C¬
C 
C 
C 
c 
C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c-

0 8 T » R H U , P A T , S V P , A AVP,SUR,AUR,SPV,SPH,DPT ) 

SUBROUTINE TO CALCULATE MOIST AIR PROPERTIES 
WHEN OB TEMPERATURE AND RH ARE KNOWN 

INPUT: 

D8T - DRY-BULB TEMPERATURE ( DEG.CELCIUS ) FROM SUBROUTINE -SUP-
RHU - RELATIVE HIPUOITY (DECIMAL) FROM SUBROUTINE —SUP-
PAT - ATMOSPHERIC PRESSURE (KPA) FROM SUBROUTINE -SLP-
SVP - SATURATION WATER VAPOUR PRESSURE (KPA) FROM FUNCTION -VP-

OUTPUT 

AVP 
SUR 
AUR 
SPV 
SPH 
DPT 

ACTUAL WATER VAPOUR PRESSURE (KPA) 
SATURARTION HUMIDITY RATIO (KG.iniATER/KG.DRY-AIR) 
ACTUAL HUMIDITY RATIO (KG.WATER/KG.DRY—AIR) 
SPECIFIC VOLUME (CU.METRE/KG.DRY-AIR) 
SPECIFIC ENTHAPLY (KJ/KG.DRY-AIR ) 
DEW-POINT TEMPERATURE (OEG.CELCIUS) 



c 
c 

RAR = 0.26705 
C 
C CALCULATE ACTUAL WATER VAPOUR PRESSURE 
C 

AVP = RHU *SVP 
C 
C CALCULATE SATURATION HUMIDITY RATIO 
C 

SUR =0.62198 * SVP / ( PAT - SVP . 
C 
C CALCULATE ACTUAL HUMIDITY RATIO 
C 

AUR = 0.62198 * AVP / ( PAT - AVP ) 
C 
C CALCULATE DEGREE OF SATURATION 
C 

OES = AUR / SUR 
C 
C CALCULATE SPECIFIC VOLUME 
C 

ADB = D8T • 273.16 
SPV = RAR * ADB / PAT * ( 1.0 + 1.6078 * AUR > 

C 
C CALCULATE SPECIFIC ENTHAPLY 
C 
C FOLLOWING EQUATION IS VALID FOR DBT IN RANGE OF -50 TO 110 ONLY 
C 

SPH = 1.006 * DBT + AUR * i 2501 + 1.775 * DBT ) 
C 
C CALCULATE DEW POINT TEMPERATURE 
C 

ALP = ALOG(AVP) 
IF ( I DBT •GE. -50.0 . .OR. ( DBT .LE. 0.0 ) ) GO TO 20 
IF ( ( DBT .GT. C O ) .OR. ( DBT . L E . 50.0 I ) GO 10 10 

C 
C DRY BULB TEMPERATURE IN THE THE RANGE ( 50 TO 110 I 
C OPT = 13.8 + 9.4?8*ALP + 1.991*ALP**2 

RETURN 
C 
C DRY BULB TEMPERATURE IN THE RANGE ( 0 TO 50 ) 
C 

10 DPT = 6.983 + 14.38*ALP • 1.079*ALP**2 
RETURN 

y* 

C FOR DRY BULB TEMPERATURE IN THE RANGE ( -50 TO 0 ) 
C 

20 OPT = 5.994 • 12.41*ALP • 0.4273*ALP**2 

RETURN 
END 



FUNCTION VP(TC) 

C FUNCTION TO CALCULATE VAPOUR PRESSURE 
C 
C SOURCE:-
C L.R.WILHELM "NUMERICAL CALCULATION OF PSYCHROMETRIC 
C PROPER!'952 IN SI UNITS" ASAE TRANS. 1976 
C 
C TK - TEMPERATURE IN DEGREE KELVIN 
C VP - VAPOUR PRESSURE ( KILO-PASCLE) 
C TC - DUMMY VARIABLE FOR TEMPERATURE IN DEGREE CELCIUS 
C 
C IF (TC .EQ. DRY - BULB > OUTPUT IS SATURATION VAPOUR FRES SURE 
C 
C IF (TC .EQ. DE'/i POINT ) OUTPUT IS ACTUAL VAPOUR PRESSURE 
C 
C 

