RESIDENTIAL-SCALE ENERGY-EFFICIENT
GREENHOUSES:

A DESIGN GUIDE
AND WINNIPEG CASE STUDY



Residential-Scale Energy-Efficient Greenhouses:

A Design Guide and Winnipeg Case Study

By W. George Rudko

A practicun submitted to the Faculty of Graduate Studies
of the University of Manitoba in partial fulfillment of the
requirements for the degree

Master of Landscape Architecture



RESIDENTIAL-SCALE ENERGY-EFFICIENT GREENHOUSES:

A DESIGN GUIDE AND WINNIPEG CASE STUDY

by

William George Rudko

A practicum submitted to the Faculty of Graduate Studies
of the University of Manitoba in partial fulfillment of the

requirements of the degree of

MASTER OF LANDSCAPE ARCHITECUTRE

® 1983

Permission has been granted to the LIBRARY OF THE UNIVERSITY
OF MANITOBA to lend or sell copies of this practicum, to

the NATIONAL LIBRARY OF CANADA to microfilm this practicum
and to lend or sell copies of the film, and UNIVERSITY MICRO-
FILMS to publish an abstract of this practicum.

The author reserves other publication rights, and neither
the practicum nor extensive extracts from it may be printed

or otherwise reproduced without the author's permission.




Acknowledgements

| would like to thank a number of people who helped me in the preparation

of -this pr'acticum, including:

My committee members Leon Feduniw, Dr. Lucien LaCroix, and Ted

McLachlan (chairman) for their helpful criticism and guidence along the

way,
Charlie Thomsen for gétting me started,
Rain Bryant and Christine Kosky for processing and editing,

and my wife Cindy, for her unfailing patience, understanding, and support.,

George Rudko, Winnipeg, Manitoba, 1983.



Table of Contents

Acknowl edgénents
Tabie of Contents

List of Figures

Abstract

Intent of Study

PART | “Introduction

Background
‘Energy Efficient Greenhouses
Attached Greenhouses

Heat vs. Food

Food Production and Modern Agricul ture

Self-Sufficiency
Societal Shifts

Towards a Better World

PART 2 Environmental Control for Plant Growth

2.1
2.2
2.3
2.4
2.5

The Type of : Greenhouse

Light
Temperature
Air Quality

Greenhouse Soils

PART 3 Thermodynamics and Plant Growth

3.1
3.2
3.3
3.4

Solar Energy
Solar Energy Transfer
Thermal Energy Transfer

Thermal Principles in Greenhouse Design

Page

ii

iv

vi

1"
1
12

15

15
18
20
23
26

30

30
32
34
37



PART 4 Greenhouse Design

4.1
4.2
4,3
4.4
4.5
4.6
8.7
4.8
4.9

Site

Greenhouse Planning: Initial Considerations

Foundation Design

The South Wall

Glazing

Window Insulation

Heat Collection and Storage
Cooling and Ventilation

Interior Design

PART 5 ‘Case Study

5.1
5.2
5.3
5.0
5.5
5.6
5.7

References
Footnotes

Existing Conditions
Design Program
Design Devélopment
Greenhouse Data -

Predicting Performance .. .

Discussion of Heat Flow Data

Conclusions

Selected Bib!l iography

43

43
46
51
54
61
70
75
84
87

95

95
98
98
104
104
110
112



iv

List of Figures

Figure

1.

2.

3.

u.

5.

6.

70

8.

9.

10.
11.
12.
13.
14,
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.

32.

33.
34,
35,
36.
37.
38.
39.
40,
41.

Interior of a Dutch orangerie.

Examples of 19th Century greenhouses.
Conventional greenhouses.

Historical examples of "solar greenhouses"
Light and the electromagnetic spectrum.
Photosynthesis, respiration and plant growth,
Effects of (0 enrichment.

Carbon dioxide at leaf surface.

Light penetration through the atmosphere.
Intensity of radiation and angle of incidence.
Reflection of infrared and visible radiation.
Transmittance of glass and radiation curves.
Conduction through a solid.

Convection in a fluid.

Radiant energy.

The greenhouse effect.

Surfaces not in direct sun,

Heat storage in a rock bed.

Shade-free zone. ‘

South wall and light.

Shading from end walls.

Proportions of east/west glazing to south glazing.
Double entry.

Foundation details.

Insulation in soil mass.

Foundation insulation, ;
Transmittance of glazing vs. angle of incidence.
Useable space in the greenhouse.

Combination of angles.

Kneewall for snow accunulation and headroom.
Soil surface and glazing.

Single glazing and air films.

Convect ion between glazing.

Douwbl e-wal led extruded ‘acrylic glazing.
Thermal stratification in tall water containers.
Locating primary thermal mass.

Heat stratification of greenhouse air,
Radiant slab designs.

Bench with pipe-frame support.

Ground bed with drainage tile.

Water pre-heat tank.



Abstract

With the dramatic increases in energy costs of recent years, the small-scale
greenhouse has undergone a complete re-evaluation. Today the attached
residential‘greenhouse functions as a collector of solar energy, as an

integral living space, and/or an ideal plant growth environment.

This study deals with the attached residential greenhous‘e optimized for the
production of food crops with a minimum of external energy input, and
specifically in the context of Winnipeg's northern continental climate. While
the creation of an ideal enviornment for food crops is a prime concern, the .

issues of heat collection and living space are not ignored.

A historical survey and general background including present and future
trends is followed by a discussion of the various requikements of vegetable
crops,. including temperature, light, soil, air and physical size, which
define the conditions sought in greenhouse design.

Basic principles of heat and energy flow are discussed, again with specific

reference to greenhouse design.

A detailed discussion of the various components of the greenhouse System,
from foundations and glazing to interior design and thermal storage,

comprises the main section on the specifics of greenhouse design.

Finally, a case study in W‘inhipeg serves to demonstrate the application of
the information in a specific example. Heat flow calculations predic‘tk
anticipated heating deficits or surpluses for selected months as well as test

the effectiveness of thermal storage.
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Intent of Study

This is a study of attached energy-—efficient‘ greenhouses optimized for food
production. The intent of the study is to investigate the form
determinants of such greenhouses, to define a set of principles for
greenhouse design based on these determinants, and to demonstrate the

application of these principles by way of a specific example,

~ While the study should be useful to designers with limited background in
plant culture and/or solar désign, it is not intented as a definitive manual
on either greenhouse management or solar design. As a design guide, the
background inforrhation is provided only to the extent that it contributes to
the understanding of the conditions sought—=in-greenhouse--design»aﬂd -the -

means by which these conditions can be achieved.



PART1 INTRODUCTION



“"PART | Introduction

1.1 Background

For centuries man has designed and built structures which enabled
him to grow plants in a controlled environment, independent of the
seasons or climate. The first known greenhouses were built in
ancient Rome to provide demanding emperors with vegetables such as

cucumbers throughout the Roman winter.

In Europe, the coming of the Renaissance brought with it a
tremendous inquisitiveness in all areas of the arts and scienc‘es. The
~development of botany and horticulture, in particular, were fuelled
by the ever-increasing tide of exotic plant species that world
- exploration revealed. Interest in these new and wondrous plants"
varied from scientific and medical, to purely aesthetic. The citrus
trees, and especially the orange, became the darling of the
aristocracy. Unfortunately, the first orange trees pl‘énted‘in England
died during a cold winter, as, undoubtedly did many othérkexotic‘:s.

The pressure was on to devise some way of modifying the clima‘tek and
the solution was to bring the plants indoors. Thus the orangerie
was developed - glass walled structures which could maint‘ain the
tender citrus trees throughout the cool winters of Northern Europe,

“and it proliferated throughout Europe.
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(Den Nederlandssen Hovenier, ]. van der Groen, Amsterdam, 1670.)

Figure 1. Interior of a Dutch orangerie (Lemmon)

In England, by 1714, the orangerie had become the greehhouse,
supporting a variety of exotic plant types. During the 19th century,
~the greenhouse became exce‘edingly fashionablke‘wi‘th the ric‘h, with
the enthusiasm of the aristocracy for greenhouses producing many

spectacular structures of arched glass, wood, and steel (Figure 2).
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Figure 2. Examples of 19th century greenhouses

The greenhouse thus remained an item for the rich until after World
War |l when war-time technologies made available new building

materials - most notably extruded aluminum and inexpensive glass.

