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B~ause 9f the low thermal mass of a typical èommercial 

gre~mhouse-, the surplus heat captured by a greenhousè during 

the day 1s' mostly ventilated to the outside, while during . -~ 
"the night, auxiliary b.eat is required to m~intain proper air 

l ,ll' ) l " 
~ 1 \~ f 

tempera ture. ? 

\ 
The soil within a greenhouse represents an important 

thermal ma,ss, which is underused. By providing a suitable 

heat exchange surface; soil can become a relatively low cost 

storage rnaterial. Furt~er, it hàs been shown that'a higher 

'" root zone temperatur~ will lead ta a beneficial effect with 
.. 

regard' to -crop yield, while reçlucing the energy consumption,. 
~ , f 

Therefore, soi~ heat·storage is advantageous for soil grown 

crops. 

A heat exchanger-storage syste~, using soi1 as a stq­
( 

rage medium~ was designed and built in a NQRDIC type green-
\ . ,. 

house. The greenhouse oriented east~west1 is locate~~ the 

Institut de technologie agro-alimentaire in La Pocatière, 
, 

Québec, Canada. 
o 

The heat exchanger-storage system made of 26 non-.' 
. perforated, ,corrugated plastic drainage' pipes, 102 mm in , /-

diameter, was buried in the sail. Two rows of 13 pipes, 12 m~--
long, were buried at 450 mm and 750 ~ respecti v~~y. The , 

v pipes run pâi:-allel to the longitudinal axis of t,he green-
~, 

1 
1 

house, and are spaced 450 mm apart. A O. 75 kW blower was 
1 

provided to circulate hot air collected in the greenhouse, 

ii ( 

----------------------------------------



; r 

• 
t, , 

r 

• 
. through the pipes at a. (l-0wrate of 0.91 - m3-,1s. The heat sto: 

~ \ red was, recovered both by convection at; the sôil surface and 
. ~ , 

by forced convection in the exchanger pipes. 

A .r, The' storage has a' seasonal temperature fluctuation of 

10°(:. The system performance seems to be more influenced by . . 
, greenhouse air temperature Jhan by incident solar radiation~'" 

, -,. 
Values for othe' average coefficient of performance and pipe' , . 

./ .. \, -' 

conveçti ve heat transfer coefficient were 3.6· and 12 w/m2 • K 

respectively. Approximatly 30 % of ~he_ heat, recovered from 

the~orage is exchanged by convection at the'soil $urface. 

Results indicate that solar energy contributed to 58" of , . - , 

'" the heating reguirements from February to June and from Siep-

t~m~er to December 1986. This contributi~n represents 33 % 

energy conservation. Furt~er, the system seems te h~ve a be­

~eficial effect on crop growth and yield. For two consecuti-· 

ve growihg seasons, soil grown tomato p1:ants have produced 

yields of 25. kg/m2 ~ by comparison, average yields of 15 
~ 

kg/m2 are encountereQ. in commerç:ial gr~enhOuses in .Q~ebec. 
• 

CI The payb~ck period for the system is est.l.mated at two years, 

depending on the cost and crop management practice. 
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RESUME 

:~~.La fai:Q!e_ massed='-herrFique d.es serres de type corrunercial~ 
,,~ , ~ \ 1 ' 

pose un'problème de gestion eff~éace de l'énergie thermique 
, 1 

vil.' 
qU'elles consomment. Pendà~t le jour, les surp~us d'énergie 

f\ 
solaire enterceptés sont évaèués à l' extér ieur alors que 

o , 
:pendant la nuit, un apport ,énergétique externe doit êtcre 

fourni. 
>., 

.Le sol d'une serre~constitue une masse thermique impor-
, 

tante mais sous utilisée. En augmentant la surface d'échange' 

de chaleur, le 5010 pourrait constituer un maté~u de stoc­

ka9~ de chaleur relativement peu coûteux. De plus, il a été 

. dém,Ontré qu ,'en chauffant le sol,' il esi possib,le d'augmenter 

les r,~ndements des p:kantes cul ti véès à même le sol tout en 

diminuant la consommation d'énergie;'le ·stockage de chaleur 

dans le sol pourrai~ permettre de profiter de ce double 

• avantage. 
1 ,. 

, 
Un systê~e combiné d'échange et d~ stockage, de chaleur 

a été mis en place dans une seI;re de type "NORDIQUE", orien­

tée est-ouest et construite ii..~ l'Institut de technologie , ) 
agro-alimentaire dè La Pocatière .. Le système comprend 26 

tuyaux de plastique ondulé, non perforé, de 10 cm de dia-

mètre, enf~uis à 45 et 75 cm de la:Erface respectivement; 

l'espacement lateral est de 45 cm e tre les tuyaux. L'air 

chaud est recueilli au faîte de la re et est poussé à .. . 
travers les tùyaux par un ventilateur ayant un débit de 0.91 

mj/~'. 
n 

La chaleur accumulée dans le sol peut être récupérée-

l' 

(!. 

~ 

iv 
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par conduction vers la surface et par convectlon (orcée,dans 
J . . 

les tuyaux. 
J' 

.~-.A ,- Des fluctuations saisonnières de l'ordre de ..lOoe ont 

\ 

• ~ \ 

" été en~egistrées au ni ve~u qe l' ens~t1l~le de l!, masse _ ther-

~mique.' La performance du système semblé plus influencée pàr 

la . te~pérature de l' ai~ que par le rayonne~ sOlaire.' Le 
, ' .. 

~ . 
coefficient de performance moyen ass6cié au. système et le . - ~ 

coefficient moyen d'échange convectif dans l' éc~ngeur ont 

ét$ respectivement' de .. 3.6 et,. 12 W!nia-K. Environ, 30 , de 

l'énergie ,est récupérée dir~ctement à la surface du sol. Les 
fJ 

résultats indiquent que l'énergie solaire a contribué à 58 , 

des besoins thermiques de la serre de' février à 'jui~ et de 

s~ptembre à décembre 1986. L'économie d'énergie réalisée se­

rait, de 33 % pour cette même période. De plus, lei système 

pourrait avoir un effet bénéfique sur les rendements des 

cultures. Des rendements de l'or~re de ~~!~2 ont été ob-
-~ j 

tenus pour une production de tomates eftectuée sur deux sai-

sons consécutives; par comparaison, des rendements moyens de 

15' kg/m2 sont obtenus chez les producteurs en serre du 
( -

Québec. Le délai de'récupération de l'investissement pour'ce 

système pourrait être inférieur à deux ans suivant les coQt~, 

. et le type de régie de production, 

, 
(1 

.. 
« 
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l INTRODuctION 

\ 

1.1 Problefu pescription 

The h~gh cçst of energy has fo:r::ced' greenhciuse owners 

and researchers to look for more efficient means of produc­

tion. During the seventies solar energy was seen'as a possi­

ble alternative for reducing fossil fuel consumption (Short 
( 1 ~ 

et al., 1976; Maghsood, 197~; Lawand et al., 1974; Ingratta, ~ 

1978; Agriculture Canada, 1979; Ingratta, 1979; and others). 

" Since conventional greenhouses are not eff iaient in 

collecting and 'storing solar energy, -attempts were made to 

optimize the structure for c?llection and to develop tech-
, w 

niques for the 'storage of the excess .solar heat entering a 
< 

o 
greenhouse (Lawand et al., 1974; Candura et Gusman, 1977; 

Wi~ et al., 1977; Maes,' {978; Baird' and Wa ter, 1979). Ex-
~ Cl ~ " 

cessive heat input situation due to the greenhouse effect, 
.' . 

are often encountered in a greenhouse during daytim~. venti-.' ' 

lation has to be used to evacuate the excess heat and main-

tain adequate temperatures, while at night, heat has to be 
. . 

supplied to the greenhouse. The s~orage of excêss heat might 
-\ 

represent a short term solution for ,thé greenhouse indus-

trOy' s high heating costs, ~hile the development of energy 

efficient structures might be seen as a long -te~ goal. 

Water, crushed stones and phase change mate,rials have . 
been proposed to store solar ener~ and have been used in 

experJmental sëtup with limited success (Roberts and Mears, 

1977; stalèy et 

··~o th~ high 

al., +982; Audet and Paris, 1985), mainly 

capital cost lnvo~ved for the storage' lns-

, ',~ 

( 
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tallation, r~sulting 'into long payback periods. Fuithermore, 

water, crushed stones ~nd phase change materials have ta be 

contairi'E;'d'-: and imported into the greenhouse. However, soil a 
~ 

J 
readily avai,lable material in greenhouses, is DOW cQnsidered 

",as a possible heat storage media. The thermal pro~erü1 are 

intèresting and the costs involved are relatively low. The 

concept has been and is being evaluated in greenhouses loca­

ted in mild climates (Portales et al., .1982; Stàley et", al. , .. 
1983; ftnd Mori, 1978) and sa far th~ results seem ta be pro­

mising. Furthermore, the storage of heat in the soil of' a 
\ " 

greennouse might have a beneficial effect on ,cr~ps (Gosselin-

and Trudel, 198,3). < • 

• • , .The present study investigates the potentiàl of a wet 

sail heat exchanger storage system for a commercial type" 

gr~enhouse, in a cold, climatic region • 
.., .... .-

1.2 Obj ecti ves 

b 

The obj ecti,ves of the present study are: 

a) To determine the eff~ciency of a soil heat exchanger 

storage system! for di:fi.ferent operating conditions. , 

h) To establish the contribution of solar energy, arti-

ficial lights and auxiliary heater ta the total heat 

load of a commercial type greenhause equipped wi th a 

wet sail heat exchanger-storage system. 

c) Ta observe the impact of the system on tomato crops.' , 
d) To estima~e the payback·period of the system for 

different situations. 

, ! 
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, 1.3 Scope of the Study 
ç , 

The re~ults of this stu~y apply to a Nordic type green-
" 
house manufactured by Les "Industries Harnois. Tfiè greenhouse 

is loc~ted in La Pocatière, Québec, canadà, at 47°21' north 

latitude, 70°02' west longitude and 30.5 m of altitude. 

From 1951 to 1980~La Pocatière has received an average 
\ . 

of 1952 hours of sun:hine ~nnua1Y (Services de 

l'environnement atrnosphéri<;tue" ~982). Correspcmding to .. ap­

proximatly theL- sarne peri-od, the average annual, number 

heating degree-days below 18°C, were 5036 (Sèrvices 

lé!..environne~t atmosphérique, 1982). The, annual mean daily 

global solar radiation is approximatly 12.5 MJ/m2 (Phillips, 
, 

D.W. and D. Aston, 1980). 

Care should therefore be taken in applying the results ...-

tO~fferent greenhouse structures, locations and climates. 
~ 

• 
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2.1 Revlew 

4 

II REVIEW OF LlTERATURE 
;;:1 

, The ~se of soil as a thermal buffer to cool or warm the 

air ventilated from agricultural buildings has been investi-

gated over many years. 

At the beginning, the attention was focussed on animal 

housing. Scott, et al. (1965) have studied the thermal and 

economic potential of a soil,heat exchanger, made of buried 

pipes. These authors mentioned that such a system was first 

built in 1875; other systems were built thereafter, but the 

effiqiency and the thermal behavior of these heat exchangers 
'() r. 

were not known or c~early understood. Their study pe~mitted 

to establish and quantity the heat transfer mechanisms that 
J 

:takes place fn the system. 

Over the years, the technique has evolved and the Mid-

.Y west Plan Service (1984) now offers ~ .. design guide for soil 

heat exchanger for energy conservation related to the venti-
, U 

• 

,J 

) 

lat ion of swine housing. 
. 

Recently"Puri (1986) has developed a mathematical mo-

deI to simulate the dynamic response of soil in terms of . . 

heat and mass (moisture) transfer, in rèl?-tion to a soil 

heat exchanger system. His study ,has -.shown that the soil 

moisture content is not significantly affected by thè sys-

tem; on the other hand, most of the heat transfer takes 
" 

place over a pipe length equivalent"to 50 diameters, and ra-

Il J 
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dial heat transfer takes place over a distance equivalent to 
) 

4 diarnet;ers. 

From a general point of view, while Eckert (1976) has 

shown the p~tential of-using soil as a se~sonal heat storage 
C> l;j 

material, Givoni (1977) has outlined the prols and con'~ of 
~ 

doing so. Shelton (1975) has polnted out that only a small 
, 

fraction of heat is lost by conduction from non insulated 
~ 

storage system buried in soil, this seems to favor the use 

'of soil as a'storage material. However, water infiltration 

into~- -the storage due to a high water table can have a di-

sastrous effect on the performance of such a storage system 
'" (Pàris and Jacqmain, 1983). 

The thèrmal behavior of a seasonal heat storage system 

made of ~erticaly buried pipes in soil was studied by Mus­

tacchi et al. (1981). They found that the heat front moved 

over two meters after six months of storage. However, 

conclusions drawn on the th,ermal behavior of seasonal sto­

rage system do not necessarily'apply to short term storage 

system. 

Sinha et al. (1981) investigated the use of difIerent 

diameters and types of pipe such as plastic and galvanized 

s,tee1 for sO{l heat exchanger. It appears that the pipe ma­

terial has little effect on the heat transfer. This conclu-

sion is very important since pipe material affects directly 

the cost of the system. T~ heat exchange was more efficient 

in a 30 cm diamet'er pipê than in, a 46 cm oone, most likely 

due to the~greater ~rbulence encountered for the sarne air 
., 
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trarJsfer takes 

tha~ pipe spa-

--- flowrate. The authors pointed out that heat 

place over a maximum pipe length of" 15 m and 

'" cing should be equivalent to four or five pipe diamet~s. 

Eckoff and Okos (1980) have studied different (ypes of 

heat storage systems based on crushed stone, phase change 

material and soil., They concluded tha t the soil heat storage 
c • 

sy~tem is the less efficient, however, it is the most cost 
r . 

effective. Furthermore, it seem~ that a soil heat storage 

system is mor~efficient at low air velocity (3 mis). 
\ 

Walker and Buxton (1977) have conducted a theoretip~l 

studt on the- potential use of a soil heat exchanger system 

for greenhouse apPli~tion. They concluded that such a sys­

tem has no potential anywhere in the U. $. A., but th~ system 
S:."'Z'-r.~~ 

under investigation has only one 30 m lo~pipe, buried out-

(side thJ greenhouse perimeter, having its air intake located 

outside the ~eenhouse; therefore, fOrC~\ convection ~hrough 

that pipe ~as the only means of exchanging heat with the 

greenhouse and conduction heat lost by the sail could not be 
/' 

recovered by the greenhouse. ~ ~ 
D~le and Hammer (1983) have designed~ built and tested 

a solar greenhouse equipped with a sail thermal storage sys-

tem within the foundations of the greenhouse, and an exter-

nal solar colle~ctor. The study' s most inreresting con~lusion 

is tha t the external solar collector ik unnecessary since 

the greenhouse structure plays that raIe witnout additionnaI 

cast. 



o 

~ 

, 
o 

7 

Richard et al. (1981) have simulated the thermal beha-

vior of a greenhouse equipped wi/th a soil heat exchanger 

system under the clirnatic conditions of Nova Scotia. The va-

rious test runs indicated a 25 % energy conservation ayd a 

payback period of approximatly one year, but the model ~sed 

was simple, and the various assumptions used'are not always 

encountered in a greenhouse. 

sibley and ~aghavan (1984) have developped an empirical 

eguation to determine forced convection heat transfer coef-

• ficient within no~~perforated, corrugated plastic pipes, 'for 
-

various diameters. The following equation: 

Nu = 0.230 ReO. 56 PrO• 3 

,is said to be valid for the c~ndition~ed 

Reynolds nurnber (Re) > 2300 

.... 

Prandtl number ( Fr) . 0.71 . .. 
diameter ~ 102 nun 

t 

g 

2.2 S air velocity (mis) 

2.0 S wall tempera ture ( OC) 

0 

7.9 S air inlet temperature ( OC) 

( 2.1) 

below: 

-, 
l 

.(1',(' 

S 9.6 

S 15'.0 

S 23.1 

This relationship seems to be more adeguate for design 

purposes of heat exchanger systems th an the ones based on 

smooth pipes, like for example, the one proposed -by Colburn­

Reynolds reported by the authars. However, the convective 

helt transfer "coefficient derived from the equation cannot 

predictf the heat transfer when con~ensation occurs in the 

pipes; this phenomena is likely to happen wi th air coming 

.\ 

i' : 
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" fram a greenhause. Nevertheless, the proposed relationship 

rnight be useful as a design tool. 