TK = .TC + 273.16 
IF ( TC .GT. 0.0 ) GO TO 10 
EXPO = 24.2779 - 6238.64/TK - 0.344438*ALOG(TK ) 
GO TO 15 

LO EXPO = 89.63121 - 7511.52/TK • 0.0 2399897* TK - 1.165455E-05*TK**2 
- 1.281034E-08*TK**3 + 2.09984E-11*TK**4 - 12 . 1508*ALOG(TK ) 

15 VP = EXP(EXPO) 
C 

RETURN 
END 

C 
C 
C 

C 

C 

SUBROUTINE NEWMON ( N 

DECLARE COMMON BLOCKS 

VENT PMAX ) 

COMMON / THOUT / T0(288) , TSKY(288) , WINDI12) , TDP0I288) 
COMMON / HSOUT / QVENT(288) , QTRANS(288I , GSUP(288) , KWH(288> 

UQTRI288) , UWH(288> 1 ,UFLQW<288) 
2 ,UQSUP(288» 
COMMON / SPOUT / TB , l l l l 

REAL KWH 

FMAX=V£NT*N 
00 20 1=1,12 
WRITE(6,30) 
STRANS=0. 
SVENT=0. 
SSUP=0. 
SKWH=0. 
UST=0. 
UVT=0. 
USUP=0. 
UWAT=0. 
FKWH=0. 

, UQVENT(288) 

FL0WI288) 



c 
c 

DO 10 J=l, 2 4 
«Q « ( ( I - 1 I* Z't I + J 
IF(QTRANSIMQ).LT.O.) QTRANS ( M Q)»0. 
I F ( Q V E N T ( M Q ) .LT.O.) QVENT(MQ)=0. 
IF(QSUP(MQ).LT.O.) QSUP(MQ)=0. 
1F(UQTR(MG).LT.0.) UQTR(MQ)=0. 
I F ( U Q V E N T ( M Q ) . L T . O . ) UQVENT(MQ)=0• 
IF(UQ5UP(MQ) .LT.O. ) UQSUP(MG)=0. 
UFLOW(MQ)=UFLOW(MQ)*10G0. 
PLR=FLOW(MQ)/F M A X 
FFLP=0.00153+0.005208*PLR +1.1086*PLR**2-0.1163 5563 * PLR**3 
FAN£=PMAX*FFLP 
STRANS=STRANS+QTRANS(MQ) 
SVENT=SVENT+QVENT(MQ) 
SSUP=SSUP+QSUP(MQ) 
5KwH=SKWH+KWH(MQ) 
UST=UST+UQTR(MQ) 
UV?=UVT+UQVENT(MQ» 
USUP=USUP*UQSUP(MQ) 
UWAT=UWAT«-UWH(MQ) 
FKWH=FKWH+FANE 
ir.R ITE ( 6,40) I,J,TQ(Ma),TDP0(MQ),UQTR(r1Q>,UQVENT(MQJ,UGSUP(MQ), 

1 UFLOW(MQ), F LO W ( MQ)»F A NE 
10 CONTINUE 

WRITE(6,50) UST,UVT,USUP,FKWH 
20 CONTINUE 

RETURN 

30 FORMAT(1H1,1Q(/) » 15 X » 
1 *MONTH HOUR <OUTDOR TEMP.> TRANS. VENTLTN. SUPL 
2 ,* <VENTLTN RATE> FAN*,/,I5X, 
3 * DRY OEW LOSSES LOSSES HEAT 
4 ,* /ANIMAL TOTAL POWER*, /,15X,82(1H-),/ ) 

40 F0RMAT(17X,I2,3X,I2,2X,2F8.1,2X,F7.1,2X,F9.1,2X,F6.1,2X,3F8.2) 
50 FOR MAT(/,15X,82(1H=),//,15X,*T0TAL OF DAY *,15X, 

1 F7.1,2X,F9.1,F8.1,19X,F7.2,//,15X,82(1H=) ) 
END 

C 
c 

c 

SUBROUTINE GRNHSO ( GRE ) 

