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FOREWORD

In récent years the increase in the demand for food has stimulated research into agricultural practices in
controlled climates. The importance of investigations into meteorological conditions in greenhouses is increasingly
recognized and there hâve been significant advances in this field.
At its fourth session (Manila 1967), the WMO Commission for Agricultural Meteorology (CAgM) decided
to appoint a Rapporteur on Climate Under Glass. Dr. Josef Seemann of the Fédéral Republic of Germany subsequently agreed to serve in this capacity. The task of the rapporteur was to prépare a report reviewing the subject
of climate and plant growth under glass or glass substitutes, which would include a bibliography of significant
published work. The présent publication has accordingly been prepared by Dr. Seemann.
It is with great pleasure that I take this opportunity of extending to Dr. Seemann the appréciation of the
World Meteorological Organization for the time and effort he has devoted to the préparation of this valuable report,
which will, I am confident, be of great interest and value to horticulturists as well as agrometeorologists. I wish to
acknowledge also the valuable assistance given to Dr. Seemann by national Meteorological Services in providing
bibliographies and copies of relevant publications.

(D. A. Davies)
Secretary-General

SUMMARY

In récent years greenhouse climatology has become a spécial branch of research in agricultural meteorology.
The results of climatological investigations in greenhouses should indicate to the agriculturalist the meteorological
conditions at his disposai for the cultivation of certain crops at any lime of the year, and the possibilities of using
spécial techniques for controlling the growth of plants. The greenhouse gives him the opportunity of creating the
proper conditions for the plants irrespective of the outside weather, and this provides the farmer/gardener with an
all-the-year-round means of production.
The first part of this Technical Note discusses the heat and moisture balances of the air and soil in
naturally heated greenhouses and the effects of the diurnal and seasonal changes on the microclimate. Dlustrative
comparisons are made between meteorological conditions inside and outside the greenhouse. The second part
reviews in détail the methods and techniques used for the control of greenhouse climates, and the various types of
installations that are available for this purpose. The régulation of lighting and température, the methods of shading
and ventilation, and the effects of water-spraying are explained in détail.
An extensive classified bibliography is included and the text is illustrated with diagrams and tables.

RÉSUMÉ

Au cours de ces dernières années la climatologie des serres est devenue une branche particulière de la
recherche en météorologie agricole. Le résultat des études climatologiques effectuées dans les serres devrait indiquer aux jardiniers quelles sont les conditions météorologiques dont ils disposent pour cultiver certaines plantes à
n'importe quel moment de l'année, et les possibilités d'utiliser des techniques spéciales pour contrôler la croissance
des plantes. L'utilisation des serres leur fournit l'occasion de créer les conditions convenant aux plantes, indépendamment du temps qu'il fait à l'extérieur. Ceci offre aux cultivateurs et aux jardiniers le moyen de produire tout
au long de l'année.
La première partie de la présente Note technique examine les bilans thermique et hydrique de l'air et du
sol dans les serres chauffées de manière naturelle, ainsi que les effets des variations saisonnières et diurnes sur le
microclimat. Des comparaisons sont présentées, à titre d'illustration, entre les conditions météorologiques régnant
à l'intérieur et à l'extérieur d'une serre. La deuxième partie expose en détail les méthodes et techniques utilisées
pour contrôler le climat à l'intérieur des serres ainsi que les divers types d'installations dont on dispose à cet effet.
Le réglage de la lumière et de la température, les méthodes d'utilisation de l'ombre et de la ventilation ainsi que
les effets de l'arrosage sont expliqués en détail.
La Note technique comprend une importante bibliographie systématique et le texte est abondamment
illustré de diagrammes et de tableaux.

PE3KME
3a nocJieflHHe roflbi KJiHMaTOJiorHH opaHHtepeft npeBpaTHJiacb B cneiiHajibHyio OTpaonb Hay^Hbix
HCCJieAOBaHHit B oÔJiacTH cejibCKOxosHftcTBeHHott MeTeopojiorrai. PesyjibTaTH KJMMaTOJioriuïecKHx
HccjieflOBaHHô B opaHJKepenx AOJIWHH noKaaaTb caflOBOjry HMeiomHecfl B ero pacnopaîKeHHH
MeTeopojiorHqecKHe ycjiOBHH HJIH Bbipam,HBaHHH HeKOTopnx KyjibTyp B jiio6oe BpeMH ro^a H
BOSMOîKHOCTH HcnoJib30BaHHH cneirHajibHbix MeTOjjoB JJJIH ynpaBJieHHH POCTOM pacTeHHft. OpaHMtepeH
jjaeT eiwy B03MOH«iocTb co3flaTb «ojiîKHbie ycjiOBHH AJIH pacTeHHtt HeaaBHCHMO OT BHeuiHHx MeTeopojiorireecKHX ycjiOBHtt, H 3TO no3BOJifleT djepMepy/caHOBOjry BecTH KpyrjioroflHiHoe cejibCK0X03H#CTBeHH0e
npOH3B0«CTBO.
B nepBoft qacTH HacroHmett TexHHiecKOii 3anncKH HSJiaraiOTCH Bonpocbi GajiaHca Tenjia H BJiarw
B B03^yxe H no^Be opaHîKepeH c ecTecTBeHHbiM o6orpeBOM H BJiHHHHe cyTorabix H cesoHHbix
H3MeHeHHft Ha MHKpOKJIHMaT. IlpOBOflHTCH HJIJIIOCTpaTHBHbie CpaBHeHHH MeTeOpOJlOrHieCKHX yCJIOBHH
BHyTpH H BHe OpaHJKepeH. BO BTOpOft HaCTH IIOflpOÔHO paCCMaTpHBaiOTCH MeTOflbl H TeXHHKa,
Hcnojib3yeMbie fljifl ynpaBJiemifl KJiHiwaTOM opaHHtepeft H pa3JiHHHbie THUM HMeromHxcH «JIH BTOH u,eJiH
ycTaHOBOK. I1OAPO6HO onHcaHbi peryjmpoBaHHe ocBemeHHH H TeMnepaTypa, MeTOflbi saTeHeHHfl H
BeHTHJIHIÏHH H BJIHHHHe paCIIblJieHHH BOflbl.
B sanncKy BKjnoieHa oôumpHaa KJiaccHdwiiiHpoBaHHaH ÔHÔjmorpadraH, a TeKCT xopouio
HJiJiiocTpHpoBaH rpa<pHKaMH H Ta6jiHijaMH.

RESUMEN

En los ûltimos anos, la climatologia en invernadero se ha convertido en una rama especial de la investigation agrometeorolôgica. Los resultados de las investigaciones climatolôgicas en invernadero permitiràn al horticultor
conocer las conditiones meteorolôgicas para el cultivo de ciertas especies en cualquier época del aiïo, asi como la
posibilidad de utilizar técnicas especiales para controlar el crecimiento de las plantas. Los invernaderos le permiten
crear las conditiones propicias y adecuadas para las plantas, independientemente de las conditiones meteorolôgicas
exteriores, lo que supone para el agricultor o para el horticultor contar con medios de producciôn durante todo el
ano.
En la primera parte de esta Nota Técnica se analizan los balances calorifico y de humedad del aire y del
suelo en invernaderos que disponen de sistemas naturales de calefaccion, asi como los efectos de los cambios diurnos
y estationales sobre el microclima. Igualmente se presentan comparaciones ilustradas entre las conditiones meteorolôgicas en el interior y en el exterior del invernadero. En la segunda parte se examinan detenidamente los métodos
y técnicas utilizadas para controlar los climas en los invernaderos, y los diferentes tipos de instalaciones disponibles
para este fin. También se explican en detalle las técnicas que permitan regular la luz y la température, los métodos
de ventilation y de protecciôn médian te umbrâculos, y los efectos de la nebulizaciôn de agua.
Este trabajo va acompanado de una amplia bibliografia clasificada y esta ilustrado con diagramas y tablas.