Milburn and Aldrich (1979) have used the coefficient of 

performance (COP) concept related to heat pumps, in order to 

evaluate the performance of a heat storage system installed 

in a greenhouse and usirrg crushed stones. They indica ted 

that t'he system performance .ts more dependent on internaI 

air temperature than on intercepted solar radiation. It 

seems interesting ta use the COP concept in order to compare· 
< 

different thermal storage systems or different configura­

tiani> or' operating conditions o~ soil heat exchanger-sto-

,rage system. 
~ 

By the end of 1981, more than 200 Japaneese greenhouse 

owners had equipped their greenhouses, with . heat 
. . 

exchanger-storage system~ (Takakura et al., 1982). Ya~amoto 

(1973) designed a soil heat exchanger-storage system made of 

three rows of earthen pipes buried at 64, 100 and 136 cm 

deep respectively. The spacing between the pipes was 36 cm. 

" The system was capable of maintaining an average temperature 

of 10 G C at night in the greenhouse without' auxiliary heat 

source. 

Sasaki and Itagi (1979) have conducted a similar expe-

ri.ilnent using one and two rows of pipes buried ion the soil. 

The amount of thermal energy provided by the soil heat 

exchanger-storage system was found to be equivalent to eight 

times the amount of electrical energy used for its own ope-

.. 
• 
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, 
ration. The results -obtained have, led the authots to 

conëlude that the system was efficient,and·aost effective. 

Sa saki et al. (1980) have obtained energy conservation 

factors ranging from 40 to 60 % in a greenhouse equipped ... 
with thermal èprtain. The sarne authors (1981) also reported _ 

j> 
, 

-
60,1% êiue to latent heat •. that ùp to of the heat exchange was 

Therefore, the mass transfer due to hum\dification and 
..., 

dehumidification, should not he neglecteq in a thermal'ba-
t 

lance calculation. • 
~ 

Takakura and Yamakawa (1981) and Takakura et al. (1982) .. ' 
have developed a simplified heat exchange mod~l, in order to 

simulate the thermal response of soil heat exchanger-storage 

sys~~rns under different operating c6Rf!i tio~. Approximatly 

20~~o 30 % of the heat stored during the day is said to be 

tecpvered at the soil surface. Furthermore, the exchange,r 
" 

.. 

pipe thlckness and tQe pipe mate:ial do not seem to havft any ( 

_significant effect on the exchanger performance; this . . , 
Il _~ ... ~~ l 

confirms the conslusions of Sinha ét al. (1981). Açcording 

to this study, the optimum pipe diameter and horizon· 

taI/vertical spacing should be of 11 and ,40 cm respectively. 

The use of soil as a thermal buffer within greenhouses, 
~ 

was also studied in U.S.S.R. (Rabbimov et al., 1971;' ~rdia-

shvili and Kim, 1980; and others). Umarovet al. (1981) for 

exarnple, obtained energy cobservation factors ranging from 

35 to 55 % depending on sunshine ~onditions. sidce the tech­

nique is used in s~ch a northern country effectiveIy, it 

might be suitable for the Canadian greenhouse industry. 
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\ 
In Prince Edward Island, Caffell and Mackay (1981) have 

designed a 

i\.1\.ing 1080 
~~ 

''',\ 

seasonal h:at storage system for a grelnhouse, 

m3 of wet soil. No experimental<result is repor-

ted; but simulations indicated t~at such a system could not 
~ 

store aIl the excess heat generated at peek times, un1ess an 

intermediate level of storage is provided. ' 

Although the intermediate storage .concept might be 

intjsting from ~ thermal effic~~ncy point of view,' this 

concept might not be cost effective and adds ~ :he com­

plexity of the sys~em. 

Inspired by the Japaneese research works, Monk et al. 
l ' . • , 

(1983) and Staley et al. (1983) have built in southern B.e., ..... 
a sail heat exchang~r-storage system in a glass covered 

~ 
, 0 

greenhouse equipped with a thermal curtain. preliminary re-

:J sul ts show a 

Jüie 3. Thè 

49 % energy conservation between April 23 and 
. . 

authors noted that i t was not neèessary ta . \ 

.. 

reverse the air flow direction for heat recovery, since 

there ~was little horizontal temperat~re stratification in! 

the the~mal masse For that same project, French (1987) 
\. 

estimate~ an,overall energy conservation~factor ranging from 

2ODto 25 %, which seems to be satisfactory for the prevaling 

èonditions. 

Further, an economic analysis done by'Arcus Consulting 

Ltd. (1985) for Agriculture Canada, comparing different 

energy conservation techniques including soi1 heat storage, 

crushed stones heat storage, internaI solar collector and 

thermal curtains, indicated'that soil heat storage seems to 

.. 
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be the most cost effective technique having an internal rate 

" of return of 55 % based on an ail heated'greenhouse • ., 
. -Lawand et al. (1983) have st;.udied a similar system~, in 

arder to produce a design guid~. The report includes an ex­

,tensive literature review covering the theoretical and prac-

tical aspects related to soil· heat exchanger-storage sys-· 
• , 

tems. T'ests performed on a small scale expe+"imental setup' 

seem ta indica~e that the heat ~ransf~r rates were similar 
~ , 

for either sand or loam. A 40 cm spacing between the pipes 
{ Q 

"-is said to be opt~mum; this confirrns the'~nclusion~f stu-

dies cited previouslyf. 

~ In their design guide 1 0 La~and et al. ( 1985) reconunend 

pipe spacing ranging from 40 to 60 cm,' an~ a m~im~ ,pipe" 

length of 15 m. An optimum, air velocity. of Z.O· mIs is sug­

gested'by the author~; however,' this value has not been ve-
l Ca • "tl /"\ __ _ 

rified experi entaly. :he system is said to have a~dehumidi-

fying effecb-on the air circulated in the exchanger; conden-

sation rates between 0.256 and 0.383 l/h were obtained under' 
t> 

the prevaling conditions of the experiment. 
Cl 

The authors 
( '# • 

méntioned that by,draining the' éondensate i~ the l3urroun-,. 
ding soil, heat transfer rates cou1d be increased by 40 ta 

78 %. However, the use of perforated pipes could'" be detri-
ô 

mental to the system performance by draining excess irrfga-

tion water. FUfther, the use ,of perforated pipes cou1d re-
1/' \ " 

~ 

be det1imenta1 to soil grown 
-

'suIt in soi1 drying, which can 

crops· and to heat transfer and storage. The authors acknow-

ledge that further work should ~~_ ~carried out before any 
\ 
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reconunendation~ can be' provided with regard to condens~te 

disposal. It should also be f pointed out that tJ'l.e design 

guide has not been tested for a commercial type greenhouse 

application. 

. . 
Il 

2.2 lilJ!llffiary 
oj 

Much of the review cited previously lead to anticipate 
~ 

that a, soil heat excha.nger-storage system installed within 
, 1 

the perimeter, of ga ~reenhouse, can be ~ efficient and cast 

. ... 

, 1 

• 0 effective,. ~tudies indicat1 t~at the maximum lengt.b of ,such 

eXChant:>SQ.OUld range from" lW ta 15 IP, and that pipe spa- • " 

cinq- (10 cm in diameter) should be of 40 7cm. As far as opti-
" 

~r. velo'c~ty is conce;:ned, th~ studiè;; seem. to favor va-
, . \. 

lûés un'der 5 rn/s, but no preci~.Lconclusions are available." 

The same holds true for air dehumidification. The capacity .' 
of éuch " system td d~humidify air is ackhowledged; however

J

, 

1 1} 

no precise and pro~lem free method" for ~ the removal of 
'\. -.... ~ . .. 

condensate is recommend~d'. Although a design guide for sail 

heat exchanger-s~r'age iystem was produced, f no result was 

obtained from a typical commercial type g~e~nhouse in Canada 

or in the U. S. A. However pre liminary resul1:js and simula'tion 
\" , \,~~ 

studies aCkndwledge the energy conservation potential of '8ae 

syst-ern. 

'" " 
, 

t'. j, 
\ 

f' 
~ 

~ 
.". 
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III THEORETlCAL CONSIDERATIONS 

The evaluation of the heat exchanger-storage performan­

ce and of its impact on the greenhouse thermal energy con­

sumption, was based on energy balance and standard heat 
",- \ 

transf.er equations. In order to simplify t~e data an~lysis, 

the following.assumptions w~re made: 

1 - The,soil physical'properties' remain constant for the 

duration of the study, , , 

2 Each soil layer.is~homogeneous, 

3 - Only water con1rent can affect the soil thermal,.proper-
- ""-

t~es 'tfq the' temperature interval involved, 
" 

1 4 - Heat distribution in the soil is symmetrical along a 

perpendicul~r ~o the green~ouse longitudinal axis, 

5 - The temperature profi~e is identical in each pipe. 
c 

From an energy balance point of view, the contribution 
r. 

of solar energy to the heat load of a greenhouse, cano 

be calculated by sUbstracting the amount of auxliliary heat 
. 

used from the overal1 greenhouse heat requirements; there-

fore, .. a solar energy con~ibution ratio can be ~defined as: 

'~ 

SF = (QTHL - QAUX) / QTHL (3.1 ) 

- The total heat loss of the greenh,ouse should include 
, 

the aerial, soil and ventilation portions, as indicated,by: 

QTHL = QGHL + QSHL + QVHL (3.2) ., 

\ • 

.. 
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To compéllsate for the heat losses, heât_ ois sUpplied by 

~n~ or 'more of the following sources: 

1 i) solar energYi t / 
ii) auxi!iary heat by a heater; . 

iii) }rrigation wate,; 

iv) and ~rtificial lights. o 
" , , . 

Therefot'e, 
; 

, QAUX = QF + QIR + QLU, 13..3) 

; Among these heat sources, the heat provided ~y the ir­

rigation water i8 much smaller compared to the heat provided -c_~ 
by the heating (Portugais .and Paris, 1983} and artificial 

lighting systems, anq therefore can be neglected. 

/ 

QAUX = 'QF + QLU, 
. . ~ 

(3.4) 

" . the heater contribut~on can Qe defined by: 

, , 

FF = QF / QTHL 

, . 
The. thermal·energy ou~put of a heater can be expressed 

, 

lvn -'te:ms ,ôf, it$'pow~r, ·t~erefore: ~ 

QF = Pf - . !i (3.6) 

a 

" . , 
" .' 
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The average effective power of the heater can be esti-. . 
" \ 

matE!d by: 

-PF = DAF • VAR • AI • CAF • (Toé - TIH) (3 .. 7) 

, ' 

re-arranging: 0 

QF ~AF • VAR . AI . CAF • (TOC. - TIH) . TF (3.8) 

For artificial lighting, the contribution· to the heat 

load isddefined by: 

J 

LF = QLU f QTHL (3.9) 

The heat released by the lamps can be evaluated by: 

QL = PL • TL (3.10) 
, \ 

. 
However, when the ventilation is in operation, part of 

~ 

thermal" energy' released by the lamps i8 in excess, 'this ex­

cess heat can be estimated by: 

QLE = PL
t

' TP (3.11 ) 
' . 

. 
provided that both 'the lamps, and ventilation ar~ ~dperating 

. , 

simultaneously during the monitoring periode Therefore, the 

useful energy provided by the lamps iS,: 
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. " 
QLU = QL - QLE (3.12) 

V 
• 

At night, for steady state conditions, the heat los ses 

ci the greenhouse w~~l be equal to the heat provided by the 

heating system,' provided that the average top soi1 tempera-

ture is equa1 to the air temperat~re insid~ the greenhouse, 
, ' • 

in order to minimizeo the' cQnvective and radiati"F heat 

tran~etween the sail and the ~ir. 
o 

QGHL. = UG • AG • (-"!'IG - TOG) • TB - PF " TF (3.13) 

-, . 
Re-arranging tli'é terms, th~ ~enhou~~- o~~rall 'heat 

loss coefficient for the aerial~1~~n can,be obtained: 

UG .= 
DAF . VAH, . AI . CAF . ~TOC _c TIH) . TF 

---------------------------------------­" 

AG • (TIG - TOG) • TB 

, "0' if TF = TB, then: 

. DAF . VAR . AI . CAF . (TOC - TIH) 
UG = -~---------------------------------

AG . (TIG - TOG) 

~(3.14) 

It has been shown that the heat 10ss coeffieient is di-

rect1y proportional to the wind velocity (Sheard, 1978) i -.. ( , " 

therefore, the fo110wing empirica1 relàtionship can he used 
, 

to evaluate the average overali heat 10ss coefficient for 

different wind velocities: 
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UG = UGO + c • V ( 3.16) 

The heat lasses from the storag~ can be evaluated usinq 

a re~shiP ',,--

outlined in ASl{RAE (1968): 

\ ' 

PE .... (TSSG 
J 

QSHL = USM • - TOG) • TB (3.17) 

If the sail t\within the greenhouse is divided into n 
i . , 

elemental volumes the à'tfiount of' heat stored in the solI ean 

be expressed by: 

( 3.18) 

where the specifie heat of each sail elemental volume 1s es-

timated from Munn (1966): 

" t 
- - . 

cs· , ,~ = CW . W\ï + CDS· . Cl - WSi) ~ 
( 3.19) 

"') 

\ 
/ 

Part of the heat stored is gained through a burfed pipe 

heat' exchanger, in which air is circulated; the amount of 
J 

heat transfer ,in the ferm of sensible and latent heat 1s: 

QES =-)AT • FR . (HTI - HTO) . TC ( 3.20) 

'. 

Sorne heat ïs All:"sç gained through solar radiation ab-

~orPt~~ the sail surfaqe, given by: ~ 
{ 

r, 

" 

r 
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QRS = A • x ··SS . ISH (3.21 ) 

where the amount of solar radiation received is based on the 

operation of, the thermal curtain. The ,thermal curtain also' 
) 

acte as a shading device. 

ISH = Ise • (TB - TeT) 1 100 (3.22 ) 

Part of the heat stored in the soil, also cornes fram 
,;" 

the convec~tive heat transfer between the a.j,.r and the soil 

surfage, as defined by,:; 
10 

• 
. 

QGF = HeE • AF • (TIG - TSS) • TB 

~ 

The convective heat transfer coefficient at the _ soil 

surface is estim~ted using an empirical relationship presén-

ted by Cormany and Nicolas (1985): 

He~ = (5. 0 + 3. 5 v) /~(3.24)· 

A thermal heat storage e~ficiency can be defined by: , 
SE -

, QSS 
, 

QES of: QRS + QGF 

, ~ 

(3.25 ) 

In tèrms of heat recovery from the storage, the heat 

reclaimed by the exchanger cart be evaluated .. by: 

\ 
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} 

QRT = DAT ' FR ' (HTO HTI) TC (3.26 ) 

Pa.t of the stored heat is also recovered by air at the 

soi I surf ace: .. 

QRF = HCE . AF ' (TSS,- TIG) , TB (3.27 ) 

Assuming that the heat transfered from the soil to the 

a~r by radiation is negl~gib1) 

.~ficiency can be d~fined by: . 

QRT.+ QRF 
RE = ---------

QSS 

a thermal heat recovery 

(3.28) 

JI 

The sensible neat exchange within the pipe~ of the ex- , 

changer' can" be evaluated by the following relationships: 

, 
QEX'= AT· ReT' (TF - Tw> ' TB = Mair' Cs . (TI - TC)' (3.29) 

-' [ 
. " 

The convective heat transfer coefficient can be obtai-
. 

ned by re-arranging the terms: 

... 
Mair . Cs . (TI - Ta> 

HCT = --------------------- (3.30) 
AT • (TF - Tw> . TB 

Since sensible heat is recovered passively at the soil 
"'-

surface ahd ::Jve1Y from the exchanger, the ratio of pas-
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.sive heat recovery to the total heat recovered is expressed 

by: 

RSR = .QRF / (QEX + QRF) (3.31) 

.. Chap1J'an (1976), defined the efficiency qf a heat ex- . 

c~anger'whèn the fluid is heated by: 

o 

ERE = (TC - TI) / (TS;r'C - TI) (3.32) 

.. 
when the'fluid i5 cooled by the exchanger, the efficiency is ressed by; 

~ 

ESE = (TI - To) / (TI - TSIF) (3.33) 

The heat exchanger-storage system can be considered as 

a heat pump. A coeffii-ient of performance (COP) adjusted for 

the amount 6f electrfcal energy not used by the ventilators 

or the heater when the heat exchanger i5 in action,.can be 

defined in terms of~sensible heat by: 

.-

c~ps = QES / (QC - QV) (3.3~) 

for heat storage, and by: 

COPR = QRT / (QC - QBR) (3.35) 

l ' 

, .. ~. ..... . .. l ," 

( 

( 
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for heat recovery. 