These developments put the greenhouse within the reach of the
average enthusiast, and glass and aluminum "hobby" greenhouses
were mass produced throughout the world. No matter where they
were built, these greenhous‘es had much the same form: vertical or
near vertical walls, low pitched, symmetrical roofs, and single glaZing

all around (Figure 3).
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Figure 3. Conventional greenhouses

This "Dutch” form of greenhouse evolved in Northern continental
Europe and was well adapted to that region's mild but overcast
winters where the emphasis was on maximum light with little concern
for heat loss. It was transplanted in North America, and other parts
of the world, with little or no regard for climatic differences. In
terms of a climate such as the Canadian prairies, these greenhouses
were undoubtedly the most energy-wasteful buildings ever built.
However, the shortcomings of these conventional greénhouses could

easily be overlooked due to inexpensive fuels for heating.

It was not until the dramatic escalation of energy costs that the

appropriateness of these designs to the Canadian climate began to be

questioned.

1.2 Energy Efficient Greenhouses

Various groups and individuals began to conduct research into more
appropriate climate-responsive greenhouse designs. Most notable
amongst these groups was the Brace Research Insititute at McGill
University, which investigated forms appro‘priate to northern
climates. These activities sparked a new generation of greenhouses.
Often referred to as "solar greenhouses", the new forms were

actually closely based kupon historical examples Which, although



recognized as being cheaper to build and operate, were often

dismissed as having inferior light distribution characteristics. 1

Dutch glasshouse for forcing vines (18th century),
from Diderot’s Encyclopédie.” {Koppiek amm)

‘Du!chglcss‘house \\\\\\\\\\\\\\

{Kopplekamm) : {Clegg & Watkins).
Figure 4. Historical examples of "Solar Greenhouses"

The term '"solar gree‘nhouse“ can be misleading in that all
greenhouses are actually collectors of solar energy. The intent is to
point out that this new generation of greenhouses embodies basic
principles of passive * solar design. To be more correct, the term
"energy-efficient” greenhouse would more accurately describe a
greenhouse that had énergy conservation as a major design objective.
Conventional greenhouses make no. attempt to store excess solar heat
during the day and require auxilliary heat at night. An
energy-efficient greenhouse makes every attempt to retain the solar
energy it traps for use later when outside temperatures drop. - This
is accomplished with double-glazed south walls, heavily insulated

roofs and north walls, thermal storage mass, and night curtains.

* "passive" systems are those which require little or no mechanical

energy imput to utilize the sun's energy, and rely on the natural

processes of radiation, conduction, and convention for collection,

storage and distribution of heat.




1.3 Attached Greenhouses

A greenhkouse can be either integrated with the house, or
freestanding. An attached greenhouse offers a number of
advantages. Besides the convenience of having direct access to the
greenhouse, there is the economic advantage of having one less wall
to build. An attached greenhouse is also more adaptable in terms of
energy-use strategy. Sihce a greenhouse usually has an excess of
heat during the day, this heat can be moved into the house and used
there. Along with the heat comes the added bonus of humidity and
oxygen which the plants have produced. The attached greenhouse
can alsokbe an integral part of the living space of the house, adding
not just to the value of the house, but to the quality of Iife in the
house. Finally, adding a greenhouse is one form of retrofit:
upgrading an existing structure for improved energy efficiency.
This is significant in view of the fact that it is the existing
structures - not the new ones that are wasting energy. An attached
greenhouse could be viewed as a machine which increases the sun's

potential to do useful work at a particular site.

1.4 Heat vs. Food

It should be pointed out that two major types of attached passive
solar greenhouses can be identified. The Brace Institute refers to
these as type 1 and type 2 solaria. Both are attached structures
with large areas of south-facing glazing. However a type 1 solarium,
aCcordingto Brace's definition, cannot support plant growth, since
no attempt is made to maintain a minimum temperature. Such
structures supply heat to the parent building while the sun is
shining and are allowed to cool down to outdoor ambient témperatures
at night. Since these tkypes are closed off from the main building
and do not require heat at night, they provide a net gain in solar
heat. As such they can be thought of as "walk-in" solar collectors,
providing additional living space during sunny periods. It is this

type which can appropriately be called "solarium" or "sunspace'.



A type 2 solorium, as defined by the Brace Institute, is one in which
a minimum night time temperature is to be maintaiﬁed. This enables
the support of plant growth and allows the space to be used both
day and night. As such it can be more closely integrated with the
rest of the dwelling. Because these spaces are used to nurture
people and plants, control of temperature and other environment‘al
conditions is much more important than in a type 1 solarium. Since a
minimum temperature must be maintained, a greater emphasis is
~placed upon retention and storage of trapped solar energy within the
solarium itself. As such, this type of solarium is more complex in its
design, requiring a more thorough understanding and integration of
the functional components. It also offers more potential and
flexibility in its use than does a simple heat-producing solarium. It
is this type 2 Solariumthat is often called a "solar greenhouse", and

~which will here be referred to as an "energy-efficient greenhouse".

In summary, type 1 solaria tend to be cheaper to build, mdre simple
to operate and produce greater net gains in solar heat for the parent
building. They are, however, only intermittently useable as“living
spaces, due to widely fluctuating temperatures. Maximum heat gain,

rather than human comfort is the priority.

In contrast, type 2 solaria are more complex and require a better
understanding of the principals of thermal energy transfer. They
will not produce as much of a net heat gain for the parent buildingk
since part or all of £he incoming heat energy ié stored for later use.
The trade-off is between heat and food, since growing food crops
requires that a minimum night temperature be maintained. The
amount of excess heat available for transfer to attached spaces
depends upon the time of the year the greenhouse is used to grkow ‘
crops, the type of crops being grown, and the minimum temperatUres

to be maintained.

In both cases it must be acknowlédged that there are better ways to

save energy in the home, most notably through conservation.



Energy experts agree that reducing air ihfiltration and adding
insulation (in that order) are the most cost-effective ways of

reducing energy consumption in the typical Canadian home.

However, it is obvious that greenhouses have been built in the past
and will continue to be built in the future for reasons other than
energy production. Traditionally, home or hobby greenhouses were
used to support collections of exotic plants or as "season extenders"
to start bedding plants for the outdoor garden. If the small-scale
private greenhouse were designed with food produ‘cfion as a prime
concern‘, a significant energy contribution would be represented in
the food itself. In today's supermarket society not many people are

used to thin‘king of food as a form of stored solar energy.



1.5 ‘Food Production and Modern Agriculture

The concept of an energy-efficient, smali-scale, food prbducing
greenhouse is a timely one from an economic, ecological, and social
standpoint, especially in light of présent trends in modern industrial
agriculture. Nowhere in industrial society has mechanization had
such an impact in r‘elieving human drudgery as in agriculture.
However, technological advances have not come without a price,
With increased mechanization in ‘agricuklture came increased
dependence on petroleum f‘u‘e‘ls. Thus today while it is true that
solar energy is directly responsible for nearly all our food through
photdsynthesis, it is also true that the high yields of p‘rim‘ary food
production are sustained by large subsidies of non-solar energy. 2
For many crops, the energy input is greater than the energy contént
of the prodube. In California fruit and vegetable production, for
example, an average of 1.4 calories of energy input is required to
product each calorie of food energy. 3 This |s the fuel and electrical
energy required in mechanized agriculture for planting, cultivation,
Spraying, harvesting, cleaning and sorting. Beyond this there are
additional energy inputs in ‘the tremendous amo‘u‘nts of
petroleum-based chemicals, inckluding pesticides and fertilizérs, that
are fed in’to theksystem.‘ For example, in 1979, Canadian farmers
~spent over $350 million (or 54% of total farm purchases) on
pesticides. # The high yields of industrialized agriculture‘ are
particularly dependent upon nitrogen fertilizers produced primarily

from natural gas.