CHAPTER 1

ELEMENTS AND FACTO RS OF CLIMATE IN THE GREENHOUSE

1.1

Radiation and heat balance

The sun's rays are not only of great importance for the growth of plants in the greenhouse, but, in combination with the glazing, they are fundamentally responsible for the production of a typical micro-clîmate — the
greenhouse climate. Consequently, the sun's radiation constitutes both an élément and a factor of climate. Before
dealing hère in détail with the effects of solar radiation — or with radiation in gênerai — in the greenhouse, it would
be valuable first to review some basic physical characteristics of radiation. It is well known that solar radiation is
not uniform but is composed of radiation of various wavelengths. As far as the greenhouse climate is concerned,
three types of radiation are of particular interest, ultra-violet radiation with a wavelength of 290 to 360 nm (m. 10"9)
visible radiation with a wavelength from 360 to 760 nm and thermal radiation with a wavelength of 760 to over
3 000 nm. When the sky is clear, the prédominance of either direct or diffuse radiation will dépend on the sun's élévation. The higher the sun rises, the greater the prédominance of direct radiation. Locaily, the threshold at which direct
radiation becomes greater than the diffuse radiation is also influenced by the intensity of the atmospheric turbidity ;
in hazy urban areas or in industrial régions, when the sky is clear the direct solar radiation will in many cases predominate only when the élévation of the sun is greater than 50° ; on the other hand at the sea coast, this prédominance
occurs at about 30° and, at an altitude of 3 000 m, at as little as about 6°. Depending on this ratio of direct to diffuse radiation, the spectral composition of the light may also vary to a certain extent. Diffuse radiation contains a
larger blue-green component than direct solar radiation. Solar radiation cannot penetrate into the glasshouse with full
intensity. A certain amount of radiation is reflected and absorbed by the "transparent" surfaces of glass or plastic
covering the greenhouse.
The proportion of radiation which is prevented from entering the greenhouse due to absorption dépends on
both the chemical composition and the thickness of the transparent material. The types of glass and plastic normally
used for glasshouses not only reduce the intensity of the solar radiation but also hâve a sélective effect (i.e. they
allow the pénétration of only certain spectral ranges and, also, reduce the pénétration of différent portions of the
radiation spectrum to varying degrees). To start with, the common types of glass transmit only radiation with wavelengths between 320 nm and around 2 800 nm. In gênerai, only with new glass can relatively small amounts of ultraviolet radiation penetrate into the glasshouse.
Older glass allows the pénétration of virtually no ultra-violet radiation at ail. In the case of visible radiation,
i.e. with wavelengths of 360 to 760 nm, the absorption of common types of glass ranges from 1.6 to 2.5 per cent
depending on the glass thickness, Vôlckers (1). Glass 5 mm thick absorbs 7 to 15 per cent of total solar radiation,
Ogura (2).
The absorption of plastic foils, methylmethacrylate sheet (e.g. Plexiglas) and polyester panels is considerably
différent from that of glass. Figure 1 shows the spectral radiation transmissibility of polyester, PVC foil and methylmethacrylate sheet in comparison with common silicate glass. In the visible light range, the plastics selected hère do
not differ significantly from glass in their spectral transmissibility. On the other hand, in the short-wave thermal
radiation range, absorption is appreciably greater. This applies in particular to methylmethacrylate sheet (Plexiglas).
However, this material transmits a very large proportion of the ultra-violet radiation.
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The réduction in radiation due to absorption by glass or plastics varies only slightly with différent positions
of the sun. On the other hand, the loss in radiation intensity in the greenhouse due to reflection from the exterior
varies considerably at différent tiraes during the year, and even during the day. The extent of this reflection is determined by both the nature of the surface of the glass or plastic material and by the angle of incidence of the sun's
rays (i.e. the angle included between the radiation and the surface of the glazing). Consequently, this reflection is
dépendent on the position of the sun, the angle of inclination of the roof and the walls and the orientation of the
glasshouse. For example, for window glass with an incident angle of 0 to 40° the reflection of light is around 7 to 8
per cent. As the incident angle of the radiation increases, this value rises appreciably (see Table 1).
TABLE l
The coefficients of transmission, reflection and absorption of a glass pane (after Ogura (2))
5 mm thick

3 mm thick
Incident angle
Transmission

Reflection

Absorption

Transmission

Reflection

Absorption

%

%

%

/o

%

°/'o

20
40
50
60
70
80

87.69
87.54
86.23
83.84
78.04
64.38
35.00

7.82
7.86
8.81
10.87
16.08
28.09
52.00

85.20
85.00
83.54
81.10
75.36
62.07
33.70

7.62
7.65
8.57
10.05
15.61
27.34
51.06

7.16
7.33
7.88
8.33
9.00
10.57
15.22

Sky radiation

79

s

4.48
4.58
4.95
5.27
5.87
6.3
6.5
5

77
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In horticultural practice, there is the question of optimal roof angle and glasshouse orientation. Thèse facture dépend on the possibility of increasing light intensity in the winter and of reducing solar heating in the summer.
In gênerai it is found that in winter a steep roof is better, while in summer a flat roof would be advantageous. With
modem year-round cultivation, however, it is no longer necessary to achieve this type of differentiation, as one
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normally chooses a roof slope which is optimal both from the point of view of radiation and building design. With
référence to the international greenhouse standard, a roof angle of 26.5° has been established. Concerning glasshouse
orientation, an east-west direction is preferred if increased insolation is desired during winter. Kingham and Smith
(4) hâve calculated the light transmission of single glasshouses with différent orientations. Whittle and Lawrence (5)
carried out studies in the vicinity of London and found that light incidence in an east-west greenhouse orientation
during the winter may be up to 12 per cent higher than that for one with a north-south orientation. According to
Nisen (6) the advantage of greater insolation in an east-west orientation in central Europe exists from about 1 October to 1S March. As regards the daily carbon dioxide assimilation of plants, a north-south orientation should, as
Stocker (7) affirms, be more natural. In référence to the problem of greenhouse orientation and roof angle, it should
be remembered that important différences may only be expected in the case of direct pénétration of the sun.
When controlling the greenhouse climate one should allow not only for solar radiation but also for the
thermal radiation of the soil surface, including the plants and the heating surfaces. The soils and the plants receive
heat from the sun, or from the radiation of the heating surfaces, and also radiate heat themselves. If one considers
the soil and the plants as "black bodies", then the thermal radiation is :
where T is the absolute température in degrees Kelvin (°K = °C + 273) and a is the Stefan-Boltzmann constant
ip = 8.26 X 10"" cal. cm-2 "K"4 min -1 ). The radiation of surfaces in the greenhouse is, due to the low surface
température, in a différent wavelength range to that of the sun with a surface température of 5 700°K. Figure 2
shows the relationship between solar radiation and radiation from the Earth's surface. The maximum for solar radiation is around 500 nm ; that of the Earth's surface is around 10000 nm. The différences in wavelengths show that
the majority of the sun's rays can penetrate through the glass or plastic material into the greenhouse whereas the
much longer wavelength radiation from the earth and plant surfaces cannot penetrate the material covering the greenhouse. This factor produces the well-known glasshouse effect. In the case of certain plastics, this greenhouse effect

Intensity

Wavelength
Figure 2 - Extra-terrestrial solar radiation intensity (left-hand curve,
reduced to '/ I0 ) and thermal radiation from the Earth at 20° C (right)
as a function of wavelength (After Seemann (9))
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is less pronounced than with glass, since the plastics in question allow the transmission of a large proportion of the
long-wave thermal rays. According to studies made by Hanson (8), polyester allows through 13 per cent of the radiation between 2500 nm and 15000 nm, polystyrène 37 per cent and polyethylene up to 74 per cent. Greenhouses
which are covered with thèse materials will lose more heat during the night than would a glass-covered greenhouse.
The amplitude of the daily température variation will be greater in thèse greenhouses than in true glasshouses for
example.
In addition to the above-mentioned factors there are other parameters which influence the radiation conditions in greenhouses. Firstly, the sun will, of course, be unable to penetrate the opaque sections of the construction.
Depending on the greenhouse design, the réduction of total radiation may be as high as 10 per cent in the most
unfavourable cases. Another factor which can hâve a disadvantageous effect on the radiation conditions and which,
particularly during periods when there is little light, has a definitely unfavourable effect on greenhouse cultivation,
is dirt on the glass or plastic covering. The intensity of this dépends on the distance from the source of the dirt, the
nature of the dirt particles and the weather conditions. During dry weather, the accumulation of dirt particles is
considerably greater than during rainy weather. Studies by Seemann (10) hâve indicated that during a period of ten
months, the deposited dust and soot particles absorb on an average 4 per cent of the light in horticultural undertakings in non-industrial areas, and up to 50 per cent of the light in a market garden in an industrial area which
expériences heavy pollution. Niemann (11) found that the réduction of radiation transmission due to dirty greenhouse glass or plastic varied with the radiation wavelength. For example, with the same amount of fouling, the transmission of visible radiation is reduced more than that of infra-red radiation.
Two types of glass, horticultural sheet glass and horticultural cast glass are used for greenhouse glazing,
whereas horticultural sheet glass, like window glass, is smooth on both surfaces, horticultural cast glass is "knobbly"
on one side. The knobbly surface is placed on the inside of the greenhouse. In addition to the différences in their surface structure and their transparency, thèse two types of glass are distinguished by the fact that horticultural cast glass
has a more pronounced scatter effect on the solar radiation that passes through it. The extent to which this effect in
horticultural cast glass can influence the light intensity in the greenhouse can be seen from Figure 3. This figure shows
the changes in light intensity on a bright day in two greenhouses of identical design and orientation, one of which is
covered with horticultural sheet glass and the other with horticultural cast glass. The large oscillations in the curve for

0

2

-o
Time of day 1Z00

fJÛÛ

7500

îffî

Figure 3 - Radiation conditions in a greenhouse with horticultural sheet glass (.
on a bright day (After Seemann (12))

17W
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.) and horticultural cast glass (

)
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the light intensity of horticultural sheet glass are caused primarily by the opaque parts of the building, the shadows of
which pass over the measuring instrument as the sun moves across the sky. In the greenhouse which is glazed with horticultural cast glass, the more pronounced scattering action considerably atténuâtes thèse shadows. This also leads to an
improvement in light réception in comparison with horticultural sheet glass.