The electrica~ energy-used by the heat exchanger b10wer 
1 

is evaluated by: 

QC ; VC • IC . TC (3.36) 

The electrical energy not.used by the heater burner is 

estimated from: 

QBR = VBR ". IBR • TSF (3.37) 

• • , S~nce the heat recovered will n'ct have to be supplied 
~ , 

by the heater, the oper~,tin9 time saved on, the heater can be 

evalùated frcm: 

QRT + Q~F = Qf = PF . TSF 

re-arranging the terms:' 

TSF = (QRT + QRF) / PF 

QBR = VBR . 1BR . (QRT + QRF) / FF 

(3.38) 

(3.39) 

(3.40) 

, Similarly, the electrical energy not used by the venti-

lators is: 'fl:. f' 

QV == VV • IV T-SV (3 .. 41) 
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" 
Regarding ventilation, the operation 'of the buried 

- \ 

pfpes heat exchanger storage system is the first ventilltion 

stage, therefore the operating time saved on the,ventilators 

is equal to the difference between the system blower and 

ventilators operating time. 

TSV = TC - TV 

by re-arrangi~g: 

QV = VV . IV . '( TC - TV~ 

i 7Y 

Since the air relative humidity inside the/ grjnhOUSe 

can highly fluctuate, the physical properties of ;rt0ist air 

will also fluctuate and can significantly differ from the 

properties of dry air. Moist air dEmsity -can 1 be computed 

" from Rosenberg et al. (1983): 

DA = MA • CP - 0.378 . EA) 1 (R . T) (3.44)' 

-The vapor partial pressure is obtained from the defi~i­

tion~f relative humidity: 

o RH = EA lES • 100 (3.45) , 

, . 
re-arrangl.ng: 

,. 
r 

/ 

// 

/ 
/ 
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• 
EA = RH . ES / 100 J (3.46) 

o / 

where the saturated vapor pressure is obtaine4 fro~:" 

1 

ES 0.61078 exp (17,.269 . T / (T + 237.30» (3.47) 
J, 

, 

-The absolute hurnidity is defined by: 

HU = 0.622 . (RH . ES./ 100 ) / (1 - R~ • ~S/ 100() (3.~8)' 

, 
The speçific heat of rnoist air is estimated by: 

Cs = CPs + cPv . HU '(3.49) 

. , 
~d the enthalpy of moist ~ir lS obtained from: 

HT = Cs . (T - TO> + HV . tH (3.50) 

( 
These ..... theoriticai considerations were trans1ated into 

two computer prograrns '. one to characterize the greenhouse 
• 

heat 10ss ,wi th respect to wind conditions, and onê to gene-

rate the'performa~ce indicat~rs for various operatin~ condi-

t~ons. These topics are covered,in the next section. 

o 
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MATERIALS AND METHODS 

4.1 Experimental Setup 

A heat exchanger-storage sy~tem made of 26 non perfor~­

ted, CO{;~~àted p}ast~c drainage'bipes, 102 mm in diameter, 

buried i~th soi1 of a NORDIC type greenhouse, is shown in 
"-

Figure 4.1.~T e first row consisting of 13 pipes l was bu{ied 

r at 450 mm a~d the s~nd row at 300 mm be1ow. Th~ pipes run 

parallel to ~~e horJzontal east-west a~ of the greenhouse, 

and were spaced at 450 mm apart. The c~acteristics of the 

greenhouse and pipes are 1isted in Tables 4.1 and 4.2 res­

pect~ve1y. 

The 0.75 kW Delhi b10wer shown in Figure -4.2, is used 

to circu1ate the air from the greenhouse into the pipes at 

0.91 m3js. The b10wer was p1a~ed over a 6230 x 750 x 1240 mm 

p1ywood plenum on which the pipes were connected. The b10wer 
- " 

has its air intake over the thermal curtain near the ridge 

for daytime operation, and under the curtain fC\I' nightime 
,,; 

operation. The air is discharged into. the greenhouse from. 

the 26 pipe out lets that emerge from the soi1. 

The greenhouse is equipped wi th a thermal curtain . 
("Table 4.1) tha t can be used as a 1ight shading device 

'-

_during summer. Two 2-speed ventila t'ors, 610 mm in diameter,' 

having a maximum capacity of 2.12 m3Js, were'used ta control 

the temperature when the soi1 heat exchanger storage system 

can no longer remove enough heat. An auxi1iary venti1ator, 

335 mm having a capacity of 0.63 m3/s, was used to control 
, 

the air relative humidity. A standard oi1 heater 36 kW in 
• _ ... 1.-

f 

\ 

l 
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• r 

Parts Dimensions Covering Insulation 
..f . 

Surface 
AJEea (m2) 

~ 
12.1 x 1.83 po1ycarbonate2 Thermal3 22.1 

Wa 6mm Cur~ain 
. 

South 12.1 x 3.53 Polycarbonate Thermal 

• 
42.7 

Roof 6mm Curtain 

North 12.1 x 3.53 Polycarbonate Thermal 42.7 
Roof 6mm Curtain 

~orth 12.1 x 1.83 corrugated polyureth~ne 22.1 
~all sheet metal 176 mm 

\ , Polycarbonate 5.7 East 
Wall (top section) 6mm 

0.95 x 6.50 polypropylene2 6.2 
lmidàle sect!onl 5mm 

, 

1.2 x 6.50 Cor~ugated polyurethane 6.6 
(bottom section) sheet metal 76 nun 

west cor~a~ P01YUret~ne 18.5 
~ 

WaJ.l she metal . 38 'tftm 
0,/ .. J -

, 

Floor 12.1 x 6.50 ' 78.7 
.. 

Foundation 1.4 x 36.~ Reinforced Polystyt'ene 50.8 
~ concrete ]6 nun 

- -
b 

1 "NORDIC It model constructed 
ted east-west. 

by Harnois'Industries,jorien-. ~ V . 
Hollow profile double skin plastic. 

3 
Je; 
diffusing plastic film. 

, " 

........ 

\! 

6 
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~able,4.2 Heat exchanger pipe1 character~stics 

., 
~ 

1 

Thickness 

Inside diameter 

Outside diameter --Mean inside diameteL 
( 

, c,?rrugatl~n height 

~-Base cor~ugatio~ length 
.-

TOp éorrugation totaL length 
. 
Intér-corru~ation. length 

· · 
· · 
• • . : 
.­· 
: 

: 

· · 
· · Top corrUgati~ st~aight length 

, Si,de corrugati5 length (estima~ed) : 

~' Un~t sUFface~r~a : 

~ 
Non-perforat~d, corrugated drainage pipe 

~ 

14mm 

(From Lawand et al. , 1985) 

# 

... 
if ! . .... 

.. 

'1 

l 

1 

1.0 'mm 

102.0 mm 
\ 

11~mm 

:- 1~ mm, 

.7.0 mm 

-- 14.0 mm 
, f 

11.0 mm 

4.0 mm 
~ 

9.0 mm 

7.4 mm 

0.531 m2 /m 

:<.)~ } 

, 
• 

, 

,Co 

." 

. -~ "-~.~~~-=-----------'--
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1: heat exchanger air inlet 2: ventilator 3: heater outlet 0 

4: heater inlet 5: thermal curtain 6: support for sensors 

v 

Figure 4. 2 Greenh~~~~,;.~.~n, equipments . 
• *, .-
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capacity was used to heat the greenhouse and an adjacent 

service room. A drip irrigation system was used to irrigate. 

,and f1rtilize the' crop, he1ping that way i,n maintaining a 

relatively constant humidity level in the soil. The system 
t 

was controlled by three irrometers mounted in parallel; they 

activate a solenoiù valve when the soil moisture level goes 
1 

below a preset level. Supplemental lighting was provided in 

winterc by four 400 W HPS. lamp. mounted under the "thermal 

curtain in the greenhouse center along i ts longitudinal 

axis: 

A microcom system was instal.led to control the 
, 

greenhouse enviro ente The system shown in Figure 4.3, in-

cludes a Tandy mic ocoÎnputer model * 26-3127 complete with 

Microsoft extended ASIe, 64 kilobytes of random access me-

mory, a black and hite video monitor, an audio cassette 

recorder Tandy dot ~atrix model # 26-

- 1476 and acquisition and control inter-

face. 
l 

The report on i.o~ activity of 8 electrical 

equipment~ and pe orm 'data acquisition from 80 channels. 

The characteristic of the system are, listed in Table 4.3. 

Hooked to'the syst are: 

..:. one B pyranometer, mounted horizontaly in 

the greenhouse cent r over the thérmal curtain at 2;5 m 

above ground, • 

S~ne Trade Wind.,instQl'!'ents • C72131 anemometer, mounted 

, outside at 4.2 m above ground, 
, 

t 
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Table 4.3 Data Acquisition and control system characteris-" 
tics ' 

analog digital converter 
resolutiop 

conversion time per 
channel. 

temperature sensor 
channels 

miscella~eous sensor 
channels 

. 
control channels 

system watchdog 

real time clock 

expansion 

channel scanning rate 

report frequency 

computation r\ 
report output on 
monitor, printer 
or casset·te 

, . 

15· bits .. ' 

· · 

· · 

• 300· dts 

64 

16 

8 

1 

• 
1 • 
--..:~""J~ 

: date, day, hour, minute, second 
and millisecond 

1 port 10 bits (. 

o ta 34 's 

user defined 

: differences 
air relative hurnidity from 
dry and wet bulb temperatu­
res 

: date, day, hour, minute, secqnd 
report number 
number of scanning 
maximum value per channel 
minimum value per channel 
mean value per channel 
standard deviation per" channel 
time of operation for . 
each electr i,cal equipment 

l .. 

" 
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o 

Figure 4.3 Microcomputer system installed in the 
experimental greenhouse. 
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- sixt Y Analog Deviee # AD-590, témperature sensors were 

installed as shown in Figures 4.4 and 4.5. ~ typical tem-

perature sensor is shown in Figure 4.6. 

,The system was designed to use AD-590 converters as 

temperature sensors because of their linear response to tem-

p~rature variation. 

Not shown in Figures 4.4 and 4.5 are: .... 

sensors T31 and T32H, measuring respectively the inter-
, 1 

nal air dry and wet bulb temperatures; the se' sensors were 
\ 

installed in a ventilated box located in the greenheuse èen~ 

ter, at 1.75. m above gro~di 

sensors T20, T47 and T48 measuring soil temperat~res at 

one", meter outside the foundations, were installed to cor-
, .~.f... 

respond wi th depths identical te the ones shown in Figure 

4.4 for Tl7, Tl8 and Tl9 respeetivelYi 

sensors T57 and T58 were located to me~ure air tempe-

ratures at the heater inlet and central outlet respectivelYi 
~ 

sensors T28 and T29H were installed to obtain respecti-

vely the air dry and wet bulb temperatures at the exchanger 

inlet; . 
JrJ 

sens or T56 was used to rneasure the air temperatÜre near 

the ro~f ridge in the western par~the greenhouse; 

sensor T33 was located to m s e the outside air 

perature; this sensor was shield from precipitati.on 

sunshine and was located close te the anemometer. 
, 

tem-

and 
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Figure 4.6 Analog Deviee AD-590 temperature sensor. 
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4.2 Procedure 

} 
4.2.1 Soil physica1 ProPerties 

, ,~ The soil storage is made of . two layers; the top layer 

consists of 4,50 mm of organic soi1, whereas the bottom layer 

of 610 mm depth, is of mineraI soi1. Clay was encountered at 

approx~matly 230 mm below the bottom layer. 

A soi1 texture analysis was do ne for the two 1ayers. 

Soil water contents, wet and dry bulk deasities were measu-

red using a Stratagauge Troxler model # 3411B shown in Fi-

gure 4.7, and by taking core samples at 20 si tes picked at 

random. For each site, samples were collected at depths of' 

150, 300 and 600 mm. 

For each layer, thermal capacity tests were) ~onducted 

on composite samples, using standard methods Jutlined by 

Taylor and Jackson (1965). Soil water content was monitored 

at severaI times during the test periode 

4.2.2 Air velocity 

The air flow rates were 'a~ed for each burled pipes 

using a velome~r (Alnor model Jr). Restrictions were adjus­

ted in order to equalize the flow of air in each tube. A Pi­

tot tube (Figure 4.8) was used to measure air velocities ai 

five points in a cross-section of each pipe, as indicated in 

bulletin no.' H-ll by Dwyer Instruments Inc. (1984). ~e sarne 

procedure was used to adjust and measure air veIocities at 

.. -' , 
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.' 
Figure 4.7 stratagauge Troxler ~Qdel no. 3411B. 
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~igure 4.8 Pitot tube apparatus. 
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the heater outlet; twenty points in ~outlet cross-section 

were measured. ~ 

, . 
4.2.3 OVerall Beat Exchange Coefficients 

, ~4.2.3.1 Beat LO~s C~fficien~s (UG) 

Test runs were periodicaly conducted at pight ib order 

~. _~t~ evaluat!3 t,he overall heat loss foeffiCie~t~ for the ae­

rial porti0!l of the greenhouse for different\ wind condi-

tions. 

Tests were also per,fomed with and with~ut -rc,odS on ven-

~ tilator outlets and thermal curtain. Inside and outside .air 

temperatures, insidc air relative hurnidity, air temper"atqres 

at the heater inlet and: ;J:~tlet and wind speed were measured 

over a ,period of a few ,hours, when steady state conditions 

were re~ched. 

In order to minimize the heat transfer between the top ~ 

s0il an~ the surrounding air inside the greenhouse, the air 

temperature was ~aintained at the average t~mperature of the 

top soil. Figure 4.9 illustrates the computation process. 

4.2.3.2 Convective Beat Transfer Coefficient 

Over the test peri€>d, the} air relative humidity and 
Q \ • 

temperature measured at the exchanger inlet and out~ets, and , , 

the air and wall temperatures in a pipe were continuously 
t 

rnonitored. The estimation of the coefficient was based on 

sensible heat exchange, as indicated by equation-3.30. 
, 
, 

\ 

" 
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\. 
( STARTOFCOMPUTAfJON 

o 

MEAN TEMPERATURE AND 
lEMPERATURE DIFFERENTIAL -. 

BETWEEN THE HEATER INLET AND OUTLr:T ~ 

AIR PHYSICAl PROPERTIES 
AT MEAN TEMPERAruRE~ 

(EQUATION 3.44, 3.47,3.48,3.49) 

J t 

HEATER POWER OUTPUT 
AND "UGIlVALUES 

FORTHETESTTIME INTERVALS 
(EQUATION 3.7,3.15) 

o , 

AVERAGEWIND SPEED 
AND 

AVERAGE IIUG" 
FOR THE TEST 

( ENDOFCOMPUTATION 

. , 

Fig~e 4.9 Flowchart for the computation of the overall . 
heat loss coefficien~. 
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'4 ... 2. 4 Electrical- Energy Used. 
'b 

,0 '1;.he RMS voltages and currents were measured' for each 
, . 

)'3, pÏJece of" equipment over a period of tfme, - in order, ta eva-

luate t-he average power requitements. c;-' 1" ,,v 
1 

The operating time was obtained from the computer re-
<-

ports on an hourly hasis. The electrical energy used was 

calculated from t~ese data, using equations 3.10, 3.11, 
i 

~.36, 3.40 and 3.43. 

4.2.5 Daily performance 

\ 

-On an hourly basis, the following measurements were ma­

de to assess the thermal performance of the greenhouse and -

~ 'of thè, ~eat ~ange~ st~rage system: 

J 

- inside an outside soil temperatures, 

inside outsida air temperqtures, 

- temperatures at the inlet and out let of the neater, 

- inside air relative humidity, 

- dry and wet bulh temperatures at the inlet ~nd oulet of 

two pipes, 

inside pipe and pipe wall te~peratutes foi one 

sol~ radiation inside the greenhousè }measured 
/--~J 

?( 
) 

horizontal plane, 
/ 

W'ind velocity, 

operating time for each piecé of equipment. 

pipe, 

on a 

, . 