DIMENSION O G A M A ( I O ) , G A M A ( 1 0 ) , O S ( 1 0 ) , S ( 1 0 ) , N ( 1 0 ) , A R £ A ( 1 0 ) , 
1 A ( 1 0 ) , B ( 1 0 ) , T R A N D ( 1 0 ) , T A D ( I O ) * TTD(10)»SK Y(10 ).GROUND(10), 
2 T C I A ( 1 0 ) , B T I L T I 1 0 * , R B ( 1 0 ) , D T I L T ( 1 0 ) , T T ( 1 0 ) , T I A ( 1 0 ) , A O F I ( 1 0 ) 
3A0FR(10) ,XX(10),YY(10) , P E R E ( 1 0 ) , P A R £ ( 1 0 ) , A A ( 1 0 ) , B B ( 1 0 ) , 
4TRANSI10),TA<10) , IS T ( 1 2 ) , GRE(12,24) 

REAL LAT,KT 
INTEGER GBLREP 

C—CALCULATION OF TRANSMITTANCE THROUGH GLASS COVER 



R E A D ( 5 , « ) G8LREP , DLAT , NW , AF » ALP » F » RINDEX » AK » AL 
REAO(5,* ) (OGAMA(I),DS(I),N(I),AREA(I),I=1,NW) 
IF ( G6LREP .LE. 0 » GO TO 1000 
WRITE (6,1) 
<WRIT£(6,108) 

1000 CONTINUE 
PI=3.141593 
SC=4871. 
LAT=0LAT*PI/180. 

C—CHARACTERISTICS OF GLASS COVER 
C—CALCULATION OF TRANSMITTANCE FOR DIFFUSE RADIATION 

A00I=1.0123 
AODR=ASIN(SIN(AODI)/RINDEX) 
X=AODR-AOOI 
Y = AODI+AODR 
P £ R £ F = ( S I N ( X ) / S I N ( Y ) ) * * 2 
PAREF=(TAN(X)/TAN(Y))**2 
M = G 
DO 65 MQ = 1 , 12 

IST(MQ) - 0 
DO 60 NQ = 1 , 24 

GRE( MQ » NQ J = 0.0 
60 CONTINUE 
65 CONTINUE 

DO 12 NCD = 1 ,12 
R £ A D ( 5 , * ) DAY,H8AR,AL8 
N = M*1 
C0RFAC*L.+G.033*C0S(PI*2.*DAY/36 5.) 
DEC=23.45*SIN(((284.*DAY)/365.)*2.0*PI) 
D E C = D £ C * P I / 1 8 0 . 
WS=ACOS(-TAN(LAT)*TAN(DEC) ) 
EXTRA0=24./PI*SC*C0RFAC*(C0S(LAT)*C0S(DEC)*SIN(WS) 

1*WS*SIN(LAT)*SIN(DEC) ) 
KT=H6AR/EXTRA0 
RAT I 0=0.958-0.962*KT 
D8AR=RATI0*H8AR 
IF ( GBLREP .LE. 0 ) GO TO 1001 
I F ( M . E Q . l ) W R I T £ ( 6 , 1 1 0 ) 
IFCM.EQ.2) WRITE(6,111) 
IFIM.EQ.3) W R I T £ ( 6 , 1 1 2 ) 
IFIM.EQ.4) WRITE(6,113) 
IF(M.EQ.5) WRITE(6,114) 
IFIM.EQ.6) WRITE(6,115) 
IF(M. £ Q . 7 ) WRITE(6,116) 
IF(M.EC.8) WRITE(6,117) 
IF(M. £ Q . 9 ) WRITE(6,118) 
IF(M.EQ.IO) WRITE(6,119) 
I F ( M . E Q . l l ) W R I T £ ( 6 , 1 2 0 ) 
IFIM.EQ.12) WRITE(6,121> 

1001 CONTINUE 
00 20 I =1,NW 
A(I ) = ( 2 . * N ( I ) - 1 . )*PER£F 
B ( I ) = ( 2 . * N ( I ) - l . ) * P A R E F 

C****CALCULATION OF TRANSMITTANCE OUE TO REFLECTION ONLY 



TRANO { I ) = G. 5*(( l.-PEREF )/ ( l . + A ( I ) )•( l.-PAREF )/ ( 1 . + 8 (I ) > ) 
C* * » * C A L C U L A T I O N OF TRANSMITTANCE DUE TO ABSORPTION ONLY 

T A D ( I ) = £ X P ( - N l I ) * A K * A L / C O S I AOOR) ) 
C****CALCULATION OF TOTAL TRANSMITTANCE CONSIDERING ABSORPTION £ REF 