1.2

Heat transformation

Heat transformation in the greenhouse varies considerably. Figure 4 shows the processes in simplified form
without attempting to give any quantitative évaluation of the individual heat fluxes. The natural heating of the
greenhouse is produced, as already indicated, by solar irradiation. Solar radiation with a wavelength between 360
and 2 800 nm, after having passed through the glazing, strikes the floor of the greenhouse, i.e. the soil surface, the

Figure 4 - Radiation and heat balance in the greenhouse (After Seemann (9JJ
SuR : sun radiation
R : Reflection
A : Absorption
Hso : Heat flux into the soil
Hsoh : Horizontal heat flux*

Ha : Heat flux into the air
V : Heat exchange and ventilation
SoR : Soil heat radiation
GR : Glass radiation
ET: Evapotranspiration
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plants and any other objects. Of this incoming solar radiation, part is reflected from the inside surfaces. Part of this
reflected radiation pénétrâtes through the glass and part is reflected again into the greenhouse from the inner surface
of the glass. The remainder of the incoming solar radiation is transformed into heat on contact with the various surfaces. From thèse surfaces the heat is released into the greenhouse air by convection. From the soil's surface, heat is
conducted into the soil. This heat flux is reversed when irradiation is halted, e.g. during the night. In this way, the
heat which has been stored in the soil is for the most part made available for the overall heating of the greenhouse.
During the night in an unheated greenhouse, the heat stored in the soil covers on average, nine-tenths of the total
heat loss of the greenhouse. This is clearly illustrated, interalia, in the présentation of heat balance of the soil's surface in the greenhouse by Yabuki and Imazu (13) (see Figure S). However, the surfaces inside the greenhouse also
radiate heat. Since this is thermal radiation in the long-wave range (above 2 800 nm), thèse rays cannot penetrate
the glass and are therefore absorbed. This heat is, in part, kept in the greenhouse due to the heating of the glass and
reflection from the glass surface.

10 1? 14 16 16 ?0 2? 24

Time hour

2

4

Figure 5 - The heat balance of soil surface in a greenhouse
(30-31 July 1959) (After Yabuki and Imazu (13))
Su : Net radiation at the soil surface
Lo : Turbulent transfer of heat
Bo : Heat conduction into the soil.
During the colder season the energy received from the sun is not sufficient to provide the necessary heating.
A greenhouse heating system is then employed as a heat source with radiators and air heaters the main types of heating plants used at présent. Whereas the air heating system opérâtes purely on convection and introduces heat directly
into the greenhouse air, the radiator system employs both convection and radiation. This heat radiation is of such a
long wavelength that only a small proportion of it can escape directly through glass. Inside the greenhouse, heat is
transmitted directly to the plants by radiation without the air being used as a heat carrier, as is the case with heat
transport by convection or heat conduction.
The extent of heat transmission by radiation from a radiator heating system dépends, inter alia, on the
nature of the surface of the heating pipes. In this context, the paint applied to the heating pipes plays an important
rôle. For example, heating pipes painted with aluminium bronze, hâve a lower radiant heat transmission than
unpainted pipes ; however, other types of paint increase heat transmission, Seemann (9).
Soil heating is as important as air heating in raising the température of a greenhouse. In fact, soil heating
can be considérée as an auxiliary method of increasing the température inside a greenhouse.
A relatively large proportion of the energy from the sun, or from the heat pumped into the greenhouse by
the heating system, is used up in evaporation. Whilst a part of this energy remains in the greenhouse as latent heat,
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it is again released when the water vapour condenses on the inside of the glazing and other building components.
Thus there is heat loss due to conduction through the glazing, and other building components, and the soil, and by
air exchanged through leaks and ventilation. The amount of the conductive heat loss dépends on the extent of the
radiation from the extemal surfaces, the différence between the internai and external température, the coefficient
of heat transmission and the wind speed. Correspondingly, the heat loss due to air exchange dépends on the airtightness of the greenhouse, the type and nature of the ventilation and also, on the wind speed and température '
différence between the internai and external air.
To calculate the heat loss of a greenhouse it is necessary to start from the premise that, for a given cooling
surface, the quantity of heat passing from the warmer to the colder side in a period of 1 hour is equal to the product
of the âze of the surface F in m 2 , the coefficient of thermal transmission k in kcal m - 2 h - 1 °C _1 and the différence
between the air température in the greenhouse (r,-) and in the open air (ta) in °C. Consequently :
Q = FX k(tt-

tj kcal h - 1

Hère the coefficient of heat transmission
k =

r

oti

X

kcal m- 2 h-' "C"1

a2

Where at and o^ = the coefficients of thermal conductivity (inside and outside)
X = heat conduction, s = wall thickness
The coefficient of heat transfer is also a function of the wind speed. It increases approximately with the
square root of the wind speed. In the paper "Sheet glass data" by Vôlckers (1) the following values for k are given
for various glass thicknesses :
glass thickness in mm
2
3
4
5

k
a, =1
5.09
5.04
5.00
4.95

0*2= 10

6.51
6.43
6.36
6.28

This calculation of heat losses from greenhouses does not include any loss due to a change of air.

1.3

Température conditions

1.3.1

Air température

The température distribution in a greenhouse differs essentially from one in the open. Thèse spécifie température conditions are the basic reason why plants are cultivated in the greenhouse. The air inside an unheated
closed greenhouse is always warmer during the day, and generally warmer during the night, than the air outside. The
différence in température dépends largely upon the intensity of the solar radiation or the nocturnal radiation. The
relationship between the température conditions and the level of solar irradiation is shown clearly in Figure 6 which
gives a comparison between température measurements taken inside a closed greenhouse, having a ground area of
75 m 2 , and the open air on a sunny day (22 April 1955), and a cloudy day (21 April 1955). An increase of 36 per
cent in radiation intensity between the cloudy and the sunny days led to a 47 per cent rise in the température of
the greenhouse air, whilst the external air température remained virtually the same. The extent to which the air in
a greenhouse is heated under the influence of solar radiation, and the magnitude of the daily variations in température,
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dépend upon the size of the greenhouse, i.e. the volume of air enclosed. The data listed in Table 2 demonstrate this
clearly. In No. 2 glasshouse, with an air volume of 289 m 3 , the mean température rise from May to June was only
20 per cent, whereas in the small greenhouse the équivalent figure was 40 per cent. Nevertheless, the mean variation
of daily température in June in the large greenhouse was only 14°C, whereas in the small greenhouse it was 20°C.
TABLE 2
Rise in the monthly mean température (a), and mean daily température variation (b),
in two greenhouses of différent size, and in the open air
May

Open air
No. 1 greenhouse
No. 2 greenhouse

(a)
(b)
(a)
(b)
(a)
(b)

12.8°C
9.4°C
16.8°C
12.9°C
15.1°C
13.9°C

June

Percentage increase
in température

16.5°C
8.3°C

29

23.6°C
20.0°C

40

18.1°C
14.0°C

20

No. 1 greenhouse : 27 m3 ground area, 37 m3 air volume and (with tables) 30 m1 glass area.
No. 2 greenhouse : 134 m3 ground area, 289 m3 air volume and (with beds) 315 m3 glass area.
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The most pronounced température variations between day and night occur in cold frames due to the relatively small air volume. In addition to the small air volume the type of covering also plays an important rôle.
Figure 7, taken from studies made by Kaneseki (14) on this subject, clearly demonstrates the effects of small air
volume and différent covering materials.

Transparent vinyl
Semitransparent vinyl
Glass

Oil paper
• Bare ground

Figure 7 - Vertical distribution of maximum and minimum température (8-9 April
1953) in a cold frame with différent types of covering (After Kaneseki (14)}

In the tunnel-like cloches covered with plastic sheeting that hâve been used for some years for the cultivation of field vegetables, Kaneseki (15) has found that although air températures in the smaller tunnels are higher
than those in larger tunnels, the soil températures, on the contrary, are lower in the smaller tunnels. This lower
ground température is probably caused by horizontal heat conduction in the soil.
In addition, variations of température in greenhouses, as already mentioned in the section on heat transfer,
are also dépendent on the orientation of the greenhouse, the roof construction and the type of covering material
(thickness of the glass, plastic foil, double glazing). Whittle and Lawrence (16) hâve carried out comprehensive studies
over a number of years on thèse factors.
During the day no major différences were found in the vertical température distribution of the air layer
near the ground between the unheated and unventilated greenhouse and the open air. Whereas in the open air, when
the sun was shining, the température of the air layer near the ground decreased with altitude, the température of
the air in the greenhouse began to rise again above a spécifie height (ground inversion), and was hotter nearer the
roof than at a height of 10 to 100 cm. During the night, the vertical température distribution in the greenhouse was
maintained in a similar manner. Consequently, the "irradiation type" also occurs during the night. Examples of
typical vertical température conditions in glasshouses and in the open air hâve been described by Takakura (17) and
others. Thèse conditions are shown in Figures 8 and 9. The vertical température modifications in greenhouses with
growing tables hâve been measured by Made (18).
Of particular interest is the vertical température distribution in tower greenhouses with heights up to 10 m,
and in which the plants are moved vertically up and down on an elevator-like lift. Spécial studies on this subjects hâve
been made by Bottlânder (19) and by Sugi et al (20). The latter studies showed that, during a summer day, the
différence in température between heights of 1 m and 7 m may be about 8°C. Because of the spécial type of construction and the technical equipment used, it is a common occurrence during the day for one part to be in sunlight,
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Figure 8 - Air température profiles for 1900 and 2300 and
a wind profile (extrême left) for 2300 on 29 September
1966. Wind curves for 1900 are neglected because the data
under 1 m/sec'1 are uncertain. Inside air températures are
indicated by solid circles and those oùtside by open circles.
Outside net radiation flux densities at 1900 and 2300 are
0.094 and 0.086 cal cm"2 min"7, respectively. Ventilation
rates are, respectively, 4.8 and 7.8 hr"1