The eguipment inside the greenhouse were .operated ac­

cording to the schedule of events shown in Table' 4 • 4, and 

the flowchart presented in Figure 4.10 iIIustrates ~he-

" 
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,( START)-
1 

) REAn THE DAlLY DATA FILE 
f 1 

COMPUTE THE AVERAGE SOll TEMPERATURES IN EACH SOIL LAYERS 
AND VARIOUS TEMPERAnJRE DIFFERENT1Al.S 

~ 1 
COMPUTE THE AIR PHYSICAL PRÔPERllES 

. (EQUATlONS 3.44 TO 3.60) 

1 
COMPUTE ·ua· FOR PREVEAUNG WlND CONDmONS AND THERMAL 

CURTAIN STATE (EQUATION 3.16) , 

'f':':-' 1 
() 

COMPUTE HEAT EXCHANGER EFACIENCY INOICATORS 
(EQUATIONS 3.32 AND 3.33) 

'-
1 ' ' \ 

. COMPlITE SOlAR, AUXlUARY AND LAMPS ENERGY CONTRIBUTIONS 
AND THE AMOUNT OF HEAT STOREO OR RECLAIMED 

,EQUAllONS 3.2TO 3.4. 3~O 3.8, 3.10T03.24, 3.26 AND 3.27) 

) 1 0 -

COMPUTE lHE GLOBAL ~~ENSIBLE HEAT EXCHANGE AND 
THE CONVECTIVE HEAT SFER COEFFICIENT IN THE PIPES 

(EQUATIONS 3.29 AND 3.30) 

'1\. 1 
COMPUTE THE ELECTRICAL ENERGY USED AND SAVED . -

(EQUATIONS 3.36 TO 3.43) " 

J . 
COMP,UTE THE HOURLV ·COP" 

~ 

~ (EQUATIONS 3.34 AND 3.35) , 

"""" 
, C- I 

COMPlITE THE DAllY TOTALS AND AVERAGES' 

1 r---' , 
COMPUTE THE DAlLY PERFORMANCE INDICATORS AND 

ENERGY CONTRIBUllON RAllOS 
(EQUATlONS 3.1, 3.5, 3.9, 3.25,3.28.3.31) . 

, 1 -
( END ) t 

-

c 
{tgure 4 • 10 Flowchart for t~e com~tati~n 0) he daily 

- . performance. ~ 
• 
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different steps involved in the computation of the daily 

performance parameters. 

Table 4.4 Schedule of event~ for equipment operat~on 

Equipment 

Heater 

Heater 

Blower 

Blower 

Air Inlet 

Air Exhaust 
(low speed) 

Air Exhaust 
(high speed) 

Auxiliary, 
Fan 

Curtain 

o 
Controlling . 

TIG 

TIG 

. TCSD 

1 TCSD 1 

TIG 

TIG 

RH 

ISC 

different 
values 

different 
values 

80 % 

5.0 ( 

Hysteresis 

5 % 

3.0 

Test Period 

Fall 1985 

Spring 1986 
'Fall 1986 

Fall 1985 

Spl'ing 1\~86 
Fall 1986 

Eritll."e~ ." .. 
rEntire 

Entire ~ 

Entire 

Entire 1 

HPS Lamps Time 6 • 00 to 22: 00 S'pring 1986 
Fall 1986 

, 

Irrigation1 Irrometer 200 mbars 100 mbars Entire 

1 Operating time not logged bY,the data acquisition sytem • 
... 

4.2.6 Opera~ing Modes 

_ Bifferent modes of 

ranging from a 

~easurements mentioned in 

were tested over periods 

everal weeks. For each mode, the 
/, -

ction 4.2.5 were made. 

o 
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~ 
4.2.6.1 Alternate cycles of active storage and recovery 

During the day, the heat exchanger-storage system sto-
r 

re~ss heat, and during the night, part of' 'the stored .. 
heat was recovered actively' DY the system. 

dperati0!l was based on air-soi1 temperature 

CITcsDll ranging from 1 to lO°C. 

The ~xchanger 

di~J~ren tia1s 
~;-
t ,u 

4.2.~ Active storage and passive recov~ry 
~~he system was put in operation during the only to 

OV\ . 
store excess heat. During the night, part Qt the sto ed heat 

~ l'· 

was recover'ed p~ssively by cO:'lvection at the soi1 surface. 

The daytime operation was based on the temperature differen~ 
, " ' 

tials (TCSD) described 'above in section 4.2.6'.1. 

4.2.6.3 Continuous Operation 

The system ~/as operating 24 hours a day (ITCsol=O°c). 

4.2.7 Observations on the crops , 
/ 

In order to get a plant ~esponse indicator in connec-·, 

tion with the heat exchangei-storage system and the green­

house operation, tomato plants were grown, because it is the 

largest vegetab1e greenhouse production in Quebec 
-

(C.PoV.~.). The Vendor cultivar was selected because of its 
-

popularity among greenhouse growers, when this study was un-

clertaken. 

For every pr9duction stage, from seedling to f,z-ui t 

harvest, t,he c~~p was managed according ,to 'the C. P. V . Q. 
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( 1984) reconunenda tians. The fertili.at~on schédule ~sed 
in that sarne reference, was ;'followed. Fe~tilizers wer~_~ded 

directly to 

plant through 

irrigation system, and provided to each 

standard drip irrigation micro-tube. The 
, ... ' <1 

fertilizer inject has a fixed injection proportion of one 

~z r for every 128 liters of irrigated 

water. Ir;rigation was controlled by the use of thr'ee irrome-
, 

ters mounted in parallel as described in section 4.1. The 

irrometers were preset, to activate the irrigation system 

whenever the tension went below 200 mbars. 
" The plants were' soil grown according to the plant 

layout presented in Figure 4.11; the rooting depth extended . . 
from 15 to 30 cm below the soil surface. Yields were measu-

. 
red on soil grown tomato plants. These yields were compared 

ta -the avera~e yie+ds obtained by Q~1ec greenhouse owners . 

• 

4.2.8 Payback Estimation 1 

The payback period for various scenarios was estimated 

using the procedure outlined by e ry and Robertson (1980). 

These scenarios involved costs, 

auxiliary heating costs i !on with,different en~rgy 

sources, operating costs a d plant productivity, ,for a com-
. \~ 

mercial type greenhouse having a sur"fac~ area of 179 m2, 

producing 3560 kg of toma to annually,,- An inflation rate of 
" 

4 % and an energy conservation factor of 33 % were used in 

the calculations. The,costs are detailled in .Table 4.5' and 

presented in ~able 4.6~ \. 

th~ scenarios are \ 

~-
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Table 4.5 Cost estimates for the 

DESCRIPTION COST1($) 

J 

Material: 52 pipes twelve meters long, 0.70 $-/m 

Plenum 

Two ventilators 

Two thermostats 

Inlet pipe 

Two dampers 
~' _ 0 

Connection' to the electrical circuit. 
(manpower: two hours) 

Total 

Installation: Manpower for excavation 
16 hours at 40 $/hour 

/' 

Manpower for installation 
15 days at 80 $/day _. 

Total 

Material plus Ins~ailati~ ( 

Operation: Electricity, 3080 kWh a~ 039~ $/kWh 

Maintenance over a ten year p eri9 d 
6 

Heating: Heat load 52320 kWh 
'" 

Heat source: heating oil at 0.037 $/kWh 

natural gas at 0.029 $/kWh 

~ 

wood chips at 0.008 $ /kWh 

productfvity: 960 kg increase2 in yield at 3.50 $/kg' 
\<:::: 

1 1986 

2 Based on two toma to crops 

i 

"440 

160 

400 

200 

100 

200 

160 

1600 

640 

1200 

1840 

3440 

122 

100 

1936 

1507 

419 

3360 

" ,~t 
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'i ' 

..... 
Table 4.6 back period scenprios 

SCENARIO IARY. INITIAL OPERATING PLANT 

* SOURCE CAPITAL CaST COST PRODUCTIVITY 

- - - - - ---- - - -~ 

($ ) ($) CONSIDERED ... 

1 Heating oil 15931 03 
0' 

No 

2 Heating oil 3433 2 a No 

3 Heating oil 1593 222 No 

4 Heating oil 3433 222 No 

5 Hèating oil 3433 ~22 Yes4 

6 .-- Natural gas 3433 222 Yes 

7 Wood chips 3433 222 Yes 

The greenhouse owner buys and installs the material 
required for the heat exchanger-storage system. 

2 The greenhouse owner buys the material and'pays for the 
installation of the heat exchanger-storage ~ystem. 

3 

4 

The heât exchanger-storage system blower replaces the 
'standard fan jet normally found in a greenhouse. 

The increase in plant yield is assumed to be 960 kg. 

" 

r 

1 

) 

• 

\ 
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V RESULTS AND DISCUSSION 

,,5.1 Soil Physical Properties 

5.1.1 Soil Texture 

---_ .. 

( • ; z 

./ 

A soil tfxture analysis was perfomed on the two soi1 

layers formi~ the thermal maSSi the ttom layer accounting 

for approximatly 2/3 of the thermal, ore. samples were taken 

from this layer; sampling was done t 65 and 95 cm below the 

soil surfàce in the bottorn laye~ and at 15 cm in - the top 

layer. )rhe resul ts are shown in Tables 5. 1 and 5.2. These 

resu~ indieate that th~ bot tom layer ls made of sand and 

the top layer is rn~~e of sandy loam. Both layers are quite 

homogeneous. 