Beyohd the costs of produttion are the costs of handling and
distribution - espeCiaIly significant in a country such as Canada
where, in spite of our image as a food producer, we must still import
75% of our total fruit and vegetable consumpiion, with most of it
coming from the U.S. 5 Thus fresh vegetables eaten‘durin‘g the

winter represent the greatest energy investment given the energy
involved in shipping goods from California, Florida and Mexico. It

has also been shown that‘the very vegetables most likely to be grown
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at home are those requiring the most energy-intensive technology. 6

Food and energy today have become intimately linked. As such, as
energy increases in price, so must food.

For many people, modern agriculture's heavy dependence on
pesticides is cause for concern. While proponents of modern
agriculture maintain that chemical intervention is safe and necessary,
there are nevertheless those who are concerned about the long-term

consequences of such practices.

People involved in growing their own food at home have the
opportunity to refrain from using chemicals if they so choose.k
Production of food in a small scale home greenhouse enables more
benign forms of pest control to be used - oknes which would not be

feasible in large scale agriculture,

For many people, a desire for more control over inputs into their
food supply is reason enough for growing their own food. For
others, dissatisfaction with the quality, price, or availability of
supermarket produce is another. Store-bought produce, especially in
winter, often does not match up to the quality of ‘th‘at produced in
the home garden or greenhouse. Fruit and vegetable varieties used
in mechanized agriculture have been bred to withstand mechanical
harvesting, sorting, and long-distance shipping. Some people feel
that, because of the emphasis on varietal a‘ppearanCe and suitability
for shipping, plant breeders have forgotten about flavour.
However, plant breeding‘is not necessarily the i’eason for pkobr
quality in the supermarket. Shipping, imprbper storage, and time,
all tak‘e ktheir toll. Finally, the cost of mid-winter produce is high

_due to the simple laws of supply and demand.

In contrast, flavour and nutrition are at their peak in
freshly-harvested produce grown at home. With a greenhouse, the
time span from plant to table can be minutes instead of days, and

produce can thus be of a quality unobtainable at any price.
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1.6 Self-Sufficiency

Apart from the safety, quality, and price of fresh food, other
reasons for growing one's own food year-round could be considered
less tangible. The word "satisfaction" could sum up these various
non-tangible benefits. First there is the satisfaction of being more
self-sufficient in a world where most people are isolated from their
means of production and sustainance. The Farallones Institute in

The Integral Urban House say‘of growing food at home that no other

single activity is likely to increase the urbanite's understanding of
natural systems and decrease their dependence on centralized

systems.

Bob Rodale, editor of "Organic Gardening" w‘riteS' "Every day,
people...are unhookmg themselves from the high-energy, high-risk
lifestyle. By taking more and more of their life-supporting activities
from corporations and managing them personally, many readers report

increased satisfaction with life, and better health."7
Finally, for many people, contact with soil and living plants is a
pleasurable and relaxing experience. A greenhouse is a way to enjoy

~ such ‘experiences (with tangible fringébenefits) throughout the year.

1.7: “Societal Shifts

Today we are part of a world riding an energy shock wave in which
kgloom and uncerta‘inty-abounds. Futurists such as Alvin Toffler,
Hazel Henderson and others explain that industrialized countries are
now in a state of transition to a post-industrial society in which many
of the rules will be changed. The hidden subsidies of ultra-cheap
energy and raw materials which fuelled industrial growth ha‘ve‘been
eliminated. As we move into a post-industrial era, confusion abounds
since the transitions are not yet widely understood as fundamental

shifts in our resource base and entire production systems.

Henderson believes that we are entering an "entropy state" of
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spontaneous "devolution” resulting from our system's own size and
compl‘exity. ~Alternate lifestyles, self-reliance, voluntary simplicity,
the do-it-yourself movement could all be considered part of this
spontaneous devolution, and represent associated shifts in values and

expectations.8

‘Toffler, in The Third Wave, also sees a philosophical revolt against

the assumptions of the Industrial Age occurring, and discusses the
trend towards small-scale, decentralized, and diversified forms of
production. He forsees the home of the near future as an "electronic
cottage” where advances in communications and Computer technology
will enable work and pro‘duction to be centered to a much greater
degree in the home. "Work" will include not onl‘y traditional
markét-based activity, but also production of basic needs in the home
for immediate consumption. Thus the typical post—-industrialist will be ‘
not just a consumer of:‘goods, but a "pro-sumer" - one who has a
greater input in the production of goods and services for his own
‘use.9 Food production, gardening, and husbandry will be a basic
and important aspect of the electronic cottage. A facility such as a
greenhouse may be viewed as more of a necessity than a luxury in
the home of the future which many feel will re-emerge as a central
unit in society - a unft with enhanced economic, educational and

social functions. 10

1.8 Towards a Better World

~While it is not b‘eing proposed that a home greenhouse Will solve the
world food prbblem, it is recognized that any food grown by én
individual, family, or community for primary consumption is food that
dikd not have to come from thekindustrial food system, and as such
represents a savings in energy and world resources in general.k This
is especially significant when viewed in the context of the world
food/population crisis and the r‘ecognitio‘n that much of the "béd
news" in the world today is related to the growing population

pressures on the Earth's finite resources.
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Much is heard: about the energy crisis, but the world's arable land is
also a finite resource, and one which is diminishing each year. The
arable land per person in th‘e world has been decreasing for years
and this decrease is now accelerating.11 Cities continue to consume
the most productive farms lands in industrialized countries such :as
Canada, as well as in third world countries.12 Desertification
continues throughout the world's arid regions as desperate people
farm and graze more marginal lands, trading long-term stability for
short-term survivial.13 |n industrial agriculture, the significant
gains in production from plant breeding, fertiiizers, and pesticides
-~ have already been realized, end per capita cropland production has
actually been declining since 1971. 14 The Green Revolution which
spewned hopes of feeding the world's people has brought with it a
number of serious side effects and some feel that it will ultimately fail
unless we in the developed nations can make major adjustments in |
areas such as our tariff and quota policies, approach to foreign aid,“
diet, ideas about technology and diStribution of wealth, and the
operation of a number of our organizations. Indeed, Kenneth |
Dahlberg goes even further in Beyond the Green Revolution, saying:

"Given the risk of plant d‘isease, pests,; exhaustion of critical
resources (especially fuels and fertilizers), and soil erosion not to
mention its associated social, political, and economic dislocations, it is ~
doubtful that modern in‘dustkial agricmture is sustainable kover the
next century. There is also the evolutionary risk of so simplifying
our agricultural and global ecosystems that there is some sort of
serious biological collapse...the overall conclusion need not be one of
doom but simply that we must trade in our current models (both
intellectual and agkicultural) for sm‘aHer, better, and more

ecologically sound ones".15

This same message is echoed by many futurists, economists, and
environmentalists as we enter an age of scarcity - ankage of
steady-state economy which favours ‘ef‘ficieney and frugality, where
innovation and integration are highly valued. New models will have
to come from the ground up - from Toffers "techno-rebels", rather

than a top down technological fix.  The climate-responsive,
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energy-efficient, small-scale greenhouse is just one example of the

many new models for resource efficiency.



PART 2 ENVIRONMENTAL CONTROL
FOR PLANT GROWTH
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Part 2 Environmental Control for Plant Growth

"As every animal has its climate and food natural to it, so has every
plant an exposure, temper of air, and soil, proper to nourish and maintain
it in a right state of health".16  Thus in 1721 Richard Bradley, Professor
 of Botany at Cambridge University first described the relationship of plankts

to their environment.

The function of a greenhouse is to provide the conditions for this
"right state of health"; protecting plants which grow in warmer regions
from harsher climates, and making it possible to grow plants through a cold

season.

, In the early ninteenth century, J.C. Louden coined the term
"artificial climate" in his writings on greenhouses.17 Today, in modern
science the study of the plant environment is called phyto-engineering an“d
the physi“ca‘l requirements for optimum plant growth are relatively well

understood.

Essentially the plant exists in two environments; air and soil, and
evéry plant has optimum requirements of each. To limit one essential
variable is to limit all the rest. This is the ecological "law of the
minimum". Because plant species vary significantly in their requirements,
the kind of plants to be growh and‘the season of use will influence
greenhouse design. This section will identifﬁy the environmental conditions

sought in food production.