Figure 9 - Air température profiles and a wind profile (middle)
for 1200 on 4 October 1966. Inside air températures are indicated by solid circles, and those outside by open circles. Outside net radiation flux density is 0.83 cal cm"2 min"1. Ventilation rate is 9.4 hr"1
(After Takakura (17))

and the other part, behind the lift, to be in shade. The plants on their conveying equipment are repeatedly exposed
to very high température différences both in the vertical and horizontal planes.
The température variations in a heated greenhouse are determined by the size and type of the heating System, and the température distribution by technical factors. King (21) has shown that, in a heated greenhouse at a
height of 20 cm above ground with stable air, température différences of up to over 5°C may occur. The correct use
of ventilators makes it possible to eliminate thèse large différences if not completely, to a great extent.
It is common practice in commercial horticulture to improve heat rétention during the w in ter by attaching
plastic sheeting a short distance below the normal glazing. In spécial cases double glazing is used. The différences in
température between a greenhouse with double glazing and one with single glazing hâve been studied by Whittle and
Lawrence (22), the results obtained being shown in Table 3. In similar studies, Miyagawa (23) found that it was
possible to carry out cultivation in double-glazed greenhouses in certain climatic régions without heating.
TABLE 3
Monthl)' mean température excess in small, unheated and unventilated glasshouses, °C
(April 1956 to Mardi 1957)
Month

April

May

June

July

Single-glazed house

5.7

6.8

6.1

5.2

5.0

Double-glazed house

8.3

10.3

8.7

7.9

8.2

Oct.

Nov.

Dec.

Jan.

Feb.

March

4.0

2.8

1.1

0.2

0.5

1.5

3.4

6.3

4.4

2.1

0.5

1.2

2.9

5.1

August Sept.
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In many instances, smaller greenhouses which cannot either be heated or heated sufficiently, are covered
externally with plastic sheeting during the colder periods, or with straw mats during the night, in order to prevent
rapid cooling. Figure 10 shows how suitable covering can reduce the rate of cooling of the greenhouse air.

o1- 0i

tO XX

USO 60 70 S0 X tOOrrin

Figure 10 - Cooling in a greenhouse (After Seemann (24))
1.
2.
3.
4.
0

1.3.2

Straw mats on roof and walls
Plastic sheeting on roof and walls
Straw mats on roof
Plastic sheeting on roof
Without covering

Soil température

The spécial heat transfer conditions in the greenhouse and, in particular, the fact that direct thermal radiation to the open air from the soil is prevented by the glass, account for the soil in the greenhouse being at a higher
température than the soil in the open. Figure 11 shows the typical différences in soil température in a non-heated
greenhouse (560 m2 ground area) and in the same type of soil in open air conditions. A gênerai considération of
température variations in the soil reveals that the heat transport in the soil in the greenhouse and that in the open
are similar. However, for ail depths, the greenhouse soil is significantly warmer than that in the open. The température différences at depths of between 5 and 50 cm and the daily variation in the uppermost soil layer are greater
in open-air soil than in the greenhouse.
Whereas in summer the soil is heated relatively evenly throughout the greenhouse, in winter, when the
external températures are low, there is considérable horizontal fall-off in température from the middle to the edge
of the greenhouse.
In larger greenhouses, the température fall from the middle to the edge is around 0.5°C m - 1 . In small
greenhouses, the température of the upper soil layer may fall by up to 3°C m"1.
The soil températures in flower pots in the greenhouse are always higher than those in cultivation beds.
When the pots are arranged on cultivation tables, the température is about 2°C lower than the air température. The
daily fluctuation of température in a flower pot is to a large extent parallel with the fluctuation of the surrounding
air température.
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Figure 11 - Air and soil températures in a non-heated greenhouse and in the open (After Seemann (9))
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1.3.3

Plant température

Plant températures and, in particular, leaf températures generally run parallel with the surrounding air températures, both in the greenhouse and in the open. The supply of energy from direct sunlight or other radiant bodies
(heating tubes or electric lamps with high heat radiation) raises the leaf température above that of the surrounding
air. However, when there is low irradiation and high levels of transpiration, leaf température may fall below the air
température.
Figure 12 shows leaf température fluctuations of Ficus elast in both a greenhouse, and in the open, during
bright weather. The main feature of this Figure is that the leaf températures in the greenhouse are generally higher
than those in the open, and also higher than the greenhouse air températures. However, this is really not surprising
<0r°C
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Figure 12 — Leaf températurefluctuationsin a greenhouse and in the open
(After Seemann (25))
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when it is realized that the level of the leaf température is dépendent upon the total heat transfer and that, in the
greenhouse, the convective heat transport is lower than in the open. In addition, there is the fact that the long-wave radiation cannot penetrate directly through the glass or plastic and, consequently, the plants are in radiation exchange
only with the greenhouse glazing. Only with the onset of négative radiation balance does the leaf température fall
below the température of the air, even without "transpiration cooiing". It can also be seen clearly from the example
in Figure 12 that this latter process occurs considerably earlier in open air than in the greenhouse.
1.4

Air humidity

With light and température, air humidity is one of the most important components of greenhouse climates.
The divergence of air humidity in the greenhouse from that in the open air may be explained in gênerai by the
following factors :
The différent exchange conditions of the air volume with the same, or higher, supply of water vapour
through évaporation of the large quantities of water usually found in the upper layers of the greenhouse
soil.
The température conditions in the greenhouse which may diverge from those of the open air and which
strongly influence the relative humidity.
Figure 13 gives an overall view of how humidity in the greenhouse may vary under the influence of ventilation and température. This example is taken from studies by Seemann (9) in two greenhouses of similar
size and construction. In half of each greenhouse there were cultivation tables on which the plants were
placed in flower pots, and in the other half, in plant beds. The conditions in the open (dotted curves) are
shown for the sake of comparison.
A comparison of the absolute humidity with the soil température makes it possible to appreciate how the
supply of water vapour (evaporation) dépends firstly on the température of the evaporating surface, and secondly,
on the effect of a high rate of ventilation. The curves of air température and relative humidity, taken in conjunction
with the curves of absolute humidity, show how the air conditions, considered as "dry" or "moist", are infiuenced
by both the water vapour content and the air température. The différence in the air humidity conditions in the two
greenhouses is due to the différent diurnal température variations and to the fact that greenhouse 2 was ventilated for
a certain period (1100 to 1700 hours). By the use of controlled heating it was possible to obtain in greenhouse 1
(continuous line) a température course which was almost identical with that of the open air. On the other hand,
greenhouse 2 (dashed line) was kept at a virtually constant température.
To summarize, the following conclusions can be drawn from the air humidity conditions in greenhouses, as
shown in Figure 13. The fluctuations of absolute humidity in non-ventilated greenhouses are closely related to the
soil température ; humidity rises if the soil warms up (increase in evaporation), and falls if the soil cools down. The
absolute humidity is reduced by increasing the air exchange (ventilation) even though the soil température is kept
constant, whereas the supply of water obtained through evaporation is increased. When the température is held constant, an equilibrium develops between the water vapour supply in the greenhouse and the absolute humidity in the
open air (due to ventilation) ; at this point, the absolute humidity and the relative humidity in the greenhouse both
remain constant.
"Dry" air (low relative humidity) can consequently be obtained in the greenhouse in practice either by
increasing the air température or by ventilation ; and "moist" air can be obtained by increasing evaporation from
the soil in the closed greenhouse with relatively low air température. This latter case will usually occur if radiant
or soil heating Systems are employed, provided, of course, that the soil is sufficiently moist. Where air heating is
used, however, it will mainly be drier than is the case with other heating Systems since, under thèse circumstances,
the soil usually remains somewhat colder.
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Figure 13 - Atmospheric humidity in the greenhouse in relation to température and air replacement, in comparison with the open
air (After Seemann (9))
Greenhouse 1
Greenhouse 2
Open air
Soil température : At a depth of 5 cm = thin Une
In the flower pots = thick Une
Ventilation period of greenhouse 1,
,
1100 to 1700

1.5

Evaporation and consumption of water

Where the soil in the greenhouse is adequately supplied with water, the evaporation ôf the water from the
soil surface and from the surface of plants will, to a large extent, be comparable to that from a water surface.
Plants release water vapour through their leaves and, although only in small quantities, through the other
parts of the shoot. A distinction is made between stomatal and cuticular transpiration. Whereas the latter accounts
for only a small percentage of the total evaporation, and may occur during both the day and the night, the level
of stomatal transpiration dépends inter alia on the size of the apertures. Stomatal transpiration occurs in signifîcant
quantities only during the day since, during the night the stomata of most plants are closed.
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A good summation of the physical and meteorological requirements for the level of evaporation intensity
can be obtained from Dalton's evaporation formula.
In the current présentation, the evaporation

