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ABSTRACT

Veqetah¡l e greenhouses i n the Þrov'ince of Mani toba are us ual ly

constructed as transparent structures w'ith a double layer of pìastic

covering material s so that necessary i I I um'ination can be ntade avai I -

ab'le to the p'lants. These coverjng materiajs have ppor therma.l

resistance characteristics a,nd the local climate.is sucli that qreen-

house operatìon'has to be abandoned for a perìod in vrìnteY llecause

hiqh heatìng costs make production uneconomic. Greenhouse heatìng

is probabl.y one of the most ineffjcient uses of fuel for heating

appl Í cati ons .

A numhrer of stucljes have been conducted in different parts of the

world wìth a v'iew to reducing heating costs for qreenhouse structures

and a number of different schemes have been proposect. A solution vall'd

for the cold Canaclian cljmate is.yet to be obtaìned. It has been

observed that at norther"nly latitudes, the north side of a çlreenhouse

receives little illumination durìng winter months. Insulatinç¡ the north

s'ide of the structure coLild result'in a substant'iai savinq'in heat lost

from the clreenhouse wíth little change'in natura'l illumìnation avai'lable

to the plants

This theoret j cal study was unclertaken to 'inves'lì gate the ef fect

of insulating the north sicle of a rtreenhouse. A nrathenlatical model t,,as

developed to stud.y the e'Ff'ect of specìfic chanç¡cs in creenhouse design

on the clreenhouse heat balance. In th'is nrodel a rrcre eccurate methorl to

determine solar radjatjon inciclent on a surface was ìncorporatecl. Vari*

ables studjed wey'e orientation, shane. sjze, a;lcl rJifferent levels of

north-sicle insulat'ion. l.Jinnipeq ,,,¿:ì5 assi.{yile.-i ¿s 1;he lr-ri:¡l'icn of the



qreenhouses and heat balance in qreenhouses was studied for tvro arbìtrarì'ly

selected summer and winter cond'itions. Gothic arch, gable, and circular

shapes were analysed w'ith two qround-bed sìzes (lf m x l0 m and zt)t) nx l2 m).

The greenhouses v/ere assumed to be orjented either east-west or north-south.

The necessary cl 'inlat j c data uiere obtai ned f rom the I ocal meteorol ogì cal

office for December 21,1974 and June 2),1974 represent'inq winter and

s ummer condi tions , respecti vel.y. The three I evel s of fj berql ass i nsul a-

t'ion assumed ìn the ìnsulated north side of qreenhouses v/ere R = 0.70,

1.41, and 2.ll (r2 K)/w.

In most cases, the north s'ide of a qreenhouse was found to be

contrjbutinç¡ less than 3.0 percent to the total solar heat ç1ain of a green-

hbuse on December 2l . A gothìc arch qreenhouse \¡/as found to be super'i or

to gable and circular qreenhouses with respect to heating and ventìlat'ion

requ'irements. An east-west oríented greenhouse maintained clreater thermal

env'ironment efficìency ìn comparison to a north-south oriented g.reenhouse.

Reductìons of almost 50 percent in heating requìrenrcnts on December 21,

1974 and at least 15 percent in vent'ilation requirements on June 2.l, 1g74

were predicted v¡hen the north sjde of a qreenhouse was jnsulated.
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CHAPTER I

I NTRODUCT I ON

Greenhouses are a means of assurinq year-round production of

certajn aqricultural products 'in areas of severe clirnate. For any qjven

region, design shou'ld consìder the local cljmate so that the greenhouse

operat'ion can be kept within perm'issible I imi ts of econonty.

The cljmate in most parts of western Canada'is such that green-

house operatìon has to be abandonecl for a period in w'inter because h'igh

heating costs make production uneconomic. Veqetable greenhouses in the

provìnce of Manjtoba are usually constructed as transparent siructures

.with a double la-yer of plast'ic-coverjnq materia'ìs. A nunlber of studies

have been conducted in djfferent.parts of the world with a view to reducing

heatjnq costs for clreenhouse structures and a number of different schenles

have been proposed to ach,ieve this qoal (23, 32, 35, 36, 42). An amicable

solution valjd for the cold Canad'ian climate is yet to be obtajned.