2.1 The Type ofGreenho‘use‘

As pointed out earlier, an energy—efficient greenhouse is not
necessarily a net producer of energy as well as food, in spite of
such claims by’ some authors and greenhouse manufacturers. In fact,
‘trying to optimize for both food production and solar collection may

r‘esult: in a structure which is really suitable for neither.18 It is
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therefore important to consider the environmental conditions for the
growth of food crops as the most important criteria in designing a

food-producing greenhouse.

Before looking at the requirements of food crops, it is necessary to

define the anticipated use of the greenhouse in terms of:

1. What part of the year the greenhouse will be used, and
2. what kind of crops will be grown.

First, if the greenhouse'is to be uSed,year-round, the design
criteria will be quite different than for one that is to be used merely
as a season extender augmenting the outdoor garden by starting
bedding plants in the spring and adding a few extra weeks in the
fall. This is because the temperature difference between indoors and

out will obviously vary considerably with the season.

The second consideration, the crops tb be grown, is also a
temperéture—related factor, although t‘here are other considerations.
For example, if the greenhouse is to be used year round, the crops
that will most economically be grown during the winter are those
which are best adapted to the lower temperatures and light conditions

of winter.

If a greenhouse is to support warm- season crops throughout the

winter, the design must change accordmgly.

Anticipated ‘crops will also have an influence on greenhouse design in
terms of growing space, both above and below ground level. The
use of vertical space will prbvide for more production per square
meter of floor area. Tomatoes and cucumbers, for example, are much
more productive than small plants such as lettuce or spinach due to
the vertical space they occ‘:upy.“ If vertically-trained crops such as

these are to be grown, it is important in the initial planning stages
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to ensure that wall configurations will not limit their growing space.

Similarly, vegetable crops vary significantly in their rooting
requirements, some having roots only a few centimeters deep, others

with root penetration of well over a meter in unrestricted conditions.
19 While it may not be possible to provide a meter of soil depth, the
physical size of the crops must be recognized and taken into account

in the early planning stages to provide as near ideal conditions as :
poSsibIe. The following is a listing of végetables grouped according

to root depth in unrestricted conditions.

Shallow Moderately Deep . Deep

(.46 to .61M) ; (.91 to 1.2 M) (over 1.2 M)
~Broccol i Bean . Artichoke
Brussels sprouts Beet Aspar agus
Cabbage Beet Bean, Lima
Caul if lower Carrot s Parsnip
Celery Chard : Pumpkin
Chinese cabbage Cucurber ‘ Squash, winter
Corn Eggplant ~ Sweet Potato
Endive Muskmelon ‘ Tomato ‘
Garlic : Mustard Watermelon
Leek : Pea

Lettuce Pepper

Onion Squash, summer

Parsley - Turnip

Potato :

Radish

Spinach

Rooting Depths of Vegetables In Unrestricted Conditions (Knott,
1957) | .

A final‘cons‘ideration‘ in preliminary planning might address the
question of whether plants will be the only occupants of the
gréenhouse or whether or not there will be living space for people
too. Plant requirements and human cbmfort requirements are quite
compatible, and a greenhouse can be used as iiving space as well, If
it is not, the design should be flexible enough to accommodate change
should changes be desired. !n—ground'planting beds, for example,

can make a layout relatively permanent.

Having covered these very basic considerations in conceptual design,
an examination of the conditions sought in environmental control for

plant growth follows.
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2.2 Light

Knowledge of the light requirements of plants is important not only in
the understanding of greenhouse cultural practices, but also in such
aspects of greenhouse design as glazing selection and configuration
and interior finishes. ' |

Light is a form of energy. Visible light occupies a very small
segment of the electro-magnetic spectrum of radiant energy which is
emitted by the sun.

X-RAYS UV, INFRARED ~ RADIO
‘ Y ~
3 4 L 4! !_‘ 1 L L
e ‘e R todt ° . o s e
0.001 A 1A I00A ug*f\ I0*A 0°A  10°A 0%
P i . > > ~,
- >
v THE VISIBLE SPECTRUM >y
i : | i
| |
!: 1 ] J

3800A 5000A 6000A 7000A T60OA
VIOLET BLUE GREEN YELLOW-ORANGE RED

Figure 5. Light and the Electromagnetic Spectrum (Chrispeels &
Sadava) : |

The earth receives a continuous stream of solar radiation; from
x~rays to. ultraviolet, visible ‘Iight, and infra red. It is the visible
part of ‘the spectrum which plants use in photosynthesis;' and it is
photosynthesis which is ultimately kresponsible for all life on earth.
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Through photosynthesis, plants convert the radiant energy of visible
light into chemical energy. This energy is stored in the chemical
bonds which link carbon atoms (from carbon dioxide) along with
hydrogen and oxygen (from water) to form glucose molecules. These
molecules form the basis of more complex molecules and of plant

structure, and ultlmately of ‘all the major ecosystems of earth.

Plant responses to the visible spectrum of light do not correspond
with the response df‘human vision. For example, the photoskynthesis
reaction is driven primarily by light in the red and blue part of the
spectrum. Other major classes of plant response can be identified as
1) those that have a maximum response from red light (eg
photoperiodism) and 2) those with a maximum response from blue
light (eg. phototropism or bending towards or away from a source of
light).20 |

The duration of the photoperiod, or day Iength, is Significant in
greenhouse gardening as it can inﬂuence important plant reactions
such as flower formation, pollination, and initiation or release from
dormancy.‘ Because of this influence of day length, certain
vegetables cannot be successf‘ullyk grown in the short days of winter
without supplemental lighting. Plant growth can also be limited by
insufficient light quantity; a funCtion of intensity and duration.
Within limits, light of insufficient intensity can be augmented by a
longer‘duration, but the actual amount of_ |ight‘availab;lek du‘ring
winter days may limit the growth of many plants. . For exam‘p!e,‘ while
a tomato plant does not need light intensities equivalent to full
sunlight it does need 2000 - 3000 footcandles (or 1/5 - 1/3 the
mtensnty of direct sun at high noon)21 for a minimum of elght hours
per day,22 in order to achieve optimum growth By contrast, lettuce
is well adapted to greenhouse culture durmg the cloudy days of
winter, and good growth can be obtained with as little as 500

footcandles.23
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Generally speaking, any greenhouse should be designed to expose
plants to as much light as possible throughout the season(s) of
anticipated use. While this may%seem self-evident, light, or a lack of
it can be a significant limitation to plant growth in energy-efficient
greenhouse designs due to the reduced glazing areas typical in such

greenhouses.

If crops requiring a higher light intensity or longer day length are
to be grown through periods of short days and low light intensities,
supplemental lighting should be considered. This need not
necessarily be considered énergy wasteful, since much of the total
energy of the light will end up as heat and will thereby reduce the
heat required from other sources necessary to maintain minimum

temperatures.

2.3  Temperature

Temperature is one of the most critical facktors in raising food crops
because it affects the rate of all cellular process. In ‘ébsolute terms;
_active plant growth is limited to a range of 10 degrees to 40 degrees
C. The optimum temperature for photosynthesis in the majority of
food plants is somewhere between 20 degrees and 35 degreés C.
Beyond that, it is difficult to generalize since plants  vary
significantly in their tolerance to temperature extremes. Plant needs
can also vary with the stage of development, requiring different
~ temperatures for ger‘mination, vegetative growth, and fruit

development.

Generally, food crops can be divided into two major categories with
regards to temperature requirements: warm season and cool season
types. Warm season crops such as tomatoes and cucumbers are less
tolerant of cold and require a daytim‘e temperature somewhere between
21 degrees and 27 degrees C., while cool season crops such as
lettuce, spinach, and cauliflower are much more tolerant of cooler
temperatures, having minimum temperature requirements in the range
of 13 degrees to 18 degrees C. The following are some common

vegetables grouped according to temperature ~prefer4ence.‘
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Cool Season Crops

Hardy

Half Hardy

(Min.4 °C)  (Min.7 oC)
(Max.24 9C) {(Max.21-24 9C)

Warm Season Crops

Tender

Very Tender

(Min.10 0 C) (min.10-16 oC)
(Max.35 o Q) (Max.32 oC)

Asparagus Beets Corn Cucurber
Broccol i “Broad beans Cowpea Eggplant
Brussels sprouts Carrots N.Z. spinach Lima bean
Cabbage Cauliflower Snap bean Cantaloupe
Garlic Celery Soybean kra

Kale Chard Watermelon - Pepper
Kohlrabi Chinese cabbage Pumpkin
Onion Cress Squash
Parsley - Endive Tomato
Peas Lettuce :
Radish Parsnip

Rutabaga Potato

Spinach Salsify

Turnip ‘

Plant adaptation to Heat and Cold (from Harrowsmith #41, and Knott,
1957). |

Temperature requirements can vary as a function of other plant
requirements. For example, under low light conditions, most plants
require a‘cor‘respondingly lower temperature as well. For example,
recommended daytime temperature for greenhouse lettuce (Bibb) is 21
- 24 degrees C. for bright days, while 17 - 20 degrees C; is

considered optimum for cloudy days.