TT0(I)=TRANO<I)*TADl I » 
G AM A (I)=DGAMA(I)*PI/180. 
St I) = OS ( I l * P I / 1 8 0 . 
S K Y ( I ) = 0 . 5 * ( 1 . + C 0 S ( S ( I ))> 
G R O U N D ( I | = 0 . 5 » A L B * C 1 . - C O S ( S U I > » 

20 CONTINUE 
0W=12 7.5 

30 W=0W*PI/18O. 
' HCIA=COS(LAT)*COS(OEC)*COS(W) + SIN(LAT )*SIN(DEC ) 
IF(HCIA.LE.O.) GO TO 94 
RT1=0.409+0.5016*SIN(WS-1.047) 
RT2=0.6609-0.4767*SIN(WS-1.047) 
RT=(PI/24. )*(RT1+RT2*C0S(W) ) * (C OS (Sr.) - CO S ( WS ) ) / ( SI N U S )-WS *COS ( WS ) ) 
TIfiAR=RT*H8AR 
RATH=PI/2 4.*((C0S(W)-C0S(WS))/(SIN(WS )-WS*COS(WS) ) ) 
CI8AR=RATH*DBAR 
D Q 4 0 I =1,N W 
T C I A ( I ) = C O S ( S ( I ) ) * S I N ( D E C ) * S I N ( L AT )-S IN(DEC)*COS(LAT ) * S I N ( S ( I ) ) * 

ICO S(GAMA( I ) >+CQS(DEC )*COS (LAT ) *COS(S ( 1) ) *COS (W)+COS(iri)*COS(DEC >* 
2SIN(S(I))*COS(GAM A( I » I * S I N ( L A T ) • C O S ( C E C ) * S I N ( S ( I ) ) * SIN(GAMA(I>)* 
3SIN(W) 
I F ( T C I A ( I ).GT.O.) GO TO 70 
8TIL T ( I > = 0 . 
Rfl(I)=0 . 
GO TO 80 

70 R 8 ( I ) = T CI A ( I J / H C I A 
IF(TIBAR.LT.DIBAR) TI 8AR = DIBAR 
fiTILT(I)=(TIBAR-OIBAR)*RB(I) 

80 OTILT(I)=SKY(I)*0IBAR•GROUND(I) *TIBA R 
IF.( TCI A( I ) .GT.O. ) GO TO 90 
T T ( I ) = 0 . 
GO TO 40 

90 T I A ( I ) = A C O S ( T C I A ( I ) ) 
C —CALCULATION OF TRANSMITTANCE FOR BEAM RADIATION 

A Q F K i ) = T I A ( I ) 
A O F R ( I ) = A S I N ( S I N ( A O F I ( I ) ) / R I N O E X ) 
X X ( I ) = A O F R ( I ) - A Q F I ( I ) 
YY(I )=AOFI (I )+AOFR(I ) 
PERE( I ) = ( S I N ( X X ( I ) ) / S I N ( Y Y ( I ) ) )**2 
PARE( I ) = ( T A N ( X X ( I ) ) / T A N ( Y Y < I ) ) ) * * 2 
AA(I ) = (2• *N II ) - i . ) * P £ R E ( I ) 
8 8 ( I ) = ( 2 . * N ( I » - l . ) * P A R E ( I ) 

C****CALCULATION OF TRANSMITTANCE DUE TO REFLECTION ONLY 
T R A N S { I ) = Q . 5 * ( ( 1 . - P £ R E ( I ) ) / ( 1 . + A A ( I ) ) + ( 1 . - P A P E ( I ) > / ( l . + B B ( I ) ) ) 

C****CALCULATION OF TRANSMITTANCE DUE TO ABSORPTION ONLY 
TA(I)=EXP(-N(I)*AK*AL/COS(AOFR( I ) ) ) 

C****CALCULATION OF TOTAL TRANSMITTANCE CONSIDERING ABSORPTION £ REF 
TT( I )=TRANS(I)*TA(I) 

40 CONTINUE 
CALL CAPFACO (BTILT,DT ILT»TT,TTO tAREA ,TIBAR,DI 8AR,KM,AF,ALP * 0W, 

1K,F, GRE , 1ST , GBLREP ) 