5.1.2 Soil Wet Bulk Density 

~~~ average soil wet bulk densities obtainéd from dif­/ 1~ f' 

ferent sampling are sh6wn' in Table 5.3. The top layer being 

more easily acc~ssible, more samples were taken in this 

layer. The average density of the bottom layer ls higher 

than that of the top layer, since the top laye~ was tilled 

and loosened ~ior to each cro!? _ planting. For bc;>th· layers 

the density d~ibution , 

5.1.3 Soil Specifie Beat 
! 

The soil specifie heat values obtained from dried 

composite sample~ coming from both soil layers, are shown in 

, 

,t :~Y~!.~ .. 
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Table 5.1" Texture of the 

Samp1e' Sand 

* 
(%) 

1 93~0 

2 
~' 

9,3.2 
.,. 

- 3 93.3 

4 92.0 

5 94.0 

6 91.8 

7 96.7 
.'. 

8 95.7 

9 97.3 

---10 96.4 

· il' , 96.9 

" 
12 96.5 

94.7 
li 

2.1 , 
c. (%) 2.2 

.. " ~ .. 

50 

soi1 bottom 1a;ver 

" 

" 

, . 
, l, .. 

" 
- Silt 

(%) 

4.4 

3.2 

3.2 

4.0 

2.5 
~ 

3.6 

0.8 

1.7 

0.2 

0.0' 

0.6 

1. o· 

2.1 

1.6 

78.0 

~ 

\ 
\ , \ 

-.; .... , .. 

-, 

\C1ay 

(%) 

2.6 

3.6-

3.5 -

4.0 

3.5 

4.5 

2.5 

' 2.,6 

2.5 . 

3.6 

2.5 

2.5' 

3.2 

0.7 

23.4 ) 

.l< 

1 
\ -~i1 

""-0;,1".,.- l ' __ ~---'::' __ ~_'_1~:::'--"'--_-'-' '_'-,,-~r~r~ 
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Table 5.2 Texture of the soil top layer 

sample Sanq 

* C%) 

1 62.5 

2 62.5 

3 68.6 

4 .70.6 

j 
Mean 66.0 

S.D. 4.2 

c.v. (%) 6.3 

~able 5.3 Soil wet bulk density 

Layer 

Sandy 
Idam 

Sand 

Number of 
samples 

41 

40 

Average 
bulk 
densijY 
(kg/m ) 

1340 

1736 

, . 

Silt 

Ci) 

13.4 

15.1 

1)1.0' 

i7.0 
~ 

16.6 

3.3 

19.6 

Standard 
deviation 

51 

40 

. , 

Clay 
<""-;. 

C%) ~\ 

14.1 

12.4 

10.4 

12.4 Jo 

12.3 

1.5 .... , 

12.3 

Coefficient 

;'rlttion ~. f %) 

\ 1 

.. '--._.~J 
3.8 

2.3 
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TabLe 5.4; These resp!ts are in agreement with values gene-

rally enco~~tered in\the literature, for these.types of soil 

(Baver, 1940; Van wi1k, 1963; Lawand et al., 1983). 

5.1.4 Soil Water Content 

Table 5.5 shows the average water conten~ on a dry ba­

sis, for each soil layer. In this case, based on the coeffi­

cient of varfation~the distribution is not as uniform as it 

was for soLI wet bulk density, especially \ in the sandy 

layer. Because of it.s higher 'water retention ~apacity, the 

top layer had a higher water content. 

5.2 Air Veloci ty 

5~2.1 Heat Exchanger 

The air flowrates in'the exchanger ~ere equaliz~d prior 

to the velocity measurementsi these measurements were taken 
~ 

befere the start of the test periode The~~alues of the ~-

rage air velocity for eac\ pipe a!e liste~ ir Tabl~ 5.6. Tne' 

air velocities were relati~elY uniform, exc6ept for' one pipe 

(AlI), for which the air flowrate could not be adjusted, 

.. rnost likely due ta an obstru~on or pipe deformation. 

/ 

5.2.2 Heater OUtlets' / 

The heater was equipped with three ai~ outlets; the air 

flowrates in these outlets could not be perlectlY equalizèd .. 

The average air velocities for each ouJet àre listed in 

Table 5. 7. The hO; air frorn the hea ter \ w~str ib;"ted in 

1 



- - . "--, '" ~ 

53 

0 "f, 
'r,. 

,?t'-

Table 5.4 Soil specifie heat 

Layrr Number of Mean Standar-d~" Coefficient , samples specifie deviation of 
heat variation 
(kJ/kg' OC) (kJ/kg' OC) ~ (%) 

c ' 

, Sand~ ~ 
Loam 24 0.77 0.14 18 

Sand 20 0.68 0.06 9 

( 

li 
i\ 

Table 5.5 Soil water content 
J 

Layer Number of Mean J)tandard Coefficient 
samples water , deviation of 

contents (% weight) variation 
C% weight) 

, 
( %) 

Sandy 
) 18 Loam 24 23.7 4.3 

Sand 24 8.8 4.1 47 

.0 

.~l 

b,;:.';.. ". .... , . 1. ~. 
, -:.' 
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Table 5.,6 Hea t exchanger air velocity and flowrate 

, pipe Velocity Flow~ate P1.pe Velocity Flowrate .. (mis) . Cm) * (mis) (m3/s) 

, 

A 1 4.1 0.032 B 1 3.9 0.031 

A 2 4.0 0.032 B 2 ' 4.1 0.032 , ' 

A 3 3.9 0.030 B 3 3.9 0.03+ 

A 5 3.3 0.026 B 5 3.6 0.028 

A 6 '4.1 0.032 B 6 3.9 0.030 ... 
"" A 7 ~ 3.9 0.031 B 7 3.8 0.030 

A 8 4.1 (,-" 
'-- - ,0.032 B 8 4.2 ' 0.033-

A 9 3.9 0.031 B 9 3.9 0.031 

AIO 3.9 0 .. 031 BIO, 3.9 0.031 

AlI 2.7 0.021 B~1 3.9 0.031 

A13- 3.9 0.031 Bl3 , 3./ 0.029 
{J 

~ 

Mean 3.81 0.0349 3.90 0.0357 

Standard 
deviation 0.40 

'" 
0.21 , 

c.v. (%) Il 5.23 

jj 

, Table 5. 7 Heater outlét air velocity and flowrate 

Outlet . Velocity Flowrate 
(mis) (m3 /s) 

~ " , 
South 1 2.8 0.29 

3.3 0:33 
--, , 
Center 

North 2.4 "\ 0.24 

b 

... 

. .'1 ~, .•.• . 

'r 

~ 't 1 
<'-:!~ 
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the greenhouse through perforated polyethylene tubes. One of 

these tubes was located over the soil along the.north wall. 
, . 

( 

The sec~nd one was loca ted on th~ gre;nhoUse center line • 

. ~he third one was installed along the §6uth wall~ 
In order to minimize the total numoer of sensors used, 

~ - , 
o 

two temperature sensors were used for the evaluation of the 
" , 

amount of heat provided by the heater. One sensor was ins­
\ 

talled at the heater air inlet, the other was' installed at , , 
the central outlet. Since temperature differences were found , 
among the three air outlets, the air temperature measured in 

" 

the central outlet coùld not be used directly in equation 

3. a to compute the amount of heat provided by the heater. 

Th~refore, the air temper,ture measured in t~ central out­

let had to be adjusted in order to be representative of the 

average air temperaturebcoming from the three"oulets. To do 
" ~ 

that, test runs were conducted and air temperatures from 

each outlet were measured. A linear regression equation was 
-

derived from temperaturè measurements obtained during the 
o 

test runs. Q , 

\ 

TOC = 1.0101 + 0.9527-,'· TeE (5.1) 

f 
This empirical ~~uation predicted ,the average tempera-

ture of the air coming from the heater, from the air tempe­

rature of the central outlet. The results of the statistical 
" ' 

analysis are presented in Appendix A. 
.. 

• 

, 

, 
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5.3 Beat Bxchange Coefficients 

5.3.1 Greenhouse Heat Loss Coefficients 

Resul ts from the heat loss test runs performed_ on se­

iected nights throughout the study period, are shown in Fi­

gure 5.1; from the figure, it can .be seen that the overall 
• ,or 

heat 10ss coefficient _ v~ries linearly with wind velocity. 

The use. of the thermal curtain ,decreases the overa11 heat 

10ss coefficient by 28 to 30 %, wl}idh ·resu1ts in an energy 

conservatio~ fact~r of the same magnitude. The use tf hoods 

on ventilator out lets results in a decrease of the overall' 

heat loss coefficient by 16 to 28 %, like1y by reducing air 
~ 

infiltration. An example of the data'obtained. during a heat 

10ss test run and the computer program used to'compute the 

data are listed in Appendix Band C respectively. 

,The parameters UG, UGH, UGC and UGHC stand respectively 

for the overa1l heat loss coefficients without the thermal 
\. 

curtain and hoods (equation 5.2), without the curtain but 

wi t.h hoods,' wi th the thermal curtain but wi th.out hoods 

(equation 593), and wi th both the curtain and the,. hoods. 

To simp1ify the computations when the thermal curtain 

-::was on, 72 % of. the UG value corres'ponding to a given wind, 
l 

condition' without the thermal cut;tain, was used; which 
. , 

yielq.s a -conselqvative estimate of the heat 10sses;\ Further-

more~ four vest runs made at differe'nt periods without wi\fJld, 

the~mal curtain or hoods., have yielded a UG value of 

0.0051 kW/m2 . oc, which is lower th an the UG value predicted 

by the 1inear regression equation- 5.2. It seems that the 

/~ 
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infiltration heat losses are relatively important, sip.ce the 

.greenhouse 1s exposed tè wind conditions; because of that, a . .,\ 

UG value of 0.0051 was used in order to prevent· the over 
~ 

estimation of the greenhouse heat losses, which wou1d 

contribute to the over estimation of the solar contribution' 
J 

te the greenheuse heat load .. , 
" 

r 
.9 

5.3.2 Convective Beat Transfer Coefficient 

Tl1e convective heat transfer coefficient in Uie, heat 

exchanger has been estimated from the empirica1 equation gi-
" 

ven by Sibley and Raghavan (1984), 'for the - température 
, -

conditions encountered on the 86-12-01, tpe value obtained , ~ 

is 0.015 kW/m2 . K ' . .; 

For the sarne conditions, the value cornputed from the 

experimentaf'data using equation 3.30 was 0.013 ~w/rn2'K, b~-
. ~. 

sed on sensible heat /exchange. The difference might be ex-

plained by the fact that the empirica1 equation' of Sib1ey 

and Raghavan was derived from the data obtained with a labo-
'. 

ratory set~p using relatively dryer air; in this ç'é\se, the 

air circulating in-th" heat exchanger storage system was at 
" 

80 % (average) air relative humidity. Therefore, the physi-

cal properties of air and the heat transfer rnechanisms in­

volved are not likely to be the sarne. An average value of 

'0.012 kw/m2 'K was obtained for the spring and fall of 1986 

test periods (Appendix D).' 

4 .. 
/-

, , 



40 

0 

(. .. 

1.\ 

S9 

. r ( 
5." Electrical Energy Used 

Measurements taken on the electrical equipments· are, 

fresented in Table 5.8. However, these values do not account 

for variations in the electricity supply. 

, 
Table 5.8 Volta,ge, current and elect;;rical power 

~quipment 

Blower 

Ventilator Low Speed 

ventilator High Speed 

Ventilator Humidity 

Bürner 
1 

High Pressure Sodium 
Lâmps 

1 estimated 

5.5 System performance 

1\ 

Voltage 
(V) 

240 

122 

121 

123 

123 

' 122, 

1 

Current 
(A) 

4.9 

3.2 

6.0 

5.5 

5.9 

3. 91_~ ___ 

4. 

Power 
(W) 

1.76 

390 

726 

677 

725 

475 

A~l'the data coilected.were processed on a daily b~sis, 
, " O"\t 

- 1 - .. '_ 

using the "Lotus 1-2-3" software. Pretreated and compiled 
1 r\.,"\. ,~ 

data account for 800 pages of computer output, and the'!fe-
J 

fore, these pages are not included in the thesis. However, 

these data are available for consultation on the I.T.A. La 
\ 

Pocatière premise. For· illustration, raw, pretreated and 

compiled data for a given day arè presented in Appendilt E. 



~' r, 

, 
,~ 

60 

The computer program used to process the data is listed in 

Appendix F. ,,-/ • 
5.5.1 Beat Storage and Recovery ,.-

During the test period, the thermal mass had seasonal 

temperature fluctuations of app~oximatly 10°C" as shown in 

Figure 5.2. During the fal~ the thermal mass 

temperature dec~ased gradUallY~' to a t~mpe~at~re 
slightlyabove the minimum air tempe~ature'maintài~ed (13 to 

15°C). In the sprinq, during the storage phase, the higher 
o ~ 

rates o~ temperature increase were encountered in April and 

"May è' In surorner, since the venti1ators work more often and 

the thermal mass temperature is high, the efficiency of the 

exchanger decreases and the rate of temperature increase de-

creased. 

In early summer, the average soil temperature went up 

to 24.PC. This increase in temperature as compared wi th a 

conventionnaI greenhouse, coulcl. have a positive impact an 

plant yield, provided that the root zone has a good thermal 

contact with the thermaI masse 

For a typical spring day, the temperature of 'the soil 

layers has a sine wave typé variation. The curves c9rrespon-

~ng to the top and bottom layers of soil, show- that the 

system has a significant effect on soil temperature (Figure 
\ 

5.3). Th,e system was operated during the day for heat sto-
l 

rage and at night, for heat recovery. 
po 

A 1 , 
1 

/ 1 
1 

_._L. 
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Figure 5.2 Average thermal mass mean tempe rature fluctuation for the periods of 
September through ~ovember 1985 and 1986, and February through July 1986. 
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T~ soil temperature variation at the surface has a hi­

gher amplitude than the one obseryed for the bot tom layer, 

since top soi,l also absorbs directly parlt of the incident 

,solar radiation. During the night, the temperature at t!he 

sail surface goes below the temperàture oi'" the top layer,; 
" 

therefore, some stored heat migratedoto the soil surface ,and 

is released to the greenhouse. 

The daily variation in soil temperature for a given day 
, 

duting the first fall test period is shown in Figure 5.4, 

the ,system ~as then operated during daytime only for heat 

storage. During nightime, heat is gradually lost from the 

sail layers, since the sail temperature is higher than th~ 
, __ 1:.. 

air temperature inside the greenhouse, part of that'heat is 

!Jlj'--'recovered passively i~side the ~ouse. 
, ~ 

., ~ i ~ 

D'!1in9 spring, the temperature is re,latively unifo;rm 

throughout the thermal masse By mid-spring, the temperature 

d;ifferentials between, the west end and the east end of the 
el ... 

thermal mass are approximatly 1.5, and O. SoC for tl)e bottom 

and top layer of soil respecti vely (Figure 5.5). By e~rly 
, ~ 

summer, the temperature differentials become negligible for 

the top layer a~pproXimatlY 1°C for the bottom one (Fi-· 

gure'tifi. 6 ) . 

Soil surface temperatures measured in the center of the 

greenhouse are consistantly higher than, the ones measured 

close ta the west end and east end for the greenhouse; this 

is likely to be due to the shading effect of the end walls 

on these area in earl~ morning and late afternoon • 
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In arder ta assess the effect of active and passive 

heat recovery on the heat exchanger-storage system perfor-, 

mance, the system was ,operated day and night whenever excess 

heat was available, during the second fall test periode The 

longitudinal temperature profile had somewhat the same 

tern (Figure 5.7). However, the temperature of the bottom 
, 

r was IOC higher th an that of the top layer. By mid-sea-

temperature differentials between the west end and' 

the east end of the thermal mass were in the arder of 2°C. 

By early winter, the temperature differential increased up 

to 5°C. The soil surface temperature somewhat followed the 

'~ame pattern as 'for the top layer of soil (Figure 5.8). On 

the overall, there was little horizo~~al temperature strati-

fication in the thermal masse 

The air temperature differentials.between the exchanger 

inlet and outlets seems to follow the same pattern as the 

air inside the greenhouse does (Figure 5.9). 

For a typical sunny day in spring, the temperature dif­

ferential during the day ~s higher for the bottom row of pi-

pes as compared with the top row, since the soil surrouding 

the pipes is colder in the ." bottow layer; for the same 

reason, the temperature differential obtained at night is 

lower for that same rowi nevertheless, this tempe rature dif­

ferenti:\ is relatively constant. The capacity of the system 

to recover heat at night i5 limited by the low temperature 

differentials (between 3 and SOC) encountered. The maximum 

and minimum temperature conditions imposed by the crop 

-----



~-~~~I~ 

", 

~ 

-~ 
w 
œ: 
:J 

(~'i 
'W 
Q. 
~ w 
t-

• 1 
,J 

~ . 

! 
"'---

19.6' 

19.4 -"..; 

19.2 
u 

19.0 

.8.8 

18.6 -'-
18.4k 

18.2 . ~ ) 
18.0 .. 
17.8 

17.6 

17.4 J o SURFACE 
17.2 + TOP LAYER 
-r' 

17.0 ~ BOTTOM LAYER 

4J' 
Cl 

16.8 

WEST~ CENTER EAST 

POSITION 

} 0 

Figure 5.7 Soil longitudinal temperature profile during heat _~ecQvery in the 
fall of 1986. . '\ 

\ , 
" "-" 

'-

~ 

\... 

'" 

0\ 
co 

~ ~ ! 

; .:."~ 

:. 

-<~ 



~~,. '~ .. "r' 

'~~. 1 

" 

. ~, 

(, 

• ... 

;. ;J 

"---'- - - - --- --

.,., 

....... 
2 
~ 

, 
7-_ 

\ ::)' 
/' 

. , 

~ 
Q. 

~ 
~ 

1. 

16 

15 

14 

13 0 

12 

, , 

10 

4t!Z 

Sl 

• " 

!~ :: 

a SURFACE 

+ TOP LAYER 

:J 

" 
" 

<> 80TTOM LAYER 

" 

- ----

0, ..", 

"'''" 

; 
" 

,. 

~\ 
'\. 

9 J ." 
-WEST ." CENTER 

POSmON 

f.~ 

)-

o. 

... 

/ 

, 
Fiqure 5.8 Soil longitudinal tempe rature profile at the end of ~all. 

o' , -

..." 

o 

C> 

EASl" 

• 

0'\ 
\D 

""~ 

~ ~!. 

.,' 

,': 

2:: 

~ : , /) 
" 

".;-." . " .. t ~ -

-h~ 

r. 
'i' . 

~t 
''1< 

_~'l 



o 

... 

-.e 
~ z 

""f ~ 
\.LI 

It 
ë 
t-, 

___ • io 

'" 
- '->-

.7 

<# 

~ -- ~ 

- -----\ 

" .0 i 

1 

" } 
, , 

l 
l 

10 

9 

8 
o TOP ROW 

+ BOTTOM ROW 
" ",., 

C 

7 
6 

~' 
-, 

4 ~ " 1 

3 

2 

1 

0 . 
-1 

-2 
-,} 

-4 

-~ 

-6 
~ 

18 

1 

~i 

" 
-<. 

TIME 

" \ 

~~. 

; 

~ 

.. 

Figure 5.9 Qaily variation of the tempe rature differential between the beat 
exchanger inlet and outlet. 

"" • • 
~ r-

~ 

'" 

l' 

., 

-..J 
0 

>" 

~ 

.. 

~ 

J 

. 
Î 

" 

"' 

'" 

" 
~ 

+....;.: ~ 



I~ 
1 

I-
I 

t, 

r 

c 

71 

, 
prevent. the operation. of the system at higher temperature ~ ... 
differentials. 

, 
. D,urlng heat storage, after 4 hours of operation, the 

air temperatur~' inside the p'ipes decreases rapidly between 
<> 

'the pipe inlet;,--lecated at thé west end, of the greenhouse, 
", 

and the pipe cent~r, a lemperature drop of 6 oC was recorded. 

Between the pipe center and the pipe out1et, 10cated 'a't. the 

east end of the greenhouse, the decrease was 1ess steep, and 

the value was C 2 oc (Figure 5.10). 

~, ., After 8 hours of opera~ion, a similar profile is obser-
, 

ved (Figure 5. ~1). As shown in Figures 5.10 and 5. Il, i t ap-

peal;'s that the air 1 circulated in the heat exchanger looses 
'J 

approximatly the 2/3 of its heat content in the first 5 me-

ters of pipe. Since the top layer of soi1 is warmer than the 
• 0 

,~ttom layer, the temperature differential between the air 
, . 

and soil rap.!d1y approaches tero. 

For' hea t recovery, 
IlL 

the situation is rever~ (Figure 

5 .1~). After 8 hours of operation, the air-soil temperature 
." 

\ 
1 ~ ) 

--.differential being higher for the top row of piI?es as compa-
f 

red wi th the b~~tc?w row, the heat exchange takes place on 

the full 1ength of
4 

the top row pipes. '" 

There is a good correlation (Figure 5.~3) between the 
~ 

average soil temperature and the averaqe air temperature in-