A clreenhouse .i s bui I t using transparent naterì aì s , such as q'lass

or plastic, to admit the 1ight necessarv for plant gr:owth. These materials

exhibit poor thermal resjstance characteristjcs and thus tremendous heat

losses occur, especjall.y at night. From a study of the contribìltion of

natural jllumination from the various sjdes of a transparent greenhouse

structure, 'it r's i nferred that the north s'ide of the stÈucture contri butes

little illuninatjon durjng winter months (.l6) rvhile the heat loss to the

atrnosphere from this side is comparable to an.y other side of the structure..

Insulat'ing the north s'ide of the structure could result'in a surbstantìal

sav'ing in heat lost from the qreenhouse wjth little change ìn natural

ìllumination available to the plants.

l--": :':.: |' '-.:



2.

For a clreenhouse wjth a 'length-to-wjdth ratjo greater than one,

the fraction of the surface area in the most favourable posjtjon to

receive incoming solar energy depends upon the orientation, therefore,

the Eurface area fac'ing north is also clenenclent on jt. Thus, the nlaclnitucle

of the effect of insulatinq the north sìcle of a clreenhouse wìil clepend

upon the orientation of the ç¡reenhouse.

A theoretical'study was proposed to 'investioate the effect of

insulating the north side of a qreenhouse on its thermal balance. A

mathemat j cal model was devel opecl to stud.y the effect of "specì f ì c

changes Ín greenhouse desìgn on the greenhouse heat balance. Intended

varjablesfor study were orientatjon, shape, sìze, ancl levels of north-

'siOe insulatjon of greenhouse. Cl'imatic conditions were arbitrarììy

selected for the model

The specìfjc objectìves of this thesis were:

l. to develop a mathemat'ical model which would adequateìy account for

specìfic chançles in greenhouse design on the thermal balance of the

structure,

to determi ne the contri but'ion of 
_

side of a oreenhouse,

solar .radiation from the north

to conrpare qothjc arch, qable, and

their heat loss property,

cjrcular oreenhouse shapes for

to conpare north-south and east-ulest orientations of greenhouses

u,ith and urithout ínsu.lating the north s'ide, and

to study thermal balance of greenhouses with and lvìthout insulatìng

the north s'ide in both winter and summer cond'itions.

-_.-...1
.,::.:..::-:l

2.

f

4.

5.



CHAPTER I I

IIEVIEl/J OF LITERATURE

2.1 S.ystenr of Units

SI (S.ystems InLernational d'unites) units have been usecl in this

thesis as far as' possible. l^Jhere the cgs svstem is r¡ore unclerstanclablei i.e.,
degreesCelsius(C)fortemperature,thissubstjtutjonhaslreentnacle.

A table for quant'ities used in this investjgation is qìven for the 
.

convenience of the reader wíth conversion factors fronl the British

system of unjts to the SI, Tabl e 2.1.

, TABLE 2. I

Conversion Factors

Unit in Conversion Un'it in
Quantit.y Brit'ish System Factor SI

Length , l,

Area, A

Temperature, t
Coeff. of Heat Transfer, U,

F (F-32.0) (5/e) c

(0.1714 x lo-8)

ft
f*

0. 3048

0. 0920

m

n2

( K=C+l/1. I S)

and Conductance, Co Btu/(hr.ft2.F) 5.6783 w/(m2.f)
Res. to Heat Transfer, K (hr.ft2.F)/Btu O.l76l (rnt.K)/w
Thermal Conductivity, k Btu/(hr.ft. F) 1.7296 w/(m.K)
Rate of Heat Transfer, 0 Btu/hr 0.2929
Specific Heat, C

p Btu/ (l b . F) 4184.0 J/ (t<g" K)

Intensity of Radìatìon, I Btu/ (hr . ftr) 3.ltïz w/nr2

(Stefa n-Bol tzmann

ctlnStant, ô )

Btu/ (hr. f t2 . R4 ) 33 . 07BB vt/ fu,. Ku ) ,

l'I

.t.

_ _A-
(5.6697x10 -)



22 Necessity of Reducing tnercy Intensiveness of Greenhouse

0perat'ion

A basr'c crjterjnn for desìç¡ning a qreenhouse has been that the

structure should admit the maximum possìble amount of sunsh'ine durinc¡

the months of lowest light. The structural system must have a mìn'imum

opaque area and a maximum transparent area, and.yet be strong enquçJh

to sLrpport itself and predicted wind and snow loads. The structure

must be made of transparent material such as glass or plastic to

supply the necessary light for plant grourth (2). Unfortunately, these

materials have poor therma'l resjstance characterjstics. As a resu'lt,

a great deal of heat will be requíred to maintajn the necessary temper-

ature Ín.side the structure in most regions of Manitoba. Excessive

heatjng wi'l'l render the whole qreenhouse operation uneconomical during

the most severe part of the winter. Greenhouse heating is

probably the most inefficient use of fuel of most heating appl'icatjons

(36 ) .