550 
600 

94 0W=0W-15. 
IF(0W.GT.O.) GO TO 30 

12 CONTINUE 
IF ( GBLREP . L E . 0 ) GO TO 700 
00 600 HG » 1 i 12 

KG = IST(MG) 
00 550 NG = 1 , KG 

WRITE(6,107) GRE(MG »NG) , MG 
CONTINUE 

CONTINUE 
700 CALL PRGO ( 1ST , GRE . GBLREP ) 

GALL TOTALO ( GRE ) 
1 FORMAT**!*/////,29X,*.10 HECTA RE*//,25X,*SINGLE GLASS COVER *//» 

126X,* GABLE G R E E N H O U S E * / / » 2 6 X , * E - W 0R IENTATI ON*I/, 29X , 
2 * L £ N G T H = 1 0 0 M * / , 2 9 X , * W I D T H = 10M* / «, 29X ,*HE I GHT = 2 M*/,29X, 
3*SL0P£ =18DEG*//,24X,*GLASS CHAR ACTERISTICS:* / / 1 2 4X » 
4*THICKNESS=Q.3Q CM*//,24X,*K = 0.252 CM-1 ; IR=1.526*///) 

107 FORMATIF10.0,15 ) 
110 FORMAT(*1*///,35X,*JANUARY*//) 

FORMAT!*1*///,35X,*FEBRUARY*//) 
: n o i i i T < i i i / / y . i i ; v . i y i i a r u < i / ^ i FORMAT(*1*///,35X,*MARCH*//) 
F0RMAT(*1*///.35X,*APRIL*//) 
F O R M A T ! * 1 * / / / » 3 5 X , * M A Y * / / ) 
F Q R M A T ( * 1 * / / / , 3 5 X , * J U N £ * / / ) 
FORMAT(*1*///,35X,*JULY*//) 
C n D M * T / i 1 4 / / / . - 5 ( ; V . 4 * l i r U C T * / 

111 
112 
113 
114 
115 
116 
117 FORMAT(*!*///,35X,*AUGUST*//) 
118 FQRMAT(*1*///,35X,*SEPTEM8ER*// ) 
119 FaRMATC*l*///,3 5X,*0CT06ER*// ) 
120 FORMAT!*1*///,35X ,*NOVEMBER*//) 
121 F O R M A T ! * 1 * / / / » 3 5 X » * D E C E M B E R * / / ) 
108 F0RMAT(29X,*S1 = SOUTH W A L L * / » 2 9 X , * S 2 = SOUTH R00F*/,29X, 

1*S3 = NORTH R00F*/,29X,*S4 - WEST MALL*/»29X,*S5 = EASTWALL*/, 
229X,*S6=N0RTH WALL*) 
STOP 
END 

C 
C 

C 
C 

SUBROUTINE CAPFACO !B,D•8TR,DTR,AREA ,HBAR,OBAR,NW,AF,ALB fHR,M,F, 
1 GRE , 1ST , GBLREP ) 

DIMENSION B ( 1 0 ) , D ( 1 0 > , T ! 1 0 ) , T B ( 1 0 ) * T O ( 1 0 ) * T T ( 1 0 ) * B l R ( 1 0 ) i 
1QTR110 ) , A R E A ! 1 0 ) » R 8 ! 1 Q ) » R 0 ( 1 0 ) , R T ( 1 0 ) • TBB(10),TOD ( 10 ) , 
2 GREI12.24) , I S T I 1 2 ) 

INTEGER GBLREP 
C 
C—CAPTURE FACTORS FOR GABLE GREENHOUSES,LOSS FROM ROOF INCLUDED. 
C 

BBAR=HBAR-DBAR 
IF ( GBLREP .LE. 0 ) GO TO 100 
WRITE(6,105) HR 



100 CONTINUE 
DO 10 1 = 1,NW 
T ( I ) = <8(I)+D(I)I*AREA< I I 

C — R E F E C T I O N LOSSES 
C—FACTOR (TRANSD*F IVALID ONLY FOR GABLE l«ITH SLOPES OF SAME MATER I 

TB(II=8( I l+BTRCI l*AREA(I I *(1.-ALB*DTRI II I 
T O ( I ) = D l I ) * D T R ( I I*AREA!II * i i . - A L B * D T R t I ) ) 
I F ( I . E Q . 2 I G 0 TO 50 
I F ( I . E Q . 3 ) G 0 TO 5 0 
GO TO 40 