Similarly, plants generally require lower temperatures at night. This
is because respiration continues at night after photosynthesis has
ceased. Respiration in plants is basically the reverse of
photosynthesis whereby energy is expended for plant processes.
Since the rate of respiratioh is temperature-dependent, much of the
sugars prbduced during the day through photo$y‘nthesis can be lost
‘at night if temperatures remain high. Reducing hight temperatures,
then, enables plénts to increase their net stores of energy, and
thereby accumulate food energy from the sun's energy. Figure 6
shows the relationship between photosynthesis, respiration, and plant

growth,
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Figure 6. Photosynthesis, respiration, and plant growth.
(Chrispeels & Sadava)

Generally temperature differentials of from 5 degrees - 8 degrees C.
between ﬁight and day are acceptable. Tomatoes, for example, have
been shown to prefer daytime temperatures of 23 degrees C. while
night temperatures of 17 degrees C. are optimum for such important

processes as flower development.24 Greenhouse cucumbers prefer a
range of from 27 - 29 degrees C. during daylight, to 21 degrees C.

(minimum) at night. Lettuce preferences vary with type.

Temperature ranges of two common greenhouse varieties are as

follows:
Day ‘ Night
Grand Rapids 13 - 24 oc* 10 - 13 OC

Bibb 17 - 24 oc* 14 oC

* dependent on light intensity.
(Wittwer & Honma)

Knowledge of the temperature requirements of various crops provide
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the necessary designktemperaturesk for making predictions about
greenhouse performance. Such information is also useful in deciding
growing strategies and initial planning considerations. For example,
knowing the requirements of warm season crops, it may be decided to
grow only cool season crops in the winter months in order to reduce
the need for auxillary heat. A‘Iso, consideration could be given in
the preliminary design to temperature zohing; having a cool zone and
a warm zone separated by a glazed wall, providing optimum Conditions
for both classes of crops at the same time. | -

2.4 Air Quality

Besides having various needs in terms of air temperature, plants ‘;
have specific requirements regarding certain aspects of air content,

most notably carbon ledee and water vapour.

Carbon dioxide is generally ignored in outdoor gardening, but is an
important factor in greenhouse gardening. It is a basic requirement
of the growing plant; an essential raw material in photosynthesis.
Until the early 1960's, the benefits as well as the economics of CO,
enrichment were not widely appreciated. It is now known that u‘nd‘er; ‘
many conditions, the most limiting factor in the growth of terrestrial
plants is the carbon dioxide concentration in the atmosphefe. (It is
known, for example, that in past eras of fantastic planf growth, the
atmospheric concentration of CO, was from 10 to 100 times today's

normal level of 330 ppm).

Limitations of the atmosphere are especially significant in the grow‘th e

of greenhouse crops, since the CO, in a greenhouse can be quickly
depleted below normal atmospherlc conditions, particularly in
energy- effICIent airtight designs. CO, levels in unventilated
‘greenhouses are generally lowest on sunny days between 10 a.m. and
4 p.m, due to the increased uptake associated with the higher rates

of photosynthesis. 1t is therefore during this period that



- 24~

supplemental CO, js most beneficial. The optimum level appears to
be, for most greenhouse crops, from 1000 to 1200 ppm.25

Traditionally, CO, depletion was not recognized as a problem in
greenhouses, partly because of a lack of knowledge, and probably
because it was not as great a problem due to the "leaky" nature of
traditional greenhouses and to the extensive use of forced ventilation
to prevent overheating. The introduction of fresh outside air is
obviously the easiest way to replenish depleted CO,, but this is not
very practical during cold weather. While the dev‘elopment of
air-to-air heat exchanges could make this a more viable approach, the
accepted solution is to release‘supplementary‘COZ within the
greenhouse itself. - This could be in the form of dry ice, compressed
gas, or through the combusion of propane or natural gas. Whatever
the method, in commercial greenhouse produttion the addition of
carbon dioxide has proved to be relatively cheap to add, with
economic returns exceeding by several times the costs of treatment.26 ;
Wittwer and Honma report that "results with greenhouse-grown
tomatoes have been phenomenal", the most notable effects bein‘g:
accelerated growth rates, earlier fruit maturity, and increases in
both fruit set and fruit size. Furthermore, the response to carbon
dioxide occurs over a wide kange of light conditions, enabling partial
compensation for low light intensities such as those found on cloudy
winter days.27
‘ 013 Co, -29°%C

013 CO; -20°C

0.03 CO, - 20° or 29°C

INCREASING PHOTOSYNTHESIS

INCREASING LIGHT INTENSITY

Figure 7. Effects of carbon dioxide enrichment. (Clegg & Watkins)
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Air circulation is a relatively simple means of improving carbon
dioxide uptake, whether levels are supplemented or not. With no air
movement, the carbon dioxide at the leaf surface is depleted as it is
taken up by the plant. Air ciryculation‘, therefore, maintains a higher
concentration of carbon dioxide at the leaf’ surface; and thus

facilitates uptake. (Fig. 8)

co,

Figure 8. Carbon dioxide at the leaf surface.

Good air circulation is also beneficial to greenhouse plants in
preventing or controlling the spread of serious fungal diseases which
are encouraged by the high hum‘idity often found in ai‘r-iight
greenhouses. A relétive humidity of around 60% is considered ideal
for most plants.28 Higher levels, besides encouraging fungal
diseaske, causes condensation which reduces light transmission of
glazings, causes wood to decay, and results in increased maintenance
requirements on interior finishes, etc. Humidity levels below 60%
causes the limited soil volumes in greenhouses to dry out frequently,
putting stress on the plants, and requiring frequent watering. This
is not only time-consuming, but can cause leaching of soil nutrients.
Low humidity can also encourage some insect pests s‘uch as spider

mites.

Air circulation, then, can control excessive humidity. In attached
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greenhouses, good air circulation benefits the occupants of both the
greenhouse and the parent building through an equalization of
humidity levels and an interchange of carbon dioxide and oxygen

between house and greenhouse,

2.5 Greenkhouse Soils

In simplistic terms, soil is made up of solid matter interspersed with
voids or pores. lts function is to provide mechanical support for the

plant and to make water air and nutrients available to the roots.

Soil in nature is not, however, a static system of inert componénts,
but rather a dynamic community in which; energy and matter are
continually being converted from one form to another. These
conversions are carried out by a variety of soil organisms, from
‘microscopic viruses, bacteria, and fungi, to nematodes, earthworms,

and insects.29

Generally speaking, soils that can sustain plants outdoors are often
unsuitable for use in greenhouses culture. This is because inka
greenhouse, soil volumes are limited and plant culture is usually
much more intense than outdoors. As a result, there are greater
demands for water, nutrients, and air placed on a giveh volume of
soil. Greenhouse soils also tend to be less self—mamtammg and more

prone to imbalances because they are not totally natural systems as

are .outdoor soils.

I'n fact, in commercial greenhouse operatidns, soils are routinely
sterilized in order to ‘prevent disease and insect problems from
arising. Because of the large scale and typically monoculture crops,
great care must be taken to ensure that offending organisms are
completely eliminated. This is accomplished either through the use of
chemical fumigants or heat. Most commonly, greenhouse soils are

sterilized using steam. (Some writers prefer the word "pasteurized"
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since the soils are not completely sterile, but still contain lower life
forms such as bacteria).30 The common practice in commercial
greenhouses is to introduce steam through 10 cm tiles buriéd at the
bottom of the soil beds. The soil is heated to 80 degrees C, and
held at that temperature for 30k minutes to four hours. Thirty
minutes will kill most of kthe common ‘patho‘gens,31 while four hours is
needed to kill all disease-causing organisms in plant debris.32 Soils

are usually sterilized whenever there is a crop turnover.