Durinq summer, a transparent greenhouse aclmjts more sun'light

than' necessary and, therefore, 'increases the ventilation requìrements.

At a time when energy is becoming more costly.and scarce, ìt is very

ìmportant to research ways so that the energy intensiveness of the

greenhouse'industry is reduced.

2..3 Techn'iques to Reduce Heat Losses from Greenhouses

Price et al. (36) have la'id çruidel ines to rninimjze thermal

wastage from greenhouses. Their most critical recommendations include
,leak-proofqreenhouseconstruct.ion'uSingadoublelayerinpìastjc

covered gréenhouses, and drawjnq a black curtain betr,veen the greenhouse

coverjnq and the plant canopy at nioht. Substantial sav'incls (20 to 25 oercent)

.::j:: i t:



5.

'in fuel are projected if these gu'idel ines are fol lor¡¡ed. The-y have

presented other suggestions whj.ch would reduce Ü,. enersy dernand of

greenhouses such as jnsulating the greenhouse durinq the njqht and

removing the insulat'ion clurinq sunshine hours; or usincl an opaque,

insu'lated structure with art'if icial I iqhtinq.

The use of curtains in greenhouses at night to recluce heaL

losses has also been studied by Amsen (3) and sìrnpkìns et al. (+z¡.

Amsen mathematically evaluated the effect of using curta'ins ìn green-

houses on radjative heat 'loss to the atmosphere. at niqht. He 'introduced

the 'curtain effect' ,¿vhich is definedr as: the radiat'ive difference in

net heat radiatjon from a p'lant canopy before and after a curtaìn, wjth

ä specified 'curtain factor' (¡ = üt - pt), is placecr between the

pìant canopy and the greenhouse roof. Mathematjca'lìy, the 'curtain

effect' i s:

o = 1.0 - 2.0 (2.1)

tJsing the above formul a, 'it is poss'ibl e to eval uate ancl compare the

effect of usìng curtains of different materials on radiatjve heat loss

from the plant canopy to the atmosphere. An alunrjnum curtain would '
q'ive a curtain effect as high as 90 oercent because of .its hic¡h reflec-

tance , ,.g.

Simpk'ins et al-. (42) concluctecl experimental studies to determjne the

coefficjents of heat transfer throu.gh the r^¡alls and roof of a double -

ì ayer ai r-inf I ated po'lyeth.yì ene greenhouse wì th an 'internal curta jn

added. Various materials and'installatìon techniques were studjed and.

several proposed curtain materjals evaluated. Tests were conducted in

,f*À,
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the resul ts of the'ir tests, thev ob,served tlrat conducti on due to thi n cur-

tains depends, Þrimarjly, upon the method and posìtion of fasteninq ancl

not upon the curtain material. A curtain fastened horizontallv from

eave to eave rras more effecti v.e than one fastened f ronr eave to peak. Instal -

l ing a curtain vtith the edqes sealed with no contact betu¡een the curtain and .,,',.,,:..,

the qreenhorise structure, except at the edoes, max'imi zed the acldecl resis

tance to heat transfer by conduction. It was also observed that a curta'in

with hìqher reflectivity saved more radiatjon heat loss. A highl''¿ reflec-

tive curtain fastenecl tiqhtlv from qutter to clutter, r^rith s'inilar side r^rall

and end r^ral I curtaì ns , coul d save hal f of the enerq.y current.l r¡ requi recl to

heat a douhle-laver air-'inflatecl mrrlt'i-sDaq polvethylene c,reenhouse.

. Both Amsen (3) ancl Sirnrrkins et al . (+Z) assumed that the curtains

were thin and, therefore, offered no apnrec'iahle conductive res'istance in

themselves. The observation of Simpl<ìns et al., that a curtajn with h'iqher

reflectivity saves more radiative heat'loss, js consjstent w'ith Amsen's

predictjon of curtain effect. The former researchers also note the

importance of the method and position of fastening the curtain to ach'ieve

better resul ts.