50 T D ( I l " T D ( I ) * ( 1 . 0 - D T R ( I ) * F | 
40 TT (I> = T B ( I ) + T0( I I 

10 CONTINUE 
'd E AM =0 • 
OIFF=0. 
T0TA=O. 
8INC=0. 
D I N O O . 
TINC=0. 
DO 2 0 J=1,NW 
8EAM=BEAM+TB(JI 
0IFF=DIFF+TD(J) 
TO TA=TOTA + T T ( J I 
B I N O B I N O B C J)*AREA( J) 
DINC=DINC+DC J ) * A R E A ( J I 
TINC=TINC*T<J) 

20 CONTINUE 
IF(BINC.EQ.O.IGOTO 15 
8GF=BEAM/BINC 
GO TO 16 

15 BCF=0. 
OCF=DIFF/DINC 
TCF=T0TA/TINC 
00 30 K-l.NW 

16 

IFIBEAM.EQ.O.) GO TO 17 
RB(KI = TB(K ) /BEAM 
GO TO 18 

17 RB(K)=0. 
13 R D (K I = T D (K ) / DI F F 

R T (K I =T T ( K ) /TOTA 
IF ( G8LREP . L E . 0 1 GO TO 30 

£/ A D C . 

30 
feRITE(6*101) K , A R E A t K ) , T 3 ( K ) , T 0 ( K > , T T ( K » , R 6 ( K > , R 0 ( K ) , R T ( K » 
CONTINUE 
HQR=AF*H8AR 
E FF =T0 TA/HOR 
OH OR =AF *D8 AR 
8H0R=AF*BBAR 
DEFF=0IFF/DHOR 
IF(8H0R.EQ.0 . I GO TO 19 
BEFF =8EAM/8HQR 
GO TO 21 

19 BEFF=0. 
21 IF ( G8LREP .LE. 0 I GO TO 500 

«RI T E ( 6 , 1 0 6 ) 
WRITE(6,102 I BEAM ,DIFF,TOT A,BEFF,DEFF,EFF 



500 IST(M) = IST(M) • 1 
GREC M , 1ST(Mi I » TOTA 
RETURN 

101 FORMAT(9X,I 1, 2X , F 6 .0 , 3F 10 . 0 , 3X,3F7.3/> 
102 FORMAT(9X,3F10.0,3F7.3//) 
105 FQRMAT(9X,*S*,4X,*AREA*,4X,*S0LAR ENERGY CAPTURED *,F8.1,3X, 

1*C0NTRIBUTION*/, 14X, *M**2*,1IX,*(KJ/HR )*,22X,*T0 TOTAL*//, 
223X,"*BEAM*,3X,*0IFFUSE*,5X,*T0TAL*,6X ,*BEAM* ,3X,*D IF.*,3X, 
3*T0TAL*/» 

106 FORMAT(15X,*TOTAL CAPTURED * / , 1 3 X , * 6 E A M * , 4 X , * 0 1 F f U S £ * , 4 X , 
1*TQTAL*,4X,*BCF *,3X,*DCF*,4X,*TCF*/ ) 
END 

C 
C 

C 

C 

500 
i n n 

SUBROUTINE PRGO ( 1ST , GRE , GBLREP 

DIMENSION I S T ( 1 2 ) , G R E ( 1 2 , 2 4 ) 

INTEGER GBLREP 

DO 400 IB =» 1 , 12 
00 500 J8 = 1 , 23 
I F ( G R E ( I 8 * JB +1).NE.O. ) GO TO 500 
K8 = IST( 18 ) 

K = l ,K8 DO 600 
L=13-K 
M=12*K 
N=K8-K+1 
GRE ( IB ,1 
GRE(I 8 ,1 

,L)=GR£(IB,M)=GR£<IB,N) 
600 GRE(I8,N>=0. 