,side the greenhou~e. This further COnfirjs that the system 

performance i5 limited by the l1'aximum and minimum tempera-
. 

ture conditions imposed by the cropt The soil temperature 

could get hrg)er provided that a higher air temperature 
.... 
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• a hours of heat storage. 
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coulc:i t allowed inside the gre"enhouse ,during the day. On 

the: ~ han~. a lowe'r air te';'perature a~ night woÎ11d re~ 
suIt in more h~at~~ecoverëd from the storage . 

. T~e dprevious results indicate ~hat heat was stereo and 
-. . 

re~trei v~d 'fr~~ the thermal mass, but they do not givê any 
< 

indièation Yon t;.he efficiency-of these operations. !l'o fl:'t1d 

out, 1).eat storage (SE) and recovex:.y tRE) efficiency parame-

ters were computed from equations 3.25 and 3.28 respecti­

vely; however, these parameters did not turn o4t t~ be good 

Indicator of the system performance. Results for the month 
~ 

of 'May, shown in Table 5.9, extracted from Appendix D, indi-
• 

0- • JI ~ 

cate that these two parameters seemJ to fluctuate randomly. 

There is no apparent relationship between these.two pararne-
!r '. 

ters and other sys.tern performance indica tors. 
Q 

Two apparent reasons rnight explain this facto Firstly,' . 
, 

the soil water content has not rernained constant throughout 
/ 

the test periode Fer exainple, Plrior to each crep plantin; 

the" soil was. was~ed threugh, te decrease the' salt content . 
.. 

The irrigation df plants was not perfectly uniform, resul-

ting in "soil water content spacial variabili ty, m~st'lY irt, 

the sand l~yer (Table ·5. ~). The soil wa ter content pf the 

top layer is affected by the arnount of solar' energy inter-' 

cepted at the surface-r~ as more energy is received, more eva-
~ 

poration heai losses take place. Since the soil thermal pro-

perties ~are highly dependent on the soil water content, it 
o 

does. not seern to be appropriate to assume that the soil 

~ water content remained constant on a ~aily' basia. Secondly~ 

( 
\ 



'r '. ,1 J 

~f " ~ 
, , 'r " 

.... ~ ') 
", J 

77 
<;:0 • \ , 

/ \ 

ITable 
r- i; 

5.9 Fluctuation of ~he heat s~~~rage and recovery . 
~; / pararneters (May~19'86) Il 1 

1 

4" 

* Date Greenhouse Solar \ Mean Soil storage Repovëry 
Heat: Loss Energy . Temp. 

li 
Thermal Thermal, 

..... Effic!ency Efficiency , ,-
(kJ) . (kJ/m 2 ) (OC) \ 

. 
19:0 01/05/86 , 840145 8794 

't \\ 
0.58 0.50 

0.53 ~ 02/05/86 1075260.j _ 14425 18.8 
.', 

0: 49 l-

, 1 

\'\ 0~/05/86 1117965 15772 19.4 0.48 0-'037 ,1 . • 
04/05/86 705140 ':4-?46 ,. 18.9 '1 0.55 '0.79. • . \ :.. \ 

05/05/86. 766120 14606 18.5 \ 0.54 <,0.66 
\li . 

0.11.2' 07/05/86 758389 8411 17.3 0.83 
, '1;' 

08/05/86 800104 18570 18.2 0.48 0.37 
''i\ 

, 09/05/86 467592' -. 12669 19.4 0.57 0.35 - -
• 1 

46,7591" 
1 i 

10/05/8e 12669 19.4 0.57 . 0.35 
... 

11/05/86 1090588 17857 18.7 0.51 0.57 
:·b 

, 
.12/05/86 725217~ ~ 19826 19.4 0.47 0.45 

~ 
: 

13/05/86. 498945 19487 20.4 0.46 0.73 
1 ~,\ 

14/05/86 307479 19769 21.3 0.40 0.52 . 

15/05/86 251637 14463 22.1 0.44
0 

0.28 

~ 16/05/86 335847 ( 1'11~9 • 22.6 0.46 0.32 
l' 

l 
17/05/86 326645 13073 23.0 0.49 0.32 

26/05/86 409772 22566 21.3 0.17 0.19 

27/05/86, 312650 17385 22.5 0.44 ().31 
'" , 

213/0'5/86 434188 18020 22.6 
, 

0.43 0.44 

22.6 J / 
'29/05/86 289021 13210 0.52 0.39 

t', 
1 . 

~, 
30/05/86 496851 15261 22.6 0.47 0.41 

ft 

->-"'" 31/05/86 727238 19794 23.1 0.41 0.50 
Il 

·f 

" 
f~_: _ 
~;e~_- ~ , 
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1 
) 

'there is a time' lag betweén the heat, exchange f..rom the pipes 
~,. 

, J • 
and ,the ,tempefature v:riation within the thermal mass, due 

. " 

to the soil thermal diffusivi ty.~ 
..\ '1 

For example tluring heat recovery, th? soil tempera1;ure.· 

in the bot,.tom layer can co'~tinue' to increase eve~ lf the 
1';' - 1 

." 

soil t~mperature in the top layer has started to decrease. r, 
A piez~m:ter was installed in the ~r:~house -fn ord~ .., 

to ~C?nitor a potential water table inside the greenh~e 

'. thermal mass l' that" could ~ffect the system pe:rformam~e. Re-, 
gular 'rneasurements hav~e indicated that the water table re-

mained 
l' 

the greenhouse footing therefore, die::!' not below and 
"î 

affect the thermal masse ~ " .. 

5.5.2 Dehumidification-humidification of the air 

Aè .shown in Figure 5.14, at ~ight',o the air relative hu-
\.,. ,. 

~ ./ 
midity inside the greenhouse remains almost constant at 

approximatly 80 %. In the morning, when the thermal curtain 

, is opened, the relative; humidity level increases tempora­

rily, as the air temperature increases, the air rela~ive hu­
( -

mldity decreases gradually. 

The air relative humidity at the exchanger inlet -4~ol­

,lows a pattern similar to the air \s.elative humidity. inside 

the greenhe>use. However, the 'relative humidity at the inlet , 

is lower than that of the atr inside the greenhoùse, sinee . ' 
rti 

"the air temperature at~-the exchanger inlet is higher than 

the ope inside the < greenhouse. 1 • 

Il 

• • 
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, At . night, the air relative humidity at the exchanger 

outlet is lpwer than that of the inl~t, since air is warmed '. -

as it gets throug~ the exchanger; nevertheless, the relative , ' 

humidity is almost constant. During the day, a pattern simi-
\ 

lar to the one obtained for the air inside the greenhouse ~s 

observed. The air ·relative humidity is higher at the outlet . 
th an at the inlet, since air is' cooled as it gets through 

1 ••• 

&3' the exchanger. In the mornl.ng, saturatl.on and condensat.i!0!l 

oçcur as long as the air relative humidity inside ~he green-
, 

house stays high. This is likely to happen when the thermal . ~ 

curtain opens; an important mass of sa'turated air is then 
• ' Q 

" introduced in the greénhouse and in the peat exchapger. As-

th~'air temperature increas~s in the greenhouse, (he ai~ re-

lative humidity gradually decreases. 
.. 

, Visual inspections confirmed thât the system dehumidi-

fying effect is not negligible, mostly with the lower piEes 

located near the perimeter of the greenhouse. During spring 

and 

the g:;
a,~ " important amounts of conde~sate were drained in 

so' l via the plenum floor. , However, these amounts were 
.' .. 

not measured. , 

~.5.~ Heat ~hanger 
o p 

A typical daily variation of the Icoefficient of perfor-

./. mance (COP) computed from equations 3.34 ëMd "3.35,. is shown 

in Figure 5.15. At night, during heat ~ecovery, the average 

~OP is approximatly 4.0; howeve~ at sunset and su~rise, the 

COP decreases below 1.0, and the system becomés Jineffic!ent. 

J 

\ 

, -
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, 
During daytime, ithe coP gradually decreases as more 

'J 

~,'I;, heat !s stored in the thermal mass and soméwhat follows a . .. 

"" 

) 

pattern of variation similar to 'the air temperature diffe-

. rential between the heat exchanger inlet and outlet. 

The sys~em operatton was controlled by the temperature , , 

differential between the air in the upper part of the green-

house near 'the heat exchanger inlet, and th~ soil. The hi-­

gher the' absolute differentfal, the higher the COP (Figure 

5.16). A temperature differential above 6°C seems to be ade­

quate for an efficient operation of the system. 

The COP seems to be more influenced by the temperature 

differential ~between the air in the lower part of the green­

house 'fbèlqw the thermal curtain position) él;nd the sofl (Fi­

gure 5.17), than by the temperature differential between the 

air in the upper part (above the therm::i'-Î>" curtain position) 

and the soil, the coefficients of correlation being higher 

for the first case . ( Table 5.10) . " 
When the thermal curtain is in operation, the system 

'" ~ 

has its air intake below the' curtain. This can expliün the 

fact that a better' cqrrelation is obtained between the cop 
0 

and differential 
' \ 

the air in the 10= the temperature betwe~,n 
0 

\ 
wer part of the greenhouse and the soil, for heat recovery. 

During heat storage, it seems that air from both the upper 

and lower part of t.he greenhouse west end, are mixed and 
~ 

circulated through the exchanger. 

It is likely that a higher COP would be obtained if the . 
air intake would be @pread along the horizontal axis of the 
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Table S.10 Effect of the tempefature differential on the CCP 
and on theoheat ex~anger efficiency -"" 

Parameter 

COP 

l Mode 
~ 

, Storage . 
COP Recovery 

j --

Efficiency l--"~x Storage 

Eff iciency "~fI J R~overy . 
- l - between the air above 

2 between the: >,~r'-'under 
',' .. ~ . , '- ' 

/' 

• 

• 

Coefficient o~ correlation 
, 

~emperâture differentials 

·Upper Parti Lower Part2 
) l 

0.60 0.86 

0.92 _ 0.95 

0.97 " 0.64 
~ 

0.95 "- 0.99 
~ 

t:J:h~rmal curtain > and the soil. 
, 

t thermal curtain and the soil. 
.) -

o 

\) 
) , " 
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greenhouse near the roof ridge. This would also resu1t in a 

\.,. 

better correlation between the COP and the temperature dif-

ferential between the ai~above the curtain and the soil. 

Observations similar to those stated for COP, a1so ap­
~ 

ply to tpe heat exchanger efficiency computed from equations 

3.32 and 3.33 (Figures 5.18 and 5.19). However, for heat 

storage, the correlation between the ef.ficiency and tempera­

ture dffferentiai between the air in the upper~~ the 

greenhouse and the soil, is higher than the one obtained. 

between the efficiency and the temperature differential bet­

ween the air in the lower part and the soil. The higher the 

temperature in the upper part, the higher is the t~mperature 
• . l' 

at ~he exchanger inlet; sinee the exchanger efficiency is' 
~. '. " . 

computëd (equation 3.33) from parameters such as the inlet ~'. 

temperature, the correlation is likely' to be high betweert . . ~'. 
-, 

the efficiency and the t'emperature differential betwe~ the 
1 

air from the upper part and the soi 1. For the sarne reason, 

during heat recovery, the correlation between the efficiency 

and the temperature "(iifferential between the air from the 

lower part and the sail, is likely to be high. 

Figure 5.20 shows. the ratio, of the amount of energy 

recovered at' the' soil surface, over the total amount of 

energy recovered"frorn.both the soil surface and the heat ex­

changer, during the spring and fa~l of 1986 test periods. 

From February to mid-April, the exchang~r was operated 

during the day only, in o.rder to rapidly increase the soil 

temperature for crop benèfit. From mid-April to mid-June, 

J 

1 

, 1 i,. 
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the exchanger was operated day and night whenever the tempe­

rature differentid1 betwee~ the air and the 5011 was suffi­

ciently high. For that period, approximatly 40 , of the heat 

was reeovered from the sail surface. This contribution-went 

from approximatly 30 ~ in April·to 50 , in June. During the­

Fall, the soil being colder, the contribution was estimated 

at 20 

ta 

fer coeffi 

mate. 

9 from 50 % in September to 1Q , in Novémber. 
J # 

e, passive recovery at the s,oil surface seems 

tial,. p;ovided \hat the c~nvective he!,[~n ... -
ient at the soi1 surface used, is a good e~t1-

t 

The heat, exchanger efficiency is maximum in winter and 

in late fall for heat storage, sinee the, thermal mass is 
~ 

relatively cool. As the temperature, in the, thermal mass 1n-
, . 

crease, the efficiency decreases. On the contrary, for heat 

r;'coverL the effiCienC! bècornes "laximum in surnrner, since 

the soil is warmer (Figure 5.21). 

5.5.4 Greenhouse Energy con~umptian 

The solar energy contribution te the greenhouse heat· 

load computed from eguation 3.1, does not seern to be as much 

influenced by solar radiation (Figure 5.22) as initially ex-

pected. However, as solar radiation increases, the exchanger 

cannot extract aIl of the surplus heat that is available and 

therefore, the ventilation is activated ta evacua)è sorne of 

the heat, maintaining that way an acceptable temperature for 

the plants. 
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The same comment also applies for the air temperature 
> 

in the lower part of the (9reenhouse, which follows a pattern 

of variâtion similar to solar radiation up to 21°C to 23°C, 

corresponding -to the activation of the' first ventilation 
-, 

stage (Figure 5.23). 

There is a closer relationship between the average soil 

temperature and the solar coniribution ta the greenhouse 

heat Ioad. Since the soil acts as a thermal mass, the warmer 

the soil, the more heat that can be recovered at night, 

resulting into more energy conservation on heating (Figure 

5.24 ). 

It appears that almost a 100 % of tne g'reenhouse heat 

load can be provided by solar energy when the temperature of 

the thet~al mass gets above 21°C. However, above 21°C, the 

stored heat is not~used qui te efficiently. For exampIe, the 

temperature of the air inside the greenhouse ,at night' has a -. 

tendency to remain higher than the minimum level recommended 

for a given crop. 

Figure 5.25 shows that from March ta July. The solar 
, , (.. ~ 

contribution went from 50 % /t'o 100 %. bne should note that 
I!'. 

the conventional greénhouses located in the La pocatière re-
( 

gion require auxiliary heat at night, even during summer. 

During the follpwing fall season, the contribution decreased ~ 
, ~ 

from 90 % to 30 % by the end of November 86 .. 

From February to June and from Séptember ta November 

1986, the overall solar contribution was estimated at 58 %; 
, 

,on the other hand, the contribution of the artificial 



., 

.. 

L.. 

",,' 

... 

,-0 

z o 
j:: 
:::> 

·m 
il: 
1-
Z o o 
Cl:: 

5 
~ 

< ) 

• 

~ 

, . 

1 0 • ... . ,~ • œ 0 SfIB 0 ŒB 8 

0.9 

0.8 

0.7 

" ... 
0.6 

" 

o.~ 

• 
0.4 

0.3 ,. Cl 

0.2 
rm 

0.1 Cl 
-;:: 

§o 
o C!jl D~ §Cl [jJO 0 

o 000. 0 

o,orfb m .. <P 0 !1J o 0 00 
o o.Çb 00 

'-bOD 0 

. ')0 ~ 
'0 

O~ 0 0 o 
.0 

OJ 

tfJ5Jr:DO 0 13 O,a:'O 
o 0 De 
000:-. 0. ~ O~ lO 00 ~; 
§ 0 ~,..Çb BliIf6 '!~~ 

o '6 ~- 0" 
[Il LLrP . lètt Cb ,00 

'1 0 
''il Cl 

~ lm' 

,°,1 ' 
a 

p. o " 
D a 

/' 0 

. o. 

'" 

, 
~. O' 

o 

Cl 

,,~ 

'sy;' 

~ 

.. j' .~ 
, J 
\ 

0.0 P [JJ ,,/.-t' l' B 1 8 B \ B 8 , 
, , ~ /, J 15·' '7 19 21 23 

,<1 , 1 
AIR TEMPERATURE ('C) 0" 

.. ,.,,--

,., 

J 

" 

of 

r ( 
Figure 5.23 Effect of the greenhouse air temperatqre on the sol~r contribution 

.; p 
ta the greenhause heat load • 

"'I!I'. 

, 

%\ 

... 

'\0 
.tao' 

" 
1 

~ 

~ 

- <' 
~ ~ ... ~ 



'.u;~ ' ... .r " 
-1:., 

e 

t 

~ 

/. 

1 
J 

'0 

" 

.... 
" 

00 
. CI 0 

o % ~fboB 
Ch ao ' 

o ...,h!°a 
a 0 ËP' 
. ~1'iJ0_~0 

o 0rtPD 0 a:P cP 00 
Cl Cl 0 0° 

" 00
0 ocr: ~ 0 160 g 00 

a rEP 0 ~§ 0 

o 

a 
o §UIQ 0 

00 §OO 0 0 
o 00;. 0 o 

~ 0 0 

v 

~. 

Cb
o 

/ 

Clo 0' ~o 0 'cP 
0 .. 0 0 o Cl a 

8 0 a~ a a 

aD 
"0 ' 

'0 0 

14 1~ 16 .. . 20 

SOll MEAN TEMPERATURE ("C) 

o 

o 
00 

,0 

• 

" 

"~~ij .00 

oct;' Q 
o 

Cl 

.. 
CI • 

-6=" 

~ 

22 24 

') 

Figure 5.24 Effect of the soil tempe rature on the solar contribution to the 
\ 

- greenhouse heat load. 

" 

o 

----

r 

\0 
\Il 



.""-"". 
\ -- ... , 

0 0 
ft 

: ' 

\ 

"- '\ 
l' 

1 l .,.. 
~ 

-- ------- 1 
'.0 l \ ~" "" '1 ~ 

• 
0.9 -j \ a HPS LAMPS 

+ HEATER J , \ Q 

0.8 -1 \ . 0 SOLAR 

'/ \ c' 

0.7 

0.6 -, \ / /. \ l , ... z 
0 

~ . 0.5 

T \ 
., 

\ "- \D 4. ,-, 
en 

0.4 

't 0 . .3 

1'/ \~ 

0.2 

0.1 

0.0 ï ï ï ( . 
ISE? NOV. JAN. MAR. MAY JUL SEP. NOV. 

~~ 

MONTH 

Figure S.2S.Variation in the contributions to the greenhouse heat load. ,-
~ 

" .. 



o 

o 

, 
o 

" 

, . 

.. 

c 
o • 

ii 

97 . 

\ '. oie.,' 

lighting system (èquation, 3.9) and the contribution of the 

hea ter . (equa tion 3 .5) Were 7 Ji; • 'and 35 % respecti vely. 

Knowing that a conventionnal greenhouse gets 20 % to 25 % of 

lts h~~ng requirement rrom solar energy, the system might 

bave resulted in an energy conservation of over 33 %. 
. ~ -

on~hould note that the resulting performance of the 

system~i~h~ not be representative of the full potential of 

the system, sinee it was not ~ operatetf based on optimum 

.' con9itions, as they are not known. 

/ ~ 
5.6 Tomato Crop '~ 

The tomato erJp~ (Figure. 5.26) were grown during the 

test periode The average yields were 7.4 kg/m2 during the 
t. 

fa11 of 85'"i arid 86, . and 17.9 kg/1JI2 during the spring of 

1986, res~lting in an overal1 yield 0; 25.3 kg/m2 ., The(CrOps 

were subjected tp the~c6nditions recornrnended by the C.P.V.Q. 

(1984'), except 'for the spring nightime temperatur~ which was 

maint~ined 2°C 10wer than the minimum temperature recom-

mended. 
\ t~ 

In Quebec; 

.,. 
-~_d2",;" ';::0 ... 

~ ... ,; 

" the average yields for a greenhéuse grown 
• ~ tomato crop are .. approximatly 5 and 10 kg/m2 for the fall and 

the spring' rrop resp~etively, wHich accounts for a total of 

1S kg/m2 for both ~eason. 

However, even if standard candi tians w'eie imposed to 

the crop during the experiment, the higher y'ields obtained 

in the experimental greenh~use as compared with th~ provin-. , 

cial average, are not necessarily 
\ ----) 

C ~ 
" 

due ta , the sail .heat 

l 

,/ 

< 

U 
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Figure 5.26 Tomato crop grown in the experimental 

\ 
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greenhouse. 
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~changer-storage system.-F&vorable climatic conditions, the 
. 

use of a high light transmission glazing, the use of a mi-

crocomputer to control the greenhouse climate and the use of 

four HPS lamps might also have contributed to the higher 

. yields. Therefore, the effect of the systezn on the crol> 

yields cannot be assessed. 

However, the general, appeàrance of the plants and the 

stem and 'leaf ..dimensions, seem to indicate that the SOit:1 
, Î' ' 

stored heat had a positive impact on the crops, but agai '_ 

this observation has not been verified experimentaly. 