Lately, as an offshoot of the organic gardening movement, a trend
towards living soil in hobby greenhouses has developed. The
rational is that a livihg‘soil system is a less ihtrusive and more
self-‘—regulating_approach in that organic material is continuously being
broken down by soil organisms, thereby ’replenishing soil nutrients.
“Insect pests that start cauSing problems are controlled through sUch
organic methods as predator insects (ladybugs, parasitic wasps, etc.)
organic pesticides, or even hand-removal of the offending insects.
Diseases are prevented from occuring or spreading through careful
sanitation and good cultural practices - removing dead or diseased

plant parts, and isolating and quickly dealing with infected plants.

Another more recent approach to controlling or preventing disease in
the greenhouse environment is the use of soil-less mixes or sterile
plant growing media. The advantages in using such media are that
they do not require steam sterilization (which can be expensive and
complicated for the inexperienced groWer), they offer a greate‘r
degree of standardization, and they are lighter in weight.33

Because they are based on such non-nutritive substances as
sphagnum moss, soil-less mixes require more care in their
formulation. Nutrient supplements can be home-made or can be
purchased ready-to-use. Since plant nutrition is entirely dependent
upon added nutrients, defficencies are more likely to show up in soil

less media than in mixes which include soil. Control in supplemental
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feeding is therefore more critical.

Materials and proportions of these mixes can vary with local
availability. For example regions with logging operations and
sawmills could use sé,wdust or shredded bark, while another area's
 best choice might be sphagnum moss and sand. Othercomponents of
soil-less media afe man-modified products such as vermiculite or
perlite. While costing more than the natural products, these
m‘aterial‘s are lighter in weight and are more consistant in their

physical structure.
An example of a soil-less mix is:

75% sphagnum moss
25% fine sand

Other examples, formulated at Cornell University and referred to as

the Cornell Peat-Lite mixes, i'nclude:

50% sphagnum moss
50% vermiculite

or
50% sphagnum moss
50% perlite 34

(Note that these formulae also require the addition of plant nutrients

- including micro-nutrients and trace elements)

At the far ehdkof the root medium spectrum is the hydroponits
approach to plant growth where kpla‘nt roots aré bathed in controlled |
nutrient solutions. Hydroponics usually takes the form of eithér
water or aggregate culture. In aggregate culture, which is‘ generally
simpler to set up and operate and thus more appropriate‘to the home

greenhouse, plants are supported in inert aggregates such as sand,
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gravel, or perlite. Hydroponic systems are quite compatible with
greenhouse operations and offer the advantages of increased sterility,
lower volumes of rooting mkedia, and the potential for complete
automation.  Nutrient solutions must be monitored cafefully, however,
since imbalances can occur as hutrients are used up. Hydroponics is
the most "intrusive" system, requiring man-made chemicals as well as

more specific equipment such as containers, pumps, and timers.

This concludes a discussion of plant requirements as they fhigh‘t
apply to gr',ee‘nhouse design in terms of defining the conditions sought
in the cohtro!led environment. The next section will introduce the
topic of solar design through a review of ~somé basic thermod‘ynamic

principles as a means of attaining the goals of climate Control.



PART 3 THERMODYNAMICS
AND PLANT GROWTH
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Part 3 Thermodynamics And Plant Growth

An understanding of some basic principles of the movement, and
interaction of energy and heat is essential in any discussion of
energy-efficiency. In greenhouse design we are concerned specifically with
the energy flows which work together to optimize the conversion of solar
energy into the chemical energy of plant parts, in this case food. Between
sun and food are a number of intermediate steps and interactions. This
section traces energy pathways relevant to the creation of an “artificial
climate" and to the production of food in such an environment.

3.1 Solar Energy

The source of virtually all energy on earth is the sun. It is in
reality a giant nuclear fusion reactor in which hydrogen nuclei are
fused to form helium, a process whereby mass is converted to
energy. The vast energy release is "contained" by the tremendous
gravitational force of the sun itself. The radiant energy create
arrives at the earth 8.3 minutes later in many different

wavelengths,35

The greatest proportion (51%) of the radiation is in the high
frequency (short wavelength) région. This consists of visible light
with 46% of the total output, and ultraviolet with 5%. The remaining
49% is the longer wavelength infra red radiation which is invisible but

can be felt as sensible heat.36

Of all the solar radiation incident upon the earth and its atmosphere,
as much as 35% is reflected back into space. The amount of radiation
that does reach the earth is dependent upon how much atmosphere it
has to pass through, since the atmosphere not only reflects but
~absorbs and s’cat‘ters radiation as wéil. Thus when the sun is low in

the sky, radiation must pass through more atmosphere and less
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actually reaches the earth., (Fig. 9).

Figure 9. Light penetration through the atmosphere

Similarly, the angle of incidence of the sun's rays on a surface will
determine how much energy the surface actually receives. A surface
perpendicular to the sun's rays will receive the most energy; the

further from perpendicular,‘ the less energy received. (Fig. 10)
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Incident Angle Radiation

Angle Intercepted
(degrees) (percent)

0 100.0

5 99.6

10 98.5

15 96.5

20 94.0

25 90.6

30 ‘ 86.6

35 81.9

40 76.6

45 70.7

50 64.3

55 57.4

60 50.0

65 42,3

A=ALTITUDE ANGLE R 70 34,2
: 75 . 25.8
\ | = ANGLE OF INCIDENCE 80 7.
‘ -85 ; 8.7

0.0

90 ‘ :

Figure 10. ‘Intensity‘ of radiation and angle of incidence (Mazria).

Note that a surface can be as much as 250 away from perpendicular
to the sun and still intercept over 90% of the direct radiation.

Basic information such as this is important in determining optimum
angles for glazed surfaces as well as absorptive or reflective surfaces

in a greenhouse.

3.2 Solar Energy Transfer

It should be re-stated that the radiation reaching the earth'é surface
is composed primarily of visible light and infra red radiation. The
distinction is made because both types of radiation do not behave
exactly the same. Both types of radiation, upon reaching the earth
can be either reflected transmitted or absorbed, depending upon the

type of material they intercept.
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For example, polished chrome and white plaster are both highly
reflective to visible light. The chrome is referred to as specularly
reflective because the angle of reflection of the light equals it's angle
of incidence, while the plaster reflects light in a diffuse or scattered
manner. However, the infra red part of the sun's radiant energy,
while being reflected by the chrome will be absorbed by the plaster.
In general, most surfaces will absorb infra red radiation unless they

have a highly polished or specularly reflective appearance.
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Figure 11. Reflection of infra red and visible radiation.

Radiant energy that is not reflected will either be transmitted or
absorbed. Visible radiation is mostly transmitted through glaSs.
“'Glass is therefore keferred to as being transparent. A material that

diffuses the light it transmitts is called translucent.

Materials which transmit light do not necessarily transmit thermal

radiation. Thus while glass is transparent to visible radiation, it

transmits almost no thermal radiation. (fig. 12)
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Figure 12, Transmittance of glass and radiation curves (Lebens).

Finally,‘ radiation that is neither reflected or transmitted is absorbed.
Solar radiation that is absorbed by a material is converted to thermal
energy or heat. . This expléins why glass is‘highly suited to
gathering solar enérgy. Sunlight is transmitted‘by the glass,
absorbed by objects in the space, and converted to heat, which
cannot pass back out through the glass. This prbcess of trapping
heat is commonly referred to as the greenhouse effect and is the

very basis of energy-efficient greenhouse design.

3.3 Thermal Energy Transfer

Heat is thermal energy and temperature is the measure of this
energy. As more heat is added to a material, its temperature will‘
increase. Thus the same amount of heat energy can be stored in a
small volume of hot water or in a larger volume of cool water.37 |n .
other words, a fixed amount of heat energy causes less of a

temperature increase when absorbed by a greater volume of material.