GO TO 400 
CONTINUE 

400 CONTINUE 
IF ( GBLREP .LE. 0 ) GO TO 800 

: 4 c . n K r WRITE16.950) 
00 700 IC * 1 ,12 
00 700 JC = 1 ,24 

WRITE(6,900) IC , JC , G R E ( I C J C ) 
700 CONTINUE 
800 CONTINUE 

RETURN 
900 F0RMAT(5X,2I5,F15.6. 
950 FORMAT!1H1,10X,* VALUES OF -QSOL- FROP SUBROUTINE -PRGO-*,//) 

END 



c 
c 
c 

SUBROUTINE TOTAL 0 { GRE ) 

DECLARE COMMON BLOCKS 

COMMON / HSOUT / QINF(288) 
DIMENSION GRE(12,24) 

QTR(288 ) QL0AD(288) 

DO 25 I - 1 , 12 
SSOL = 0.0 
SINE = 0.0 
SQTR = 0.0 
SLOO = 0.0 
SSUP « 0.0 
WRITE(6,30) 
00 20 J = 1 » 24 

HQ « ( ( I - 1 ) * 24 I + J 
IF ( QINF(MQ) . L E . 0.0 ) QINF(MG) = 0.0 

I C A A I n T D I U11 \ = n A 

10 

15 

20 

25 

1 

IF ( QTR(MQ) . L E . 0.0 ) QTR(KQ) » 0.0 
QLOAO(MQ) = QINF(MQ) • QTR(MQ ) 
IF ( Q LOAD(MQ) . L E . 0.0 ) GLOAD(MQ) 
QSOL = G R £ ( I , J ) 
QSUP = QSOL - QINF(MQ) - QTR(MC) 
IF ( QSUP .GT. 0.0 ) QSUP = C C 
F = 0.0 
IF ( QLOAD(MQ) .EQ. 0.0 J GO TO 10 
F = ( QLOAD(MQ) + QSUP ) / QLGAO(MQ) 
CONTINUE 
SINF = SINF • QINF(MQ) 
SQTR = SQTR + QTR(MQ i 
SSOL = SSOL • QSOL 
SSUP = SSUP + QSUP 
SLOD = SLOD • QLOAD(MQ) 
DAYF = 0.0 
IF 
DAYF = ( SLOD • SSUP 
CONTINUE 
WRITE(6,35) I , J , QSOL , QINF(MQ) 

in » 

( SLOD .EQ. 0.0 ) GO TO 15 
F = ( SLOD • SSUP ) / SLOD 

CONTINUE. 
WRITE(6,40) 
T T M l i r 

QLOAD(MQ) , QSUP , F 

SSOL , SINF , SQTR , SLOD 
GONTINUE 
RETURN 

G.O 

QTR(MQ) 

SSUP DAYF 

SOLAR INFILTRATION TRANSMISSION*, 
TOTAL SUPPLEMENTAL FRACTION* ,/ ».15X » 

RADIATION LOSSES *, 
LOSSES HEAT REQUIRD OF LOAD*,/,ICX,100(1H-) 

30 F0RMAT(1H1,15(/),15X, 
1 *MONTH HOUR 
2 * 
3 * 
4 * 
5 ,/ j 

3 5 FORMAT(17X,12,3X,12,1X,5F14.0,F10.3 > 
40 FQRMAT(/,10X,100(1H=),//,10X,*TOTAL CF MONTH * , 5F14 .0 ,F10.3,//, 

1 10X,100(1H=) ) 
45 F0RMAT(I3,3X,I3,5X,F7.2,5X,F12.2,5X,F12.2,5X,F20.2) 

C 

C 



SUBROUTINE OPTTC<I I,SIG , COLS) 

GOM MQN / STOUT / T I ( 2 8 8 , 1 0 ) 
CQCMON / OPTCS / ABC, A C , A R , E 1 , £ 2 , E C » E R , F R C , H ,L ,S,TG00,TCC,UM 

C 
c 
c 
c 
c 
c 
c 
c 

DIMENSION C0LS112,24) 

E1»0 .9 
£2=0.1 
H=5.77 
S = CI . 1 
L = 100 
UM=0.014 
TG0 = 25 .0 

100 
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TGD = TGDD 
M R I T E 4 6 « 1 0 0 ) E l , £2 » H , S 

FORMAT(6X, " E l E2 
,/ , 4 F 8 . 3 , I 4 , 3 F 8 . 3 , / / J 

H 
UK » TGO 
S L 

TCC 
U f TGD TCC" 