5.7 Payback period' 

The paybaok period estimates were compute~ acoording ta 

different scenarios based on a commercial :type greenhouse 

operation, as described in section 4.2.8. These estimates r 

, are presented in -Table 5.11. 
. 

It can be se en tha1;: the payback period is s"trongly in-

fluenced by the capital cost involved ,and ."t:he system impact 

on plant productivity. The system becomes less cost effec­

tive when the capital cast involves the installation of the 

system and when the system does not contribute to enhance 

plant productivity, as it would be for plants grown on 

benches for example. On the other hand, a greenhouse owner, 

installing himself "the system could get a payback period of 

approximatly two years, based on energy conservation alone; 

further, the payback periéd could get below twelve months if 
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o the system enhances plant yields, as it appears to do ,for a 

soil grown tomato crop. 

\, , 

, 

Table 5.1-1 Payback period estimation 

scenerio Auxiliary Initial Operation Higher Plant Payback 

" Heat Capital Cost Productivity Period 
# Source Cast ($) ( $) Considered (years) 

.-

" 
· 1 Heating ail 1593 0 No 2.2 

~ 

2 Heating ail ~433 0 No 4.6 

3 Heating ·oil 1593 . 222 No 2.6 

4 Heating ail 3433 222 No 5.5 

5 Hèating ail 3433 222 Yes 0.9 

6 Natural gas 3433 . 222 Yes 0.9 

~ 
7 Weod chips 3433 222 Yes 1.0 

• r 

.~ ,. , 
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VI SUMMARY AND CONCLUSIONS 

The use of soil as a thermal mass inside a greenhouse -

has heen studied in many countr ies, and many Japaneese .. 

. greenhouse owners have installed soil heat exchanger storage 

systems in their greenhouses to lower their production 

costs. The technique seems to be cost effective in countries 

having a-mild climate, but would the technique he interes-

ting if implemented in colder climate? 

The fOllowing conclusions can be ~rawn from the experi­

ments conducted on such a system installed in _ a commercial 

~ype greenhouse located in La pocatière, Québec. 

During the test period, a seasonal temperature fluctua­

tion of 'the thermal rnass of approximatly loge was recorded. 

By early sununer, the average temperature was 24°C, and by 

late faïl, it decreased down to approximatly 15°C. 

The temperature is relatively uniform throughout the 

'thermal masse Over a 10 rn length, the ~verage temperature 

differenti'al between the west and the east end of the sto-
G 

rage was 2°C. 

An important fraction of the heat exchange takes place 

in the first five meters of the heat exchanger. 

The average temperature of thermal mass correlatés weIl 

to the average temperature of the air inside the greenhouse. 

Therefore~ the system performance is limited by the maximum 

and minimum temperature condition~ imposed by the crop. The -. 
affect of temperature being 1 cumulati ve for a plant, the 

. " 
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amount of heat stored and recove~ed might be improved tf hi­

gher and lower, temperatures were allowed for daytime and 

nightime respectively,- as compared with thoS'e generally re-, 

commended; however, that approach would require moie sophls­

ticated means of temperature control (based on temperature 

inte~ation),-WhiCh are not readily available right now. 

On a daily basis, the system efficiencYI\ parameters in 

terms of heat exchangeJ and temperature fluctuation in the 

t,ermal mass, did not turn out to be good indicators of the 
~... . • system performance. 

'From February ta December 1986, the coefficient of . , 

performance (COplI of the system was 3.6. Therefore, the sys-
~ 

tem used efficiently the electrical energy consumed for its 

own operati~n; howeve-r, the system becomes not efficient 

around sunset and sunrise and 'should not be operated for 

temperature differential between the air near the roof ridge 

and the soil, lower than 6°C. The system performance is bet-

ter --during heat· storage than during heat recovery. The COP 

might probably increase provided that heat is collected 

along the full length of the greenhouse. 

When Ehe system is used for heat recovery, approximatly 

30 % of the heat is recovered passively at the soil surface. 

The passive recovery of heat seems to be the appropriate 
\ . 

mode of heat recovery during fall operation. For heat reco-

very, the maximum efficiency was encountered durinp summer. 

The average convective heat transfer coefficient in the heat 

exchanger is 0.012 kW/m2 'K, this value is similar to those 
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~sted in thè literature, but for lower air velocities th an 

c:~ ~ the on~ used. 

The use of a plastic mulch over the soil surface would 

, " 

likely ihcrease the system efficiency, by reducing the 

evaporation heat 105s from the storage. y 
The heat exchanger has a dehurnidifying e~ect on the 

\, 

air circulated in the pipes. Visual observations as weIl as 

results confirmed this conclusion. In order to efficiently . 
. dehUl"(l.idify the air, a slope ""should be provided to the pipes, 

50 that the condensâte would be drained in the soil whi1e 

flowing in the plenum. However, more reliable results have 

to be obtained to further assess this aspect. 

The solar energt contribution to the greenhouse heat 

load seems to be more influenced bi"the average soil tempe-' 

rature than by the average 'temperature of the air inside the 

greenhouse Fr by the solar radiation entering the green-
1 .' 

house. This contribution has been estimated ta be approxi-

matly 100 % ~9r a thermal mass temperature abave 21°C. 

For a typical operation (from February to June and'fram 

Se~tember to December 1986), the solar energy contribution 

to the greenhouse heat load was estimated at 58 % (excluding 

summer operation). Far tpe sarne period, the contribution of 

the artificial lighting& system and of th..e heater were 7 % 

and 35 % respectively. Knowing that solar energy normaly 

contributes from 20 % to 25 % of a greenhouse total heat 

load, the system provided a 33 % energy conservation. 
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More aeeurate estimates would require the comparison of 
e 

energy eonsumptions between a control greenhouse and a simi­
"'l 
lar greenhouse equipped with the soil heat exehanger-sterage 

system, over a few years of operation. 
. 

From an agronomie point of view, the everall yield for 

the soil grown tomate crops has been 25.3 kg/m2• Acording te ' 

the C.P.V.Q. (1984), the average yield in Québec for green­

bouse produ'eed tomatoes is 15 kg/m2• However, the difference 

in yields, mostly observed on the spring crop, eould be 

• attributable in part to causes ether than the high s~il 

temper_ature related' to heat storage. The effect of the soil 

-heat e:)Çchanger storage system on the crop fbuld not be mea­

sured, since no control greenhouse was availahle. However, 

qualitative observations made on the crop seems to indicate 

that the soil stored heat was beneficial to the plants. 

A rough economic calculation indicates that for a com-

mercial ...greenhouse heated with fuel pil, in which tomatoes 

are produced, the payback period for such a system would be 

two years, if the system' is built by the greenhouse owner. 

Fur~hermore, if sorne increase ino the ~ield due t~ the system 

is accounted for, the payback period decreases down to 

approximatly one year. However, a complete economic analysis 

should, be done in order to verify that aspect. 

It seems that this new energy conservation technique 

could be as easily irnplemented in existing greenhpuses as 'in 
, 

newly constructed ones. In addition to the energy savings 

obtained by. reducing the nightime tempe rature and by recove-

'1 

.. 
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ring sorne of the stored heat, savings are also obtqined on 

the electrical energy used for ventilation, since ,the air 

evacu'ation needs are reduced. It_should also be noted that 

the experimental greenhouse was not equipped with a fan jet, 

since the heat exchanger blower' was anticipa ted ta play a 

similar role. ' 
1 

SUQh a system, might be effectively used in combination 

with a,n artificial lighting system. The heat released by it -

w?uId delay the need te recover the stored heat, and extend 

the usefulness of the thermal masse Furthermore, sorne of the 

~xcess hea~ released by the ~hting system ~uring the day, 

could also be stored. Such a storage system might also be 

used effectively in combination with a C02 enrichment sys­

tem, since air evacuation needs are reduced. Burning gas en-

tichment systems aIse released a significant quaptity of ex~ 

cess he~~ that could be stored'for later use. 

The soil heat exchanger-storage system seems to be ap-

propriate for greenheuses lecated in cold climate, and could 

be adapted for different greenhouse production schemes, in 

order that soilless crop root zone could also benefit from 

the s tored hea ~ • 

/. 

.' 

" 
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RECOMMENDATIONS 

~ 0 

Because of the limitations of the present 'study, fur .. 

ther investigations are required in order to assess all the 

impactsoof ,this new technique. For example: 

a study on the dehumidifation effect of the system , 

could be ~erformed on a laboratory setup, in order to quan-

\ ..' tif Y the sensible heat transfer and the amount of condensate 
J v 

," 
generated -for di~ferent air temperature and humidi ty condi-

tions; 

a comparative study between a control greenhouse ànd a 

greenhouse equipped with the, system could be done, in order 

to evaluate the overall impacts on energy consumption and on 
, 

crop yield, for different production schemes; 
o 

an economical study could be conducted, in arder to 

determine the conditions that would guarantee the cost 

effectiveness of th~ system; 

a mathematical model could, be developped, in arder to 

simulate the thermal behavior of the- system for different 

operating conditions; 

comparison tests could he performed with and without a 

plastic mulch on the soil surface, in order to find Oijt 

which approach is best; 
\ 

a study could be done in order to evaluate the impacts _ 

of a- soil heat exchanger storage system in combinati,on- with 

an artificial lighting system and/or with a C02 enrichment 

system. 
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APPENDIX A .. 

Linear regression for the estimation. 
of the average'air tempe rature 

at the heater outlets 

o 

y 

'The average t-emperature of t~e air from theflh~ out­

lets (TOC) can be predicted from the fOll0W~}~Pirical 
equation based on "the center outlet temper~ture (TfcE) measu-

rement: '1 

TOHC = 1.0101 + 0.9527 . TCE (5.1) 

The Tables A.1, A.2 and A.3 show the data obtained from 
\ ... 

two test runs, the SAS program for computing the regression 

parameters and the summarized SAS regression analysis. out-

put. 

\. 

.... \, 
'a 
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Table A.2 SAS linear regressfbn progr~ for the estimation 
of the heater oulet mean air tempe,rature 

DATA TEMP; -'.j,',_, 

, INPUT TNO 9-12 TeE 18-21 TSU 27-30; 
TOe=(TNO+TCE+TSU)/3; 
CARDS; 
PROe GLM DATA=TEMP; 
MODEL TOC=TCE; 
TITLE "LINEAR REGRESSION ON OUTPUT TEMPERATURE" i 
RUN ;' 
QUIT; 

\ 

/ 
Table A.3 Sununarized SAS dutput 'for the estimation of the 

heater o\.l,tlet rnean air temperature 

Parameter Es,timate Probabili ty - R2 

.. 
Model 

.... 
(Pr>F)=O.OOOl 0.999165 

Intercept 1. 010101937 ( Pr> 1 TI) =0 • 0001 

Slope 0.952654034 (pr>I.TI )=0.0001 
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l , "APPENDIX B 

Data and results ebtainedofram a heat 10ss test 

Variables humbered fram 1 to 73 and control actions 
numbered 1 and 2 are identified in Appendix E. 
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APPENDIX C 

Computer program for the calculation of 
the overall heat loss coefficient 

The program was written for the dat~ management, soft-
ware "Lotus 1-2-3". (' ~ 
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-0 '" - Â93: 'FORMULAS FOR SRVTST 
,A95: ~V .:. 

B95: @IF(B67<O,O,B67) 
A96: -VM 
B96: @AVG(B95 •• Y95) 
A97: -TB 
B97: @SUM(CS .. YS) 
A98: -TF 
B98: @SUM(B82 •. Y82) 
Â99: -TCT 
899: @SUM(B83 •. Y83) 
A106: -TOHC 
8106: 1~010l02+0.95265*B 
A116: TFM 
B116: (Fl) (TOHC+B$62)/2 
Al17: -TFD 
Bl17: +TOHC-B62 

121 

SRVTST 

.. 

A118: "'ESAF 
8118: O.61078*@EXP«17.269~)/(TFM+237.3» 
A119: -HUF , 
B119: ($MW/$MA*B68/100*ESAF)/ClOl.3171-(B68/100*ESAF» 
A120: -DAF 
B120; +$MA/$R*($P-(1-0.622*DAH)*ESAF*B68/100)/(TFM+273.15) 

'A121: "'CAF 
B121: +$CPA+$CPV*DAH 
A122: "'PF 

J 

B122: @IF(+DAF*$VAH*$AI*CPF*TFD>=O,+DAF*$VAH*$AI*CPF*TFD,O) 
A123: "'UG 
B123: +PF/($AG*(B37-B39» 
A124': -UGM 
B124: '@AVG(C123 .• Y123) 
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APPENDIX F 

Computa ter program 

The program was wr"i tten for the data management· soft­
~~., 7:1 

...F l, 

, C 

ware "Lotus 1-2-3". 
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COMPUTATION FORMULA 

, 1\94: 'GENERAL COMPUTATION FORMULAS 
,1\96: -TOS 
896:- (Fl) (B26+B54+B53)/3 II' 

A97:' -TSS1 ' 
897: (Fl) «B40+B18+B27)/3+B23)/2 
A98: ~TSS2 
B98: (Fl) «B56+B57+B9+B10+B48+B49)/6+(B23+B24)/2)/2 
A99.: ~TSS3 e 

B99: (Fl) «B36+B4l+B46+B15+B28+B29)/6+(~24+B25)/2)/2 
A100: -~TSSG 
B100-: ,(Fl) (TSSI*2+TSS2*2+TSS3*2)/6 
A1'0 1 : ~ TORe 
BIOl: (F1) 0.9979+0.95284*B63 
A102: -TFD 
B102: (FI) +TOHC-B62 
A103: ~TFM "'4 

B103: (F1) (TOHC+B62)/2 
Al04: ~TCSD ' 0 

Bl04: (Fl) +B6l-TSSG 
AlOS: -TASD 

,BlOS: (Fl) +TSSG-B37 
Al06: ~Tr'OM 
B106: (Fl) (B39+B37)/2 
Al07: ~TlOD 
Bl07:· (Fl) +B37-B39 
Al08: ~TTD 
Bl08: (Fl) (B3Q+B~4)/2-B1l 
AllO: -ESAF 
Bl10: (F2) 0.61078*@EXP«17.269*TFM)/(TFM+237.3» 
A1ll: -HUF 
B111: (F4) ($MW/$MA*(@IF(B68>100,100,B68»/100*ESAF)/ 

($P-«@IF(B68>100,lOO,B68»/~OO*ESAF» 
A112: -DAF " 
B1l2: (F2.) $MA/ R*($P-(1-0.622*aUF)*ESAF*{@IF(B68>lOO, 

100,B68»/lOO)/(TFM+273.15) 
A113: 
B113: 
A114: 

-ÇPF ... 
!~$CPA+$CPV*HUF . 
I,PF' '.. 

B114': (FI) @IFCB82=O,0,(DAF*$VAH*$AI*CPF*TFD» 
A115: -ESAV . _ 
B115: (F2) O.61078*@EXP«17.269*TIOM)/(TIOM+237.3» 
A116: -HUV, . 

~ 

B116: (F4) ($MW/$MA*(@IF(B68>lOO,100,R68»/lnO*ESAV)/($P-

A117:' 
B117: 

A118: 
B118: 
A119: 
B119: 
A120: 

~ 

«@IF(B68>100,lOO,B68»/100*ESAV» . 
-DAV - . J" 
(F2) +$MA/$~*($P-(l-O.622*HUV)*ESAV*(@IF(B68>100,100, 

B68) )/lOO)/(TIOM+273.1S) 0 • 

"CPVH 
(F2) +$CPA+$CPV*HUV 
-ESTI 

j 

(F2) O.61078*@~XP«17.269*B34)/(B34+237.3» -HUTlf( . 
.' 

,~ '-. 
• 0) 



\0 

... 

140 

,B120: (F4) ($MW/$MA*(@IF(B6-9>10Q,100,B69) )/100'*ESTI)/ 
~ ($P+$SPT-«@IF(B69>1QO,100,B69»/10P*ESTI» 

A12l: ~DATI i 

B12l: (F2) +$MA/$R*($P+$SPT-(1-0.622*HUTI)~ESTI*(@IF(B69> 

A122: 
B122: 
A123 : 
B123 : 
A124 : 
B124: 

A12S: 
BI2S: 

100,100,B69»/100)/(B34+273.15) 
~CPTI 

(F2) +$CPA+$CPV*HUTI 
'":HTI 
(F1) +CPTI*B34+HUTI~$LH 
AHUI . 

(F4) +$MW*ESTI*(@IF(B69>100,100,B69})/ 
(lOO*$R*(B34+273.15}) 

·EST01 
(F2) 0.61078*@EXP<<17.269*B30)/(B30+237.3) 
·HUTOI 
{F4) ($MW/$MA* (@IF(B70>100,100,B70) ) /100*EST01) / 

($P-( (@IF(B70>lOO,100,B70»/100*ESTOl» 
A127: ·DATOI 
B127: (F2)~$MA/$R*($P-(1-0.622*HUT01)*EST01*(@IF(B7è>100, 

A126 : 
'13126: 

100,B70»/1~0)/(B30+273.15) 
A128: A CPTOI 
B128: (F2) +$CPA+$CPV*HUTOl 
AI29:. HT01 , 
B129: (FI)" +CPT01*B30+HUTOl*$LH 
A130: "'AHUOI 
B130: (F4) +$MW*ESTOl*(@IF(B70>100,100,B70»/ 

A131: 
B131 : 
A132 : 
B132: 

(lOO*$R* (B3 0+271. 15./H 
·EST02 
(F2) 0.61078*@EXP«17.269*B32)/(B32+23~3» 
·HUT02 / -
(F4) ($MW/$MA*(@IF(B71>100,100,B71»/100*EST02)/ 

($P-«@IF(B71>100,100,B71»/100*EST02» 
A133: ADAT02 , 
B133: (F2) +$MA/$R*($P-(1-0.622*HUT02)*EST01*(@IF(B71>lQO, 

A134: 
B134: 
A13S: 

, B135: 
A136 : 
B136: 

A137 : 
B137 : 
A138 : 
B138 : 
A139: 
B139: 
A140 : 
B140: 
A141 : 
B141 :" 

100,B71»/100)/(B32+273.15) 
ACPT02 
(F2) +$CPA+$CPV*HUT02 
·HT02 
(FI)' ~CPT02*B32+HUT02*$LH 
A AHUO 2 
(F4) +$MW*EST02*(@IF(B71>100,100,B71»)/· 

(100*$R* (B3 2+273.15) ). 
ADATM1 
(F2) (DATI+DATOl)/2 
·DATM2 
(F2) (DATI+DAT02)/2 
·CPTM1 .'Ir 

(F2) (CPTI+CPT01)/2 
·CPTM2 
(F2) (CPTI+CPT02)/2 
A

UG 
(F4) (BS-B88)/BS*@IF(B67<0.1,0.0051,t 

(5.556 8*10--3+7.945778*10·-S*B67»+B88/B5*$ECC* 
@IF(B67< 1,0.0051,(5.556158*10--3+7.945778* 

-' 
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10"-5*B67» 
A142: "ESE 
8142: (F2) @IF(883=0#OR#(B34-(IB30+B32)/2)<O,@NA, 

(834-(B30+B32)/21!(B34-$TSIF» 
A143: "ERE 
B143: (F2) @IF(B83=0#OR#(~30+B32)/2-B14<O,@NA,«B30+B32)/ 

2-B34)/($TSIC-B34» -
>.144': -QL 
814'4 : (Fa) +$~ 
A145: -QLE 
8145: (FO) +QL*B84/B5 
A146: -QLU " 
8146: (Fa) +QL-QLE 
A147: -QF 
B147 : (FO) +PF*B5 .. 
A148: -QGHL 

+UG*$AG*(B37~B39)*~5 B148: (Fa) 
A14.9 : , -QSHL 
B149: (Fa) +$USM*$PE*(TSSG-B39)*B5 

-:l50: -QVHL 
B 50: (FO) +DAV*$CPV*$FRH*(B37-B39)*B86 
A151: -,QTHL 
B151: (FO) -i:'QGHL+QSHL+QYHL ~ ;-q 

A152: -QSS1 
B152: (Fa) .@NA 
A153: -QSS2 
B153: (Fa) @NA 
A154: -QSS3 ..... 

B154: (Fa) @NA 
~ . 

A155: -QSST 
B155 :. (FO) @NA 
A156: -QSSTG 
B156: (Fa) @IF(QSST<O,O,QSSW) 
A151: -QSSTL 
B157: (Fa) @IF(QSST<O,@ABS(QSST),O) 
A158: 0 -QEXI 

" B158: (Fa) +DATI*$FRTl*(HTI-HTOI)*B83 
~ A159: -QEX2 .;. 

B159: (Fa) +DATI*$fRT2*(HTI-HTO~)*B$83 
A160: '-QESl . \ 
BI60:' (FO) @IF(QEXl<O,O,QEX1) , 

, 
A161: -QES~ " 

B161: (FO) @IF(Q~X2<O,0,QEX2) .", 

A162: -QRTl 
B162: (FO) @IF(QEXl<O,@ABS(QEXl),O) 
A163: -QRT2 

~P: 
(FO),@IF(QEX2<O,@ABS(QEX2),0) 

64: -QEST 
B 64: (Fa) +Q}:Sl+QES2 

\ 65: -QRTT 
8165: (FO), +QRTl+QRT2 
A166: "'ISC 
B166: (FO) @IF( (B66-$COR) <0,0, (B66-$COR) * (B5-B88) /100) 
A167: -QRS 

, 
! 

• 

~ 

0, 
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, B161: 
A168: 
B168: 
A169: 
B169: 
A170: 
B170: 
A171: 
B171: 
A172: 
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(FO) .+$A*$X*$SS*ISC 
-QCF 
(FO) +$HCE*$AF*(TSSI-B$37)*B$S 
-QRF ' 
(FO) @IF(QCF<O,O,QCF) 
(Dl) -QGF 
(FO) @IF(QCF<O,@ABS(QCF) ,0) 
-QC ~ 
(FO) +$VC*$IC*B83/1000 
-QV , 

1 _ 

B172: 
A173: 

(FO) @IF«B83-B85}<0,0,($VV*$IV*(B83-B85)/lOOO» 
-QET1 
(Fa) +DATM1*CPTM1*$FRT1*(B3~-B30)*B83 B173: 

A174: 
B174: 
A175: 
B175: 
A176: 
B176: 
A177: 
B177: 
A1}8: 
B178: 
A179: 
B179: 
A180: 
B180: 
A181: 
B181: 
A182: 