Objects tend towards temperature equilibrium with their

surroundings. Whenever a temperature difference exists, the object
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at the higher temperature acts as an energy source, and heat energy
will move from hot to cold. The greater the temperature difference,

the more quickly the heat energy will move. Heat energy moves by
one of three processes: conduction, convection, and radiation.

Conduction is heat flow through a solid mass. (fig. 13). The rate
of heat flow through a substance is called thermal conductivity.
Generally, metals are good conductors of heat energy, while air is

quite poor.‘ Thus good insulation materials are those that trap air.

Figure 13, Conductibn through a: solid.

Convection is heat movement via currents in a fluid (liquid or gas).
For example, as a warm object warms the air surrounding it, the air
becomes lighter and rises away from the object. = Cooler air then
moves in to replace the warm air. The same process can occur in a

liquid in a container which is being warmed (fig. 14).
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‘Figure 14, Convection in a liquid.

Radiation is the flow of heat in the form of electromagnetic waves
from a high temperature bbd‘y to one at a lower temperature.
Radiant energy does not need a medium through which to move and
can flow even in a Vacuum, just as the sun's radiant heat reaches
earth through the vacuum of space. The amount of energy flow

through radiation is dependent upon the temperature of the radiating

surface.

D
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Figure 15. Radiation.
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3.4 Thermal Principles in Greenhouse Design

As stated in the discussion of solar energy, the fundamental principle
underlying the function of a greenhouse is the so-called greenhouse
effect where visible light, after passing through glass, is absorbed
by materials in the greenhou‘se, converted to heat, and prevented
from escaping‘ because of the opacity of the glass to Iongwave

radiation. The greenhouse effect is summarized in fig. 16,

INFRARED

Figure 16. The greenhouse effect

It must be pointed out that while glass is opaque to longwave
kradiation, it is still not a good insulator because it absorbs heat and
conducts it to the outside. Thus while glass is responsible for large
temperature gains, it is also the source of major heat losses when the
sun is not shining. Because they have large areas of glass,
‘greenhouses, are subject to wide temperature variations. In
conventional greenhouses, these potentially damaging temperature
swings are eliminated by mechanical intervention: removal of excess

heat and addition of supplemented heat when required.
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In passive solar design, attempts are made to store the excess heat
within the space until it can be used later when it is needed. The
usual approach is to incorporate materials which have a high heat
storage capacity. Such materials are referred to as "thermal mass".

Thermal mass performs two functions:
1. It prevents overheating of the space as it absorbs heat and

224 It stores this energy for release later when tem‘peratures in the

space drop.

Thermal mass can be any material that absorbs and releases heat.
However, not all materials undergo the same temperature rise when
they absorb a given amount of heat. For example, to raise each
cubic meter of the air in a greenhouse by one degree C., requires
only about .37 Kcal. which explains why a greenhouse can overheat
‘sok eaksily. By way of contrast, a cubic meter of concrete at room
‘temperature needs 516 Kcal. to gain one degree, and a cubic meter of

water needs 997 Kcal. ‘

By ’placing massive materials such as concrete and/or water in the
gteehhouse, peak temperatur‘es are lowered sihce these materials
‘a,i)SOrb‘ a “great deal of the ‘sun's energy that normally goes into
warming the air. As these materials absorb‘energy, they increase in
ftemp‘erakture. At night, when air temperatures in the greenhouse
dr‘op below that‘of the thermal mass, the heat is radiated back to the :
greenhouse. Thls stored warmth prevents the temperature from

droppmg as low as it otherwise would,38

Water is a common choice for thermal storége‘ because it‘es‘to_rk'es ‘th‘e“
most heat per unit volume of ahy Common!y available material. This
measure of a material's ability to store heat is called its volumetric
h‘eat‘ capaeity and is a product of its specific heat and density. The
following is a list of some common materlals along with their specnﬁc,ﬁ

“heats, densmes, and heat capacmes.
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Specific Heat Density Volumetric Heat Capacity

(cal/g © C) (Kg/M3) (Kcal /m3 oC)
Water . 0,999 998 997
Mild Steel 0412 7830 940
Rock, typical 0.21 2640 550
Concrete 0.23 ~ 2240 ‘ 516
“White oak 0.57 750 429
Brick, building 0.20 1974 395
Clay 0.22 1010 : 222
Gypsum ; 0.26 802 209

- Heat capacmes of some common materials at room temperature (from :

Howell & Bereny)

Specific heat is a measure of how much heat a substance can hold
(relative to water at 150C). While concrete and clay have roughly‘
~the same spec:flc heat, concrete can store more than twice as much

heat per unit volume because of its much higher density.

Besides haVing a high heat capacity, a good storage material must

have good conductivity. Wood is not a very good choice for thermal ‘

mass, even though it has about the same heat capacity as brick,

because it has poor conductnvuty and cannot effectlvely move the heatf

from its surface to ItS mterlor.39

Another class of ‘heat storage materials used in passive solar design
are "phase change" materials such as sodium sulfate decahydra‘te,‘
calcium chloride hexahydrate, and sodium thiosulfate. These
‘mate‘rials‘ can store much more heat t‘h‘an any conVentional material
because they store latent heat rather than sensible heat. This is the
_heat of fusion that is stored in molecular bonds as a substance
~undergoes a reverS|ble phase change. To be effective ihese materials
must change state within the "low-grade" temperature range of the
greenhouse. These phase change materials can store from five to ten
times as much heat as a given volume of water,40 depending upon the

water temperatures being considered. Earlier problems with
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phase-change materials, including limited lifetime, container
corrosion, segregation of the salt mixtures into their separate
components, and highk cost have been resolved, and a variety of
ph‘ase change products is now entering the marketplace.
Cost-effectiveness is beginning to approach ihat of more common
materials 41 and commercialization will likely bring costs down further

in the future.

Whatever the material, thermal maés should be placed where it will
receive as much direct sunlight as possible, since shortwave radiatioh
that is absorbed is converted to heat energ‘y. Dark-coloured,
non-reflective materials absorb the most shortwave radiation and are
therefore the best for heat storage containers or materials. This can
be in direct conflict with the need to reflect light from non-glazed
surfaces and a compromise must often be struck in the design of the

greenhouse,

Absorption of radiant heat energy, however, is not‘dependent on
colour, but rather on surface composition and density. Polished or
"shiny" surfaces reflect heat radiation, while most other surfaces
absorb heat energy reg‘ardless of colour.#2 This means that int‘erior‘
surfaces not in direct illumination can be light in colour. Since they

can absorb heat energy, they should be of a relatively highk heat

capacity.
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Figure 17. Surfaces not in direct sun.

Conventional storage materials such as water and concrete are bulky
and occupy valuable growing space in a greenhouse., Another
strategy in heat storage is to remove the excess heat from the
greenhouse and store it remotely. This is usually accomplished in

one of two ways:

1. Storage or use in the parent building;

2, Storage in a rockbed.

Both of these approaches are somewhat more complicated than direct
gain storage (ie: the storage of heat within the greenhouse itself)
since they involve mechanical air movemént;. Systems using fans in
conjunction with passive solar techniques are commonly called

"hybrid" systems.,

Moving the heat to the parent building can only be successful if the
home can use the excess heat prdduced by the greenhouse without
itself overheating. Since most homes are of wood frame construction
and contain relatively little thermal mass, overheating could be a
probliem.: Because the heat is not stored within the gree ouse, the
heating system of the house must supply heat to ,_» e at

&7

night in order to maintain minimum tempenrf
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ductwork required to move heat to and from the greenhouse could be

fairly complex and expensive.

Rock bed storage is a system often used in solaria and greenhouses.
In this approach, warm air is forced through a bed of rocks just

below the floor. Heat moves back to the space by direct radiation.