where (É-e) is the saturation déficit of the water vapour in which e is the water vapour pressure of the air and É
the maximum water vapour pressure (saturation vapour pressure) - both in mmHg - in the threshold layer of the
evaporating surface, referred to its température ; a is the coefficient of heat transfer, d is the latent heat of evaporation of water (around 597 cal for 1 g of water), p is the air pressure, cp is the spécifie heat at constant pressure,
and w is the degree of water coverage of the evaporating surface. As far as the plant leaf is concemed, w indicates
the extent to which the stomata allow a diffusion of water vapour from the interior of the leaf. From this model
it is possible to obtain a whole séries of important concepts concerning evaporation and water consumption in the
greenhouse. Because of the low level of air movement in the greenhouse, a cannot be a very large figure, and the
evaporation is controlled primarily by the saturation déficit, provided the surfaces are sufficiently moist. In addition to being determined by the actual water vapour content of the air which is in turn, due to air displacement,
also influenced by the water vapour content of the external air, the size of the saturation déficit is especially
determined by solar irradiation because E' is a function of the surface température. With plants in particular this
indicates that with increasing intensity of solar radiation there is a rise in transpiration rate and consequently in
consumption of water by the plant. During sunny weather the saturation déficit is further increased if, due to
ventilation of the greenhouse, dry external air lowers the water vapour content in the greenhouse atmosphère. The
transpiration from the plants cannot rise to an unlimited degree against the évapotranspiration of the moist soil
surface. When the plant water-balance reaches a spécifie level, the plants will limit the transport of water, inter alia,
by closing the stomata. In this way the water coverage factor w is lowered and the transpiration reduced, Seemann (26).
Particular mention should be made hère of the work on transpiration by Morris et al. (27). They carried
out extremely comprehensive studies on the problem of transpiration of plants in greenhouses, and established relationships between solar radiation and transpiration. They were able to demonstrate that changes in transpiration were
largely parallel to those of solar radiation. During the season when radiation is at a low level, however, the level of
transpiration relative to radiation intensity is lower than in summer (Figure 14). This already indicates that, of course,
solar radiation is not the only parameter which influences the level of transpiration of plants in greenhouses.
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Figure 14 - Daily transpiration and radiation of carnations
1954 (After Morris et al. (27))
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Seemann (9) also found good corrélation between the water consumption of tomato plants and the saturation déficit in the greenhouse. According to Nicolaisen and Fritz (28), the water consumption for greenhouse tomatoes is about 257 litres, and for dwarf beans about 87 litres, per kilogram of sprout mass during the végétation period.
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1.6

Carbon dioxide

Atmospheric carbon dioxide is, admittedly, not a meteorological élément in the conventional sensé ; nevertheless in greenhouse climatology it plays a significant rôle as an atmospheric parameter in the same way as the
présence of water vapour in the air. Carbon dioxide like light, heat, water and water vapour, is an extremely important factor in plant growth. In the greenhouse, because of glazing or covering with plastic sheeting, carbon dioxide
exchange is normally more inhibited than in the open air. The carbon dioxide content of the air which is necessary
for plant carbon dioxide assimilation may, under spécifie climatic conditions, fall to such a low level that plant
growth is greatly hampered. Figure 15 shows the diurnal variation of carbon dioxide concentration in the greenhouse air, obtained from studies by Egle and Schenk (29), in combination with the variations of relative humidity,
température and light. In a greenhouse which contains plants, the variation of carbon dioxide concentration has
pronounced day-night rhythm. At night, as a resuit of the flow of carbon dioxide from the soil, there is a rise in the
concentration ; during the day, due to the consumption of carbon dioxide in assimilation, there is a fall in the
concentration. On days with relatively high light intensity, because of an increase in carbon dioxide assimilation, the
fall in the carbon dioxide concentration will be particularly pronounced if the supply from the soil is not sufficient.

so% Relative Humidity
10%
70%

" * ' Air Température
Light intensity
(Lux»

5ooo{

CO,»/,, m

.^.^

CO, mg/Litre

Figure 15 - Diurnal variation in relative humidity, air température, light intensity and
carbon dioxide concentration in a greenhouse. The carbon dioxide concentrations were
measured at 30 cm above soil level (Bo) ; at the mid-height of the foliage ; 80 cm above
the central cultivation table (BI) and in the open atmosphère above the greenhouse (A).
Climatic conditions : clear day with only isolated cumulus clouds, no wind (After Egle
and Schenk (29))
It can also clearly be seen from Figure 15 that the air exchange between the greenhouse and the open air
is not sufficient to balance différences in the C0 2 concentrations in the closed greenhouse. A balance is possible
only if a ventilation System is installed to increase the air displacement.
If there is a pronounced fall in the carbon dioxide concentration in the greenhouse, then the partial pressure
is no longer sufficient to overcome the diffusion résistance which prevents the entry of the gas into the leaf tissue
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of the plant. This results in a fall-off in plant photosynthesis. In order to avoid this, carbon dioxide is often artificially injected into the greenhouse for plant cultivation.
In horticultural practice, carbon dioxide concentration is increased either by the injection of gaseous
carbon dioxide from compressed gas cylinders or by the burning of petroleum or propane gas inside the greenhouse.
The rise in concentration is limited by the partial pressure gradient between the greenhouse and the open air. The
steeper this gradient, the more rapidly the C02 escapes from the greenhouse. Various studies hâve shown that with
a greenhouse under normal conditions of airtightness, it is scarcely possible to maintain a concentration différence
of more than around 600 ppm for any length of time. The necessary carbon dioxide concentration for adéquate
function of photosynthesis dépends, primarily, on the light and température conditions and on the physiological
condition of the plants. A control of the introduction of carbon dioxide into the greenhouse is necessary if an
artificial increase in the carbon dioxide concentration in the greenhouse is to be maintained at optimal levels. Yabuki
and Imazu (30) hâve described suitable control equipment.

CHAPTER 2

CONTROL OF CLIMATE IN THE GREENHOUSE

2.1

Basis of climate control

The need for climate control in the greenhouse stems from the fact that, although in principle, glazing
créâtes a favourable microclimate for plant cultivation, it is not adéquate to compensate for the varying effects of
the outside climate. When considering how the climate in a greenhouse should be controlled, the horticulturist will,
in gênerai, attempt to achieve growth conditions which are similar to the natural environment of plants. Although
"natural" cultivation of this type would be technically feasible, the financial expenditure and engineering requirements in horticultural practice would be so great that they would make cultivation in greenhouses uneconomical.
Complète adaptation of the greenhouse climate to the conditions found in the natural habitat is, however, not at ail
necessary ; in fact, in certain instances the outside climatic conditions are not always optimal. It is sufficient if the
climate in the greenhouse is controlled to suit the nature of the plants in question, i.e. it falls within their range of
viability.
If one considers climate control with référence to the most important of the plant's vital functions - carbon
dioxide assimilation, respiration, transpiration, etc. - then the meteorological growth factors must be controlled in
such a way as to ensure maximum efficiency in plant production. In order to achieve this objective it is necessary
to consider the meteorological éléments not only individually but also in their combined action. Hitherto, climate
control in the greenhouse has been approached only from the point of view of the meteorological conditions in the
greenhouse atmosphère. This will prove satisfactory so long as the conversion of energy from direct solar radiation
does not exceed a spécifie level. In the summer growth period, on the other hand, the subject is approached more
correctly from gênerai considérations of energy transformation in order to obtain a better idea of the effect of
meteorological conditions. As a basis for a suitable model of energy conversion on plant leaves or in plant crops, it
is possible to use the heat balance conversion :

0=HNR

-HA-HTr-HPi

in which HJ/R is the radiation balance, HA the heat flux in the air, Hxr is the heat of transpiration and Hp\ is the
heat stored in plants with a larger heat capacity. If we consider a thin leaf, then Hp\ is virtually equal to zéro. The
total radiation balance will be used up in heating the air in the boundary Iayer of the leaf and for transpiration.
The présentation is not complète if one bears in mind that the air heated in the boundary layer and the
water vapour which is also generated in the layer are dissipated. If this considération is expounded further, it is
préférable to express the heat flux HA by the équation HA = a (tL - tA). Hère, a is the coefficient of heat transfer,
tL the leaf température and tA the air température. The evaporation process can be described with Dalton's evaporation équation. If HA and Hjy in the heat balance équation are replaced by thèse expressions, then one obtains :
nu
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From this équation it is possible to dérive a whole séries of important data concerning both the effect of meteorological conditions on the plant and also the necessary measures for effective control of greenhouse climate, Seemann
(26). Thèse matters will be dealt with in greater détail in the following section on climate control.
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Régulation of light by artificial illumination

In many parts of the world, light deficiency is an adverse factor in the cultivation of plants in greenhouses
during the winter. Efforts hâve been made for over 30 years to overcome the difficulties produced by unfavourable
light conditions, as far as possible by means of artificial illumination. If artificial lighting is to be successful then one
must understand what is to be expected from its use and how it is to be employed.
In horticulture, there are two main objectives in applying artificial illumination. First, an attempt is made
to ensure adéquate carbon dioxide assimilation by the plants, and second, an effort is made to obtain photoperiodic
effects. Generally, for increasing the photosynthetic performance (carbon dioxide assimilation) artificial light is used
either before daybreak or after sunset, or as auxiliary lighting on dull winter days. When using artificial illumination
to increase photosynthesis, it is necessary to consider both the intensity and the spectral composition of the light
sources employed.
An example of the extent to which différent levels of illumination affect the carbon dioxide assimilation
of cyclamen or cabbage lettuce under otherwise optimal température and humidity conditions, is shown in Figure 16.
Hère, the carbon dioxide consumption — Le. assimilation — of the two plants is shown in relation to lighting, as the
percentage of the maximum possible consumption. It can be seen that cabbage lettuce achieves maximal assimilation
at an illumination level of around 5 000 Lux, and cyclamen at around 10000 Lux. Any increase in illumination above
this level is of virtually no signifîcance for photosynthesis. Thèse curves also show that an increase of low light intensities has a greater effect than the same increase with higher illumination levels. At an illumination level of 1500 Lux,
cabbage lettuce already consumes per unit of time 50 per cent of the maximum quantity of carbon dioxide that it
can withdraw from the air for assimilation purposes ; cyclamen achieves this same 50 per cent value at around
2500 Lux. For this reason, one may draw the practical conclusion that increasing the light intensity at higher illumination levels would lead to only a small improvement of carbon dioxide assimilation. In most cases, where a relatively
high light intensity is already présent, artificial illumination - i.e. as auxiliary illumination during daylight - is
consequently no longer economical.
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The spectral composition of light is also an important considération when using artificial illumination to
increase carbon dioxide assimilation. Studies in plant physiology hâve shown that the individual colour ranges of
light hâve différent effects on plant growth. In principle, there are two spectral ranges of light which are of particular importance : the wavelengths around 660 nm (red) and from 400 to 450 nm (blue). The red component