WRITE ( 6,173) 
FORMAT (2X,"HR",8X,"RED",9X,"GRL",4X,"HRA5X,"H1",5X,"H2", 
14X,"HR",5X,"aU2",5X,"FP",5X,"FR",4X,"TFI",4X,"TFM"»4X ,"TFO" 
24X,"TPM",4X»"D£LT",8X,"QC0L",4X,"EFF" ,/,2X,130C1H- ) ,/ ) 

TG0=TGD+273.16 
DO 30 J J = 1 » 24 

COL = C O L S I I I , J J ) 
IF { COL . L E . C O ) GO TO 30 
MQ = ( ( 11 —1 ) * 24 ) • JJ 
TR = TI(MQ,2) 
TC = TCC 
TR=TR+273.16 
TC=TC+273.16 
QW=ABC*C0L/(AC*3.6) 
DE=2.*S 
AX=S*L 
STEP=10. 
ITER=0 

OE-06) 

ITER=ITER+1 
TFP=(TC*TGD) /2. 
0UM1=TFP-3OO. 
DEN=1.17 74-0.003 588*0UM1 
CK=0.0 2 62 4+0.0000 7 5 8*DUM1 
VIS=(16.84+0.0784*DUM1)*(1. 
CP=1.0057+0.000066*0UM1 
PR=0.708-0.00022*DUM1 
C0L0SS = ( ( SIG* (TC**4-TR**4 ) ) / ( ( ( l . - E C ) / ( E C * A O ) 
+ (1/(AR*FRC>)•(<1-ER)/(ER*AR) ) ) )/3 .6 
DUM 3 = TC-TGD 
IF(DUM3 .LE. 0.0 i GO TO 30 
HRA=C0LOSS/(AC*DUM3) 
BE TA = 1•/TF P 
GRL = 9. 8*BETA*QW*( H**4 >/(CK<MVIS**2)) 
Hl= (CK/H) MO. 17*((GRL*PR)**0.25) ) 

L 

5 



VFR=UM*AC/OEN 
VEL=VFR/AX 
R £ 0 = V £ L * 0 E / V I S 
H2=(CK/DEI*(0.0158*(RED**0.8>* 
D U M 2 = U « * C P * 1 0 0 0 . 
TFI=TG0*(H1/0UM2)*0UM3 
UL=HRA+H1 
HR=(SIG*1TC**2+TFI**2)*(TC+TF I ) )/(1.0/E I *1.0/E2-1.0) 
HR = HR / 3.6 
F0=1.0/(1.0/H2+1.0/HR) 
FP=1.0/11.0+UL/(H2+F0)) 
FR=(0UM2/UL)•(!.-(EXP(-(UL*FP/DUM2)))) 
QU2=FR*{QW-UL*(TFI-TGO ) ) 
T F M = T F I + ( Q U 2 / U L * F R ) O - F R / F P ) 
TPM=TFM+QU2/H2 
DELT=TC-TPM 
I F ( I T E R . E G . l ) G 0 TO 10 
IF(((DELT*DELTOLD).LE.O.0>.ANO.(STEP.LE.O.1))GG TO 25 
I F t < D E L T * D E L T G L D ) . L E . 0 . 0 » S T E P = S T E P / 1 0 . 

10 I F ( D E L T ) 1 5 , 2 5 , 2 0 

15 TC=TC+STEP 
DELT0LD=0ELT 
GO TO 5 

20 TC=TC-STEP 
0ELTQL0=0ELT 
GO TO 5 

25 CONTINUE 
TF0=TFI+QU2/0UM2 
QC0L=DUH2*ITFQ-TGD)*AC*3.6 
EFF=QC0L/C0L*100. 
WRITE I 6 , 2 0 0 ) J J , R £ 0 , G R L , H R A , H 1 , H 2 , H R , Q U 2 , F P , F R » T F I , T F M , T F 0 , T P M 

1 ,0ELT * QCOL,£FF 
30 CONTINUE 

200 F O R M A T < I X , 1 3 , 2 X , £ 1 0 . 4 , 2 X , E 1 0 . 4 , 3 ( 2 X , F 5 . 2 ) , 2 ( F 6 . 2 , 2 > ) , 2 ( F 5 . 3 , 2 X ) , 
14tF5.1,2X),F6.2,2X,F10.1,2X,F5.1) 

RETURN 
ENO 