Perry (35) has devel opecJ a 'cl i con' system consi st'inq of päi rs of

m.ylar tubes. Half of the outer surface of each pair ís aluminjzed for

I i qht and radi ati on control . These tuhes can l-re i nf I atecr to make contact

as a ceifingat nìght or be partìally or fully deflated ancl hunq vertically
'in the day. The ' cl i con ' systern has been reportecl to have reclucecl ni oht

roof heat losses by 48 oercent. It minimum liqht obstruction is l5

per'cent at solar noon. It should be noted that the 'clicon' system

was adopted takjnq jnto consirleration, the climatic conditions at 343

6.
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latitude where a l5 percent reCuction i.n sunliqht coulcl be toleraterl.

Appì yi nq the 'cl i con' svsten at 50o or h j gher I ati.tudes , comnon 'in Canada.

woulà probabìv result jn an into'ìerable loss of sunljqht durjng winter

and earìy sprino. Dai'lv operation of either 'c.l jcon' or niqht curtain

yrould also add to the responsìbiljties of the operator.

Lawand et al_. (23) devel oped an env'i ronmontal 'l-y 
des i qned green-

house for colder recions, Fig. ?.1. The east-ulest oriented çlreenhouse

has its inclined north-facing wall insulated v¡ith a reflective cover

on the interior face. The angles of each incl'ined roof were des'igned

to perm'it opt'imum transmittance of solar radjation and maximum reflec-

tion of this radjation on the plant canopy. The shape of such a green-

'housè ìs very different from the tradjt'ional'l-v built symnretrical (about the

rjdqe line) .ereenhou,se shapes. Heat loss savjngs reported ar:e

prom'ising'in thjs greenhouse, but adoption by çlrowers would requ'ire

assessment of structural and economìc performance of thjs greenhouse,

relative t-o traditjonal shapes

Musarcl (:21 has carried out experimental ,tria'ìs with discontin-

uous fixed transparent screens located between the plants and the ceì1ìng

of 'the greenhouse. These screens must be cli scont'inuous to al I or^r for

ventilatìon. They could, however, be cont'inuous ìn a çlreenhouse. fjtted

with a forcecl ventjlatjon system. The screens in the trial were 1.5 m

wìde cut f rom 50 m'icron thi ck polyethyl ene f j ì m p'laced across the

llreenhouse span . Separat'ion between screens vari ed f rom l 0 to l 5 cm.

Installat'ion of the discontinuous screens ìs shor,rn in Fig. 2:2. RecordeC

temperatures uncler the screens were 0.7 Chigher than those recorded

above the screens urhen the control temperature was set at I 3 Cand I .2 C

wjth the control temperature set at l5 C. In the nriddle of the gaps
t : -:,i.-:
tt':..i
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betleen the fl"lms, a djfference of 0.5 C between the temperature taken

at0.5m below the level of screen and at 0.5mabove had been observed

These. trjals, carried out in gìasshouses in France, showed that in sp'ite

of the reductjon in luminosity there was some savincl in he.rtjng and an

improvement in the yield of early tomatoes. The author surlgested that

three to four percent enerqv savinqs r{ere possihle r^r'ith such an arranqement.

Use of screens, as sugcested by t"lusard (32) resul ts i n a reduct'ion i n

solar radiation intensity at crop leveì that ma¡r not be tolerated in

Canad'ian wi nter condì tions . As wel I , these screens when 'i nstal I ed rryoul d

also restrict the cultural operation inside the greenhouse. Musard

also noted- that the improvement in the 'insulation of the r^ral ls exposed

'to the north or to the prevajlinq wind will resLrlt ìn a savinct of energy.

The suggested useof aclouble la.yer of plastic materials havjng ìow trans-

mission to lonclwave radiat'ion for qreenhouse walls and the use of carbon

dioxide between the two films of pìastìc instead of air should result in

a better g-reenhous e ef fect

According to trials carrjed out jn Great Brita'in (i), usinq black

polyethyìene screens durinq nocturnal periodsresults 'in enerqy consump-

tion savings of 33 percen't. Taken over the total cult'ivation period this

saving becomes 20 percent. If the screen'is not continuous and has a

gap of even one metre, the effect is almost completely lost.

2.4 Previous Stuclies on Greenhouse Thermal Env'ìronment

An anaìysis of greenhouse thermal environment was done by l4orris

(31 ) as earìy as 1956. Us ì ng a s'impl e cal cul at'ion procedure and a

number of simpl iryìng assumptions he computed des'ign ventjlation requ'ire-

ments for varioLrs sjzes of qable greenhouses. Since this jnit'ial urork,

there have been a number of studies which have resulted in more accurate