TABLE 4
Spécifications of various types and makes of lamps which are particularly suitable for plant illumination (Dodillet (33))

Common lamp
désignation

Life in
hours

Light colour

Output with/
without main
Connecting device
in watts

General
photosynthesis
effect

Infra-red
component

Sensitivity
to spray
water

Manufacturers' code number
Osram

Philips

Plant radiator

7500

pink

40

50

outstanding

low

low

L40W/77 3

_

Plant radiator

7500

pink

65

78

outstanding

low

low

L65W/77R b

-

Fluorescent lamps

7500

daylight

65

78

very good

low

low

L65W/15

Fluorescent lamps

7500

daylight

65

78

very good

low

low

-

Fluorescent lamps

7500

warm tones

65

78

very good

low

low

L65W/30

TL65W/29

Fluorescent lamps

7500

warm tones

65

78

very good

low

low

L65W/30R b

TL-F65W/29 b

High-pressure
mercury vapour
lamps with
fluorescent material

6000

white

good

high

high

HQL250W

»»

250
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promûtes ail growth processes, except for the synthesis of phytohormones (32). Red is used most intensively by the
plant for carbon dioxide assimilation. Blue has partly a stimulatory and partly an inhibitory effect. It stimulâtes
assimilation, promûtes phytohormones and inhibits excessive growth in length. Blue increases etiolation. The wavelengths between 470 and 550 nm seem, in gênerai, to be of only subordinate significance for plant development.
As far as the spectral composition of illumination sources is concerned, the choice is limited to the types of
lamps available on the market. Table 4 gives a compilation of the types of lamp particularly suited for plant illumination, and their spécial characteristics. The table is taken from the publication "Plant Illumination" by Dodillet (33) in
which is to be found additional and more detailed information on the technology of plant illumination.
The simplest and best-known artificial light source is the incandescent lamp. This contains virtually the
same wavelengths as solar radiation ; however, the intensity distribution is différent. The maximum energy lies around
950 nm (500 nm for the sun). Light radiation accounts for only about 8 per cent of the total quantity of radiation
gjven out by an incandescent lamp. (About 57 per cent of this is red and about 6 per cent is blue.) The remaining
92 per cent is infra-red and heat radiation. The relatively low light yield and the high heat radiation make the incandescent lamp uneconomical for artificial illumination. Thus, ail types of lamps which hâve a high light yield are of
great importance in this field. This is above ail the case with fluorescent lamps (fluorescent tubes). Almost ail of
their radiation is in the visible range and they consequently release nearly the whole of their energy as light. The use of
fluorescent lamps completely éliminâtes the excessive thermal radiation that occurs with incandescent lamps, highpressure mercury vapour lamps or mixed-light lamps, and which often has an undesirable effect in plant illumination.
The relatively high energy consumption which is necessary for any significant increase in assimilation by artificial
illumination severely limits the profitability of this measure in commercial horticulture. For this reason, artificial
illumination is, at présent, used almost exclusively during the low-light level period for plant growing. Hère, artificial illumination offers the gardener very important advantages. The growing period is significantly reduced and the
plants hâve better development, which has an effect both on the yield and quality.
The profitability of artificial illumination is appreciably increased if the lighting is regulated, i.e. if the
lighting installation is switched on only when the natural illumination falls below a set level, and is switched off
again when a spécifie light intensity threshold is exceeded. This type of artificial-illumination control is most easily
achieved by the use of a "twilight switch" and a timer.
A further point in the effective use of artificial illumination for increasing the photosynthesis of plants is
the correct installation of the lamps so as to obtain the maximum use of the light sources. This is achieved mainly
by distributing the lamps throughout the greenhouse and by using proper reflectors. Figure 17 shows an example
of the arrangement of lamps in a greenhouse by Dodillet (33), which shows the heights for the installation of lamps
above the surfaces on which the plants are placed, and the type of lamp and reflector. From this example one can
deduce a wide variety of types of installation of artificial lighting for a wide range of sizes and shapes of greenhouses.
As already mentioned, artificial illumination is used both for increasing assimilation and for producing
photo-periodic effects (long-day/short-day effect). It is widely known that certain plants will blossom only if, during
a spécifie time, they are exposed to a short day, with a light period which does not exceed ten hours. Thèse are
called short-day plants. On the other hand, long-day plants require, during a spécifie period, 14 or more hours of
light. In a third group of plants the length of the day is of no significance. By means of artificial illumination the
horticulturist will be able, within certain limits, to détermine himself the date of blossoming for both short- and
long-day plants. The most interesting example of a long-day, short-day treatment is to be found in chrysanthemum
culture. In order to obtain a number of growths successively, the rooted chrysanthemum cuttings are kept for about
30 days under long-day conditions. Since the chrysanthemum is really a short-day plant, végétative growth is strongly
promoted. Finally, for 60 days prior to blossoming, the plants receive a short-day treatment. If the short-day period
falls in the summer, then it is, of course, necessary to hâve the plants "darkened" for a suitable period. For ail localities between 42° and 58° latitude this means from approximately 1 May to around the middle of September, Le.
during the period with more than 14 hours of daylight. During the periods of imposed short-day, it is necessary
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Figure 17 - An example of correctly installed lamps in a greenhouse (After DodUlet (33))

to ensure that the night (dark) phase continues uninterrupted. If the night effect is interrupted by a suffïciently
intense light, then the long-day effect is established. The magnitude of the disturbance dépends on the total quantity
of disturbing light. Within certain limits, the following applies : 2 minutes with 10 000 Lux results in just as much
disturbance as 20 minutes with 1000 Lux or 200 minutes with 10 Lux. Today, in horticultural practice, long-period
treatment is achieved by this means. This procédure has proved to be more economical than continuous prolongation
of the day. The régulation of the illumination times for long-day, short-day treatment is carried out by means of a
time switch.

2.3

Régulation of température

When considering greenhouse-tempe rature régulation, it is necessary to differentiate between régulation procédures for heated greenhouses and the measures necessary for controlling températures in greenhouses during the
summer. As stated in Section 2.1 on climatic control, the control of greenhouse climate will be most successfully
achieved for the plants in relation to photosynthesis, respiration and the use of models obtained from a considération
of the amount of heat required. This is particularly applicable to the control of température conditions in the greenhouse.
In the heated greenhouse, heat control is achieved exclusively by the control of air température and, consequently, the régulation of the heating system. Until recently, the horticulturist attempted to maintain as even a température as possible. A number of scientific studies (Went (34), Seemann (35)) has shown that a constant température
is in no way favourable for plant development. Anyone with a physiological knowledge of photosynthesis and respiration will immediately realize that a certain variation in température, at least between the day and night periods, is
advantageous. The knowledge that a lower night température leads to a decrease in the consumption of the nutrient
substances that hâve been absorbed makes it possible to achieve better plant development. This principle is now
appreciated by large sectors of the horticultural community. Night températures are now lowered in nearly ail modem
horticultural undertakings, for the majority of crops.
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If one bears in mind the photosynthetic output of the plants, it is advisable to correlate the daytime température in heated greenhouses with the existing light conditions. In heated greenhouses, high températures are used
only when a relatively high light intensity is available for pronounced carbon dioxide assimilation. High températures
accompanied by low light levels are disadvantageous for plant development and mean, in addition, unnecessary power
consumption for heating purposes. In addition, too low a température combined with good lighting conditions is also
disadvantageous for plant growth because the light available cannot be fully used for photosynthesis.
Heat régulation of this sort in a heated greenhouse is not possible by means of manual controls. This problem has been the subject of scientific and practical research since 1952, Seemann (25), and has lead, inter alia, to
the development of an electronic control device which provides automatically light-dependent heat régulation and
corresponding température réduction during the night. Figure 18 shows an example of température "régulation governed by the intensity of the natural sunlight entering the greenhouse. From this example it can readily be seen that
relatively low light intensities resulted in only low températures whereas high light intensities resulted in correspondingly higher températures.
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Figure 18 - An example of température régulation in relation to light intensity (After
Seemann (25))
This type of heat control in heated greenhouses is, from an ecological viewpoint, the only adéquate and
économie one. It makes it possible to obtain optimal development of the plants in relation to winter light conditions
and contributes to a significant saving in fuel for heating the greenhouse. When growing tomatoes and cabbage lettuce,
for example, the control of température in relation to the prevailing light conditions and réduction of night température resulted in up to 30 per cent better yields, with a saving of around 40 per cent in fuel, in comparison with
cultivation in greenhouses with approximately constant température. In the case oî Primula obc. similar trials resulted
in an increase of over 50 per cent in blossoms, Seemann (35).
Température régulation in heated greenhouses is relatively simple when a flexible heating installation and a
correctly functioning control System is available, although température control during the summer months meets with
difficulties. In summer, during the direct sunshine periods, the problem is to prevent excessive heating of the green-
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house air and, in particular, of the plants. As mentioned in Section 2.1 concerning the principles of climatic control,
direct sunshine will generally resuit in increased heat transfer into the greenhouse and to the plants. The increased
transfer of heat to the plants and leaves is especially important in greenhouse climate control during the summer
months. The importance of this becomes clear when it is remembered that increased heat transfer caused by direct
solar irradiation of the plant leads to an increase in transpiration. If the water balance of the plant is severely stressed
due to increased transpiration, then the plant reacts by closing the stomata and by other physiological processes, thus
limiting transpiration. Linked with thèse processes is an increase in diffusion résistance to carbon dioxide from the
atmosphère into the leaf. The resuit of this process is a réduction in plant photosynthesis. It can clearly be seen from
the heat balance équation on page 19 that, during the hot season when the sun is radiating directly into the greenhouse, it is possible to regulate température by the following means :
1.