~~~~2 +DATM2*CPTM2*$FRT2* (B34-B32·) *B83 
-QETS1 
(FO) @IF(QET~<OiO,QET1) 
-QETS2 
(Fa) @IF(QET2<O,O,QET2) 
-QETR1 b 

(Fa) @IF(QET1<0,@ABS(QET1),0) 
-QETR2 
(Fa) @IF(QET2<O,@ABS(QET2),0) 
-QETST 
(FQ f .+QETS1+QETS2 
-QETRT 
(FO) +QETR1+QETR2 
-QBR 
(Fa) +$VBR*$IBR*(QETRT+QRF)/$PFM/1000 
-HCT 

B182: (F4) @IF(@ABS(TTD)<=0.810R#B83=O,@NA, . 
@IF«QET1/(lj*$AT*TTD*S83»<O,@NA,(QET1/ 
(13*$AT*TTD*B83.11U ' -

A183: -AHUl . 
B183: (F2) (AHUI-AHU01)*$FRT1*B83 
A184: -AHU2 
B184: (F2) (AHUI-AHU02)*$FRT2*B83 
A18S: -DHU1 ' 
B185: (F2) @IF(AHU1<O, 0 ,AHUl) 
A186: -DHU2 
B 18 6 : ( F 2) @ IF ( AHU 2 < 0 , 0 , AHU 2 ) 
A187: -HUM1 

" 

B187: (F2) @IF(AHU1<0,@ABS(AHU1),0) 
, A188: -HUM2 

B188: (F2) @IF(AHU2<O,@ABS(AHU2),0) 
A189: -DHU 

, B189: (F2) +DHU1+DHU2 

. , 

A190: -iM 
B190: ( ) +HUM1+HUM2 
A192: - PS -
B192: (F1) @IF«QC-QV)<=OIOR#QEST<=O/@NA/(QEST/(QC~QV») 
A193 : - COPR . -
B193: (Fl) @IF«QC-QBR)<=O#OR#QETRT<=O,@NA~(QETRT/~QC-QBR») 
A195: 'ISNA ESE 

'\ 

1 



t" 
\ 0 

) 
1 l ~ r 

" ' 
' , 

1 
1 
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8195: @ISNA(ESE) • 

0 
A196: 'ISNA ERE 
B196: @ISNA(ERE) '\ 
A197: 'ISNA HeT 
B197: @ISNA(HCT) , 
A198: 'ISNA c~ps 
B198: @ISNA(COPS) , 
A199: 'ISNA COPR 
B199: @ISNA(COPR) 
A200: ' ~UM(HCT)= 
B200: @SUM(B197 •. Y197) 
A201: 'HCT C 
B201: @IF(@ISNA(HCT)=O,HCT,O} 
A202: 'COPS C 
B202: @IF(@ISNA(cbps)=o,cOPS,O)~ 

~ 
A203: 'COPR C 
B203: @IF(@ISNA(COPR)=O,COPR,O) 
A2t64 : 'ESE C 
B204: @IF(@ISNA(ESE)=O,ESE,O) 
A205: 'ERE C 
B205: @IF(~ISNA(A143)=0,A143,0) 
A206: 'MOY. HCT: 
B206: @IF(B200=24,@NA,@SUM(B201 .• Y201)/(24-B200}} 
A209: "TFC = 
B209: (FO) @SUM(B$82 •• Y$82) 
A210: "TCC = 
B210: (FO) @SUM(B$83 •• Y$83) 
A211: "TPC = 
8211: (FO) @SUM(B$84 •• Y$84) 
A212: "TVGC = 
8212: (FO) @SUM( B$86 •• Y$86) 
A213: "TVBC = 
B213: (FO) @SUM(B$85 •. Y$86}-TVGC 
A214: "TVHC = 
8214: (FO) @SUM( B$87 .• Y$87) l' 

A215: "TCTC = 
8215: (FO) @SUM(B$88 •• Y$88) 
A216: "TLC = 
8216: (FO) @SUM(B$89 .. Y$89) 
A217: "QLC = 
8217: (FO) @SUM(B$144 .. Y$144) .J, 

A218: "QLEC = 
9218: (FO) @SUM(B$145 .. Y$145} #, 

A219: "QLUC = 
B219: (FO) @SUM{B$146 •. Y$146) 
A220: "QFC = 
B220 ~(FO) @SlJM( B$14 7 •• \'$147) 
A221: "QTHLC = 
B221: (FO) @St1M(B$151 •• Y$151)" 
A222: "QSSTGC = ("\ 
B222: (FO) @SUM(C$156 •• Y$156) 
A223: "QSSTLC = , 1 Gr B223; (FO) @SUM(C$157 •• Y$157,} '1 1 . 

A224: "QESTC = 1 
1 

,'t ~ , \', , ' . ' , - ( 



o 

:0 

. - ... _.. '.:..' ;,. --, ï, -_. '" - ... "'d"· 

, ' 
\ 

B224: (FO) @SUM( B$164" •• Y$164) 
1\225: "QRTTC :;: 
B225: (FO) @SUM(B$165< •• Y$165) 
A226: "QRse:;: 
B226: (FO) @SUM(B$167.,.Y$167) 
A227: "Isec :;: 
B227: (FO) @SUM(B$166 •• Y$166) 
A228: "QRFC :;: 

- B228:, (FO) @SUM(B$169 •• Y$169) 
A229: "QGFC :;: 
B229: (FO) @SUM( B$17Q •• Y$170) 
A230: "Qce :;: 
B230: (FO) @SUM(B$171 •• Y$171) 
1\231: "'Ove :;: 
B231: (FO) @SUM(B$172 •• Y$172) 
A232: "QBRC :;: 
B232: (FO) @SUM(B$181 •• Y$181) 

, A233: "QETSTC = 
B233: (FO) @SUM(B$179 •• Y$179) 
A234: "QETRTC :;: 
B234: (FO) @SUM( B$180 •• Y$180) 
A235: "DHUC :;: 

~
B235: (F2)@SUM(B$189 •• Y$189) 

236: "HUC :;: 
B 6: (F2) @SUM(B$190 •• Y$190) 
A237: "TOSM:;: 
B237: (FI) @AVG(B$96 •• Y$,96) 
A238: "TSSIM:;: 
B238: (FI) @AVG(B$97 •• Y$97) 
A239: "TSSGM:;: 
B239: (FI) @AVG(B$100 •• Y$100) 
A240: "TIODM:;: 
B240: (FI) @AVG( B$107 •• Y$107) 
A241: "TIM :;: 
B241: (FI) @AVG($B$37 •• $Y$37) 
A242: "TOM = 
B242: (FI) @AVG($B$39 •• ~$39) 
A243: "HCTM:;: 
B243: (F4) +$B$206 ,0 
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A244: "SE:;: " 

\ 

B244: (F2) @IF(QSSTGC/(QESTC+QRSC+QGFC»l,l,QSSTGC/ 
(QESTC+QRSC+QGFC» 

A245: "RE = 
B245: (F2) @IF«QETRTC+QRFC)/QSSTLC>l,l,CQETRTC+QRFC)/ 

A246: 
B246: 
A247: 
B247: 

" ..A2-\48: 
B248: 

, .• ,,1~249 : 
,"BI2-49 : 
'A2SP: 

QSSTLC) 
"COPSM :;: 
(F1) +$D$206 
"COPRM :;: 
(FI) +$F$206 
"FF = 
(F2) @IF(QFC/QTHLC>I/I,+QFC/QTH~C} 
"LF :;: 
(F2) @IF( +QLUC/QTHLC>1 ,I,QLUC:/QTHLC) 
"SF :;: 

.~, ~_. 

\ 

_.--

l , 



': 
; , 

" 

\ 

( 

o 

;A 
"V 

\ " 

B250: (F2) @IF(l-FF-LF<O,O,l-FF-LF) 
A251: "RSR = 
B251: (F2) +$QRFC/ ($QETRTC+$QRFC) 
,1.252: "ESEM = 
B252: (F2) @IF(H206>1,1,H206) 
A253: "EREM = 
B253: (F2) @IF(J206>1,1,J206) 
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