By reducing the radiation balance. In practice, this is achieved by means of shading.

2.

By increasing the air exchange and the heat transfer coefficient in relation to the thermal exchange of the
plants. Greenhouse ventilation contributes to this.

3.

By "negating" solar energy (heat) by means of increased evaporation. Spray-mist procédures, etc. utilized.
Thèse three procédures for température control during the warmer seasons will now be dealt with separately.

2.4

Shading

Originally, greenhouses used for most crops were almost exclusively provided with permanent shading during
the summer months. Recently, however, there is an increasing trend towards the use of movable or variable shading.
In this way, shading has now become for the horticulturist an aid in controlling greenhouse climate, particularly
greenhouse température. Since movable shading has not found universal application, "permanent" shading will be
dealt with primarily. Permanent shading — in the form of shading paint on the greenhouse glazing — has, in comparison with variable shading, the disadvantage that once applied it remains in place for a long period of time, independent of the amounts of sunlight. Consequently, shading in many cases becomes an ecological problem ; this is of less
importance when one wishes merely to reduce the intensity of light in the cultivation of shade plants, but more
important if the désire is to reduce an excessive degree of heating.
Many of the plants grown in greenhouses hâve little trouble withstanding intense sunlight to which they
would be even more exposed in many cases if they were grown in the open. With permanent shading over-heating
of the greenhouse is to a certain degree prevented on days with intense radiation, there is at the same time, a réduction in the light entering the greenhouse. For the group of "light-greedy" plants, this présents in many cases a situation in which the combination of light and température cannot produce optimal growth conditions. Studies on this
subject hâve revealed that, on hot summer days, particularly in small inadequately ventilated greenhouses, the use
of shade may resuit in a réduction of light by up to 50 per cent. Nevertheless, températures up to 40°C may occur.
On days of low level radiation permanent shading will, in the majority of cases, lead to light deficiency even with
relatively high external températures and still extremely warm températures inside the greenhouse. This fact is wellknown to the experienced horticulturist. To overcome thèse difficulties, he frequently makes use of shading materials which, at least during rainy and conséquent light-poor weather, increase light and heat radiation transmission
characteristics.
A well-known material used for shading is wheatmeal. If the glazed surfaces of a greenhouse are painted
with wheatmeal mixed with cold water and left to dry, a white shading colour will resuit. This type of shade,
depending on the intensity of the radiation, will absorb up to 40 per cent of the heat and nearly 20 per cent of
the light. However, if the wheatmeal coating cornes in contact with rain, its characteristics change due to swelling,
and increased amounts of radiation will pass through. More recently, industry has developed a number of shading
paints which react in a similar manner to humidity.
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TABLE 5
Transmissibility of various shading materiats to light and heat rays
Transmissibility to light
(per cent)

Glass without paint
Shading linen

Transmissibility to heat rays
(per cent)

Dry

Moist

Dry

Moist

100

100

100

100

21

21

46

46

83
85
85

89
91
94

59
75
82

78
82
87

38
42
54
67

61
64
73
80

46
57
59
65

75
79
81
87

36
45
66
78

59
68
80
97

43
46
59
71

65
71
82

Wheatmeal
5
7.5
10
Ultra-marine blue
3
5
7.5
10
Ultra-marine green
1 3
1 5
1 7.5
1 : 10

87

Recently, thèse shading paints hâve been increasingly losing ground to the movable and variable shading
Systems, at least in the cultivation of ornamental plants. Nowadays, horticulturists mainly use shading fa bries in the
form of long webs which can be rolled or unrolled to meet their requirements. The manipulation of this form of
shade is no longer carried out manually but is motor powered and where electric motors are used, it is possible
without great technical expenditure, to hâve the shading moved automatically to meet the radiation condition.
This type of rétractable shading can be installed on the outside of the greenhouse roof or inside under the
roof in a wide range of designs. Both Systems hâve advantages and disadvantages. In the case of externally situated
shading appliances, the heat transfer is, for the most part, outside the greenhouse and the air température in the
greenhouse does not in gênerai rise so high. Nevertheless, the fabric and the operating mechanism are severely exposed
to the weather. In addition, when the shading is extended, roof ventilation is impeded. In the case of internai shading,
the heat transfer takes place in the greenhouse itself and the installation has to be arrangea in such a way that the
hot air which collects in particularly large quantifies in the roof area can be dispersed by ventilation. The advantage
of internai shading is that it is protected from the external weather.
The shading of greenhouses with mats has, besides its shading effect, a further advantage during the colder
season. If the mats are rolled out at night, the heat loss from the greenhouse is decreased. King (36) has determined
an average saving of 12 per cent in heating power in greenhouses that are shaded at night.
There are two other types of movable shading which are used in isolated cases : liquid film and Thermex
glass. Thermex glass consists of double-glazing panes with the space filled with a chemical which reacts to heat.
Above a given température the otherwise clear glass panes cloud over and absorb a large part of the solar radiation.
Furthermore, during spring, when the outside températures are relatively low, a high proportion of available radiation may penetrate the greenhouse without the shading coming into opération. The cost of the self-shading glass
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conditions in greenhouses (After Simon (39))
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panes is at présent relatively high, and they are so far used only in spécial greenhouses. However, further progress in
this field is certainly to be expected.
In the liquid-shading technique, coloured water is allowed to trickle down the closed glasshouse roof. This
technique has been tested by Canham (37) in England and similar installations were built a number of years ago in
various other countries. A fully automatic control System was devised by Seeman (38). The effectiveness of the
liquid-shading System is considered good, and the intensity of solar-radiation absorption by the coloured water can
be varied by changing the dye concentration according to the season. Unfortunately, such technical installations are
at présent still relatively expensive, and theif use has also been restricted to spécial cases.
In récent years many authors hâve published the results of their studies on movable and variable shading
devices for greenhouses. A survey of their operating principles is given in Figure 19, taken from Simon (39). This
figure shows the net radiation réduction and the resulting air température compared with open air conditions during
a sunny day in greenhouses fitted with différent types of shading appliances. The réduction of radiation intensity is,
in ail cases, very appréciable. On the other hand, in ail greenhouses, the air température is still higher than in the
open. It may of course be assumed that this disadvantage can be overcome by increased air ventilation.
That shading can lead to a réduction in radiation intensity during periods of higher solar irradiation as well
as that the shading material can àutomatically be removed in a short period of time to improve light conditions in
the greenhouse when the sky clouds over, are without doubt important improvements in greenhouse technology for
the cultivation of higher quality plants.
The manner in which a réduction of the radiation balance by shading can, in gênerai, affect heat transformation and, consequently, plant température, is readily visible from the reproduction of the measurements obtained by
King (36) in Figure 20. This example clearly shows that the température of plants is signifîcantly reduced by shading
and it is, to a large extent, possible to avoid the physiologjcal processes which hâve an adverse effect on photosynthesis in the event of excessive heat transformation.
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Ventilation

Ventilation installations both offer the possibility of increasing the exchange between the greenhouse air
and the outside air and provide a simple way of controlling the greenhouse climate. The way in which air humidity
in the greenhouse can be influenced by ventilation has already been described in Section 1.4. In horticulture, ventilation also serves, in principle, to remove hot air from inside the greenhouse, thus reducing its température. Consequently, greenhouse ventilation is of greatest importance during the summer.
In principle, a distinction is made between two types of ventilation : natural ventilation :.ud forced ventilation. In natural ventilation, the greenhouses are equipped with ventilation flaps either in the roof or walls. This is
the most conventional and the most common form of greenhouse ventilation. Since its effectiveness dépends primarily on the size of the ventilation apertures, there has been an increasing movement away from small ventilation
panels to large ventilation panels. Designs hâve taken on an extremely wide range of shapes, from complète ridge
and roof ventilations to vertical tilting or rotating roof surfaces and fully removable wall sections.
The diagrams of température changes produce d by the opération of ventilation appliances shown in Figure 21,
Seemann (40), will serve as an example to demonstrate the mode of opération of two widely used ventilation designs:
a hinged-panel ventilation System and a ridge ventilation System. In the greenhouse with hinged-panel ventilation,
the movable glass panels used for ventilation (in the roof and walls) had an area of 89.6 m 2 for a total greenhouse
volume of 370 m 3 ; i.e. 0.24 m 2 /m 3 . The greenhouse with ridge ventilation, on the other hand, had a considerably
smaller ventilation surface, the total ventilation surface, including the ridge and walls, being only 55.8 m2 for a total
greenhouse volume of 865 m 3 . The relationship between the ventilation surfaces and the greenhouse air volume was
consequently only 0.065 m 2 /m 3 . In order to détermine the effectiveness of thèse ventilation installations, the température was recorded in the middle of the greenhouse at heights of 0.70 m and 1.70 m above the ground. Figure 21
shows the différences between thèse greenhouse températures and those recorded at a height of 1.50 m in the open
air. At the beginning of the measurements the ventilators were closed for a time. In the greenhouse equipped with
hinged-panel ventilation the greenhouse air warmed up, under a global radiation of around 1 cal cm - 2 , min" 1 , to
12°C above the external température. In the greenhouse with ridge ventilation, it did not get quite so warm in spite
of rather higher solar radiation. The température différence was" only 8°C. When the ventilation panels were opened
to their maximum (in the roof and in the walls), the air températures in the greenhouses fell rapidly. In the greenhouse with hinged-panels, the températures fell virtually to those in the open. In the ridge-ventilated greenhouse the
température remained around 2° to 3°C higher than the external température. In the example of the greenhouse with
hinged-panels the air exchange rate was around 20 ; in the ridge-ventilated greenhouse, the corresponding figure was
only about 6.
The action of thèse ventilation installations is influenced not only by warm air currents but also by the prevailing wind conditions. Renard and Stein (41) along with a number of other authors, hâve studied and described
the effects of wind on greenhouse models. However, the influence of wind should not be overstressed since, during
those fine periods of summer weather when particularly good opération of the ventilation System is essential, the
wind speeds, at least inland, are often very low.
The flow conditions in the greenhouse with différent ventilation surface apertures, hâve been studied and
reported by Businger (42) and others.
In many cases this type of ventilation is inadéquate, whilst certain difficulties (high technical expenditure)
hâve been encountered in automating the opening and closing of the ventilation panels by means of a thermostat,
and this has led, inter alia, to the introduction of forced ventilation, using fans. Fan ventilation has the advantage
that a greater air exchange can be obtained, independent of the outside wind speed, and consequently the efficiency
can be significantly increased. In addition to the much lower cost of fan ventilation, this System can be switched on
and off automatically at low cost with the aid of a thermostat. However, forced ventilation does présent certain
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) (After Seemann (40))

difficulties. Apart from the fact that it is often accompanied by annoying motor noise, the resulting intense air movement over the plants may hâve adverse physiological effects. In order to ensure a steady air flow rate across the
plants in the greenhouse it is generally necessary to install a number of large-diameter, low-speed fans. Suitable conditions are created if the fans are installed in the gables in such a way that the air stream flows at a certain height
above the plants and the air is forced out through suitable openings in the opposite gable. In such a case the crop
can be ventilated with a much faster air stream. Furthermore, below this air stream and vertically to it there is a
relatively weak secondary circulation which exchanges the warm air from the plants for cooler external air. A forced
ventilation system of this type has been studied by Seemann (40).
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Ail greenhouse ventilation designs can, under the best conditions, only reduce the greenhouse air température
to that of the external air. In many cases on hot summer days, however, it would be désirable to hâve real cooling
in order to maintain the plants at températures at which they can achieve favourable photosynthetic performance.
For spécial greenhouses this is feasible with the aid of modem réfrigération Systems. Installations of this type are
found in modem phytotrons. Màde and Rudorf (18) hâve described the use of réfrigération installations in greenhouses. However, for the commercial greenhouse, the necessary technical expense is far too high, and for this reason,
attempts hâve been made to solve the problem by more simple means. One of the best-known methods is the "matcooling" technique. Hère, in combination with forced ventilation, the external air is drawn through a moist screen
into the greenhouse. If the external air is sufficiently dry, as it flows through the moist wall it absorbs a quantity of
water vapour. Heat is withdrawn from the air through evaporation. The air that enters^he greenhouse is cooler than
the external air and at the same time extremely moist. The whole System can be easily controlled by means of a
thermostat, and with a cooling method of this type it is possible under favourable conditions, i.e. with relatively
low external atmospheric humidity, to cool the air directly by up to about 8°C. As the distance from the moist
screen increases, the température rises again relatively quickly. With a distance of 25 m between the cooling mat
and the fans in opposite walls and with an air exchange of 50 times per hour, studies made by King (43) revealed
that after having passed through well-watered crops of carnations, the air température had increased by 6°C on
reaching the fans. A much simpler procédure for forced ventilation and cooling has been studied by Seemann (40).
In this technique, water is atomized through nozzles so that a water mist is directed against the air stream in a
suitable air channel.
Another process for simultaneous ventilation and cooling of greenhouses is the principle of pocket flap
ventilation described by Bottlânder (44). The technical installation and opération of this ventilation and cooling
appliance can be seen from Figure 22. The pocket flaps are installed in one of the walls of the greenhouse. Thèse
are glass cases with a rectangular cross-section which can be opened outwardly to enable air to enter the greenhouse
through the upper aperture. The air is moistened and cooled with a water spray. This results in a thermal output
so that the air passes downwards and enters the greenhouse with a certain amount of accélération. The air stream is
first passed under the cultivation tables and it is distributed in a most favourable manner throughout the greenhouse.
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Figure 22 - Air currents in a greenhouse with pocket flaps during cooling opération (After Bottlânder

(44))
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This procédure produces cooling effects of up to about 5°C below the external température. It is also possible to
regulate this System by means of a thermostat.

2.6

Water-atomizing installations and short-period spraying

In the preceding section it was shown how ventilation equipment together with cooling Systems using
evaporating water are of great practical significance for the control of climate, especially for regulating température
during the summer months. It was also mentioned that the engineering equipment for thèse cooling processes could
be, under certain circumstances, extremely expensive. This leads us to consider how direct evaporation of water in
the greenhouse, or even on the plants themselves, produces an air-conditioning effect.
This type of air-conditioning has been carried out in horticulture for many years now by the use of waterspray installations and short-period spraying. In both cases spécial nozzles are used for the distribution of water,
which permit an extremely finely atomized distribution. Short-period water spraying along with the effect of température réduction are virtually the only technique for obtaining effective humidification of greenhouse air.
A large number of studies on greenhouse climate is already available which deal with this problem. One of the
first was produced by Kreutz (45), who carried out tests with a water-spraying installation in a 500 m2 greenhouse.
During the day, in intensive solar radiation conditions, he averaged a température réduction in the greenhouse air of
over 8°C and an increase in the relative humidity of over 50 per cent.
How is this effect achieved ? The greater part of sprayed water évaporâtes immediately in the air ; a further
part évaporâtes after it has reached the soil or the plants. Evaporation requires heat which is drawn from the air or
the soil or the plants. The température of the air, the soil surface and, in particular, the plants is reduced, and the
atmospheric humidity is increased. As soon as the air reaches a spécifie degree of humidity most of the sprayed
water then falls to the ground. Consequently, excessively long spraying could, in spite of the fine atomization of the
water, lead to a high level of soil wetness. For this reason, a water-spraying installation can only be used for short
periods at a time. Kreutz has reported a noticeable effect by short-term spraying even after one hour. If a waterspraying installation of this type is to be effective it must be switched on and off automatically. This can be done
in a simple manner by using a hygrostat to control the air humidity. The switch-on value should be at a relative
humidity of 60 per cent and the switch-off value at 80 per cent. Recently, "wetness" switches hâve been introduced
for controlling water-spraying installations. The installations are switched on for a short period only when the plants
are dry. The best control of short-period irrigation is obtained by instrument combinations of radiation meters,
thermometers, hygrometers and wetness meters, which are designed as contractors. Seemann (46) has described a
control installation of this type. The principle is based on Dalton's evaporation formula. When using this instrument
set-up the irrigation installation is switched on only when a specifîed value of solar radiation is exceeded, and at the
same time when there is a spécifie air température and when the air humidity has fallen below a given value. The
amount of water fed in is measured in such a way that only the plants are affected.
Water-spray installations hâve also been used for many years for cutting-propagation. Hère, too, the procédure has a climatizing action. By wetting the upper parts of the plants during the solar irradiation, excessive heat
transfer which would affect water balance is avoided, since part of the incident solar energy is consumed by evaporation of the sprayed water. The plant température in this way is kept at a favourable level. At the same time, a
humidified layer of air develops in the direct vicinity of the plant, the plant transpiration is greatly reduced and the
water balance of the cutting is protected to advantage. This problem is dealt with in detailed studies made by
Seemann (47).
When water-spraying installations are used in this way it is still necessary to hâve a control system. In this
context it is particularly important to ensure that there is no excessive wetting of the soil. A number of différent
control instruments are already available on the market.
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The use of water atomizers for short-period spraying in greenhouses can be seen as the most effective means
of air-conditioning on summer days. Unfortunately it is not always usable for every type of plant. In the case of
ornamental plants there are difficulties with the majority of species, at least during the blossoming period.
The effect of a short-period irrigation on the leaf and air température in a greenhouse in comparison with
the open air is shown in Figure 23. The graph reproduced in this figure is taken from studies made by Mackroth (48).
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Short-period irrigation also offers the possibility of automating watering in the greenhouse - a problem
which is of increasingly great importance in relation to the rationalization of commercial horticulture. Suitable
methods of controUing soil humidity in greenhouses by means of irrigation and watering installations are dealt with
in a publication by Winter and Cook (49).
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