(668 4¢i¢T

— = ,..‘

Figure 18. Heat storage in a rock bed

A rock bed, while being more complicated and expensive than
direct-gain mass, can be justified in a greenhouse where thermal
mass can often be shaded by plants, containers, or benches. Also,‘

because greenhouses have a high ratio of south-facing glazing to
interior volume, the large heat gain can often be too high to be

absorbed by adjoining spaces and direct~gain mass combined.43Thus
the rock bed can act as reserve thermal capacity when needed (which
could be a substantial part of the year). Finally, the thermal mass
embodied in a rock bed does not occupy growing space in the
greenhouse itself. In any case, ‘some‘experts feel that the heat
removed to a rock bed Should not amount to more than 1/3 of the net
heat gain of the spaée, both to ensure optfmum operating efficiency,
and to prevent the system from being totally dependent upon external

pdwer for reliable operation.‘m
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PART 4 Greenhouse Design
4.1 Site

The primary objective in siting any greenhouse is to maximize the
expdsure to sunlight throughout the year and particularly in winter.
This requirement was easily satisfiéd in conventional greenhouses
which were typically free-standing and glazed on all sides.
Traditionally, these greenhouses were usually oriented north-south
for even light distribution thro‘ughout the day. = However, it has
been shown that in latitudes above 40 degrées N., illuminati‘on and
temperature levels are higher in gre‘e‘nhouses oriented a‘long an
east-west axis.#5 Furthermore, because little or no appreciable solar
~radiation comes from the northern sky in winter, a solid north wall
will eliminate considerable heat loss while reducing light levels only
slightly.46 Only during summer do significant afnounts of solar
radiation come from the north. In attached "lean-to" gkeenhouses the
solid north wall becomes the common wall between house and

greenhouse, with the facing wal‘l‘ glazed and open to the southern

sky.

The optimum orientation of the glazed wall is;due south, although
some authorities contend that an orientation slightly‘ east of south is
more beneficiél sihce plants get a boost in temperature earlier in the
day when both indoor and outdoor teiriperatures are low from the
night before. An orientation west of sbuth, on the other hand,'
receives less morning kradiation and more exposure to direct radiétion
in mid-afternoon - a tim‘e‘when outside tefnpkeratﬁu‘res are highesi and
the sun is low enough to penetrkate the glazing and contribute to

- overheating, especially in summer.

In any case, the orientation and site considerations of the existing
house will impose the most significant constraints on the greenhouse

location. Many existing houses are not oriented alon‘g primary
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compés‘s (north-south, east-west) axes, although this situation will
undoubtedly change as neighbourhood planning for solar access
becomes a more important issue. In such situations, McCullagh
recommends locating the addition on the southeast face, provided it is
not greater than 45 degrees from due south.47 Gough also
recommends limiting main solar apertures to within * g5 degrees of
south, since beyond these limits: ‘

1) solar transmission (of glazing) declines rapidly, and
2) the amount of radiation received by a given surface declines
rapidly,.48

The National Research Council of Canada advocates limiting glazing
~orientations to * 30 degrees of due south, pointing out that beyond
these limits, glazed surfaces will lose more energy than they collect
between October and March.49 Mazria similarly advises t 390 degrees
~as a limit. This along with the fact that maximization of direct
sunlight is also of prime concern in greenhouse location in terms of
plant growth suggests that it is reasonable to limit the orientation to
within t 39 degrees of due south, with southeast orientatibns be‘ing‘ ;
preferred over southwest.

Another important site factor is the amount of shade on the proposéd
site, particularly in winter when the sun is low in the sky, and when
solar gain is most important. While maximum sun e‘xpdsure is
desireable, it is not reasonable to attempt to eliminate shading ‘on‘the‘
south facing glazing for the entire day. This is because shadows are
of infinite length at sun'rise‘ and sunset, and again because beyond
incident angles of appr‘ox‘im‘ately 50 degrees, light tran‘smission of
most glazing materials declines rapidly. It is therefore ‘us‘efu‘l to
define a s‘hade-—fr‘ee zone within 50 degrees in either direction of ‘thk‘e
glézed surface and to restrict planting in this zone to low-growing
plants which will not cause shading in the future. (fig. 19) |
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HORIZONTAL. o VERTICAL

Figure 19. Shade free zone.

Even deciduous trees in winter will block from 30% to 70% of the sun's
radiation, depending upon the species. While some shading of the
greenhouse addition may not significantly affect greenhouse plant
growth, it will result in reduced solar gain with a corresponding

increase in auxilliary heating costs.

Before finalizing the greenhouse Iocation,‘ potential obstructions and
shade patterns should be plotted on the site plan, A sun path
‘diagram for ’Winnipeg's‘ latitude (50 degrees) will be useful in
determining exposure to the sun at different times throughout the

year.

‘A final site factor in locating the gf‘eenhouse is exposure to winds,
which influence a building's energy consumption through increased air
infiltration and increased conductive losses. While the problem of air
infiltration is minimized 'in modern air-tight construction, conductive
and radiative heat losses are especially significant in a greenhouse

due to the large areas of glazking (the principal site of such heat
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losses). Con.trol of winterk‘winds should therefore be a goal of a
greenhouse site design. Winds during the heating season in Wihnipeg
are most prevalent from the south, northwest and north (in that
order) and plantings, fences, and other wind control strategies
should be designed to obstruct, deflect, or filter winds without

interfering with winter insolation.

4.2 Greenhouse Planning: Initial Considerations

After the site constraints have been evaluated, initial planning should
address the function of the proposed greenhouse. For example, the‘
size of the greenhouse. Will“depend not only upon the limitations of ;
the existing dwelling and site, but also upon the expectations of the
potential users. Expéctationys may range;from growing a few leaf
Vegetables and herbs in winter to a major commitment to produte all

of a family's vegetable needs.

Other factors can influence greenhouse size as well. Generally
speaking, the smaller the greenhouse, the more likely it is to
experience extremes in temperature fluctuation due to the smaller‘
contained volume, and to the higher exposed surface area relative to
interior volume. It is easier to maintain a more constant air

temperature in a larger space.

Some authors suggest a starting point for good thermal performance
would be a minimum interior area of 7.5 square meters, while 14 m2
might be an adequate size to supply a family of four with vegetables
throughout the year.50 Personal experience suggests that this figure
~is a reasonable estimate; ~What is important, in any case, is the net
useable grbwing space (both horizontal andkver"tical)‘after su‘ch"“ k
componénts as thermal mass and circulation space h‘ave‘ been taken
into account. A greenhouse that is too small may be very difficult to

plan efficiently.,
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While a conventional all-glass greenhouse can be virtually any size
and shape, the configuration of an energy-efficient design is a
function of a tradeoff between light admission and heat retention.
The width (east-west) of the greenhouse can be essentially unlimited:
however the maximum depth is limited and is largely a function of
the slope and exact configuration of the south wall. For any given
sun angle, the more steeply sloped the south wall, the less light
penetration there will be, and the less effective depth the greenhouse
can have. (Fig.20). |

Figure 20. South wall angle and light penetration.

(The design of the south wall will be diséussed in greater detail in

the next section)

The depth of the greenhouse should be such that no significant
shading will occur during the ahticipatedseasons of use. Unless the
greenhouse will not be used in the summer, the critical design angle
will be the sun's highest altitude of the year, on Juné 21, 12 noon.
In Winnipeg, this will be 63.7 degrees. (Summer use of the

greenhouse should not be discounted, especially in cooler climates.
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Excellent yields can be had with vegetables such as peppers,
eggplant and melons which require high temperatures and/or a long
season fdr optimum results. Depending upon the summer, these
vegetables can be only marginally successful outdoors because of cool

weather or an early fall).

Note that the maximum sun angle is suggested as a general guideline
in spite of the fact that photosynthesis ih most plants may be
saturated by the high summer irradiance levels. It is assumed that
some form of shading will be employed to reduce heat gain in
summer, providing a general reduction in illumination over the entire
floor area rather than extremes of bright sun and full shade (shading
is discussed in section 4.8). A greenhouse with too great a
north-south dimension may cause problems with phototropism (leaning
of plants towards light) due to high contrast levels. ‘ .

For maximum thermal efficienéy, end wallsk(east and West) should be
opaque and insulated, since an east or west window loses more heat
than it gaihs over the heating season. However, opaque end walls
will cause shading and will render the back corners of the
greenhouse unuseable for much of the year. ‘
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Figure 21. Shading from end walls.

For this reason, east and west walls should be at least partially
glazed. If the greenhouse is relatively long in relation to its depth,

the end wall losses will be proportionately smaller (fig 22).

Figure 22. Proportions of east/west glazing to south glazing
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The end wall glazing could be made seasonally adaptive by covering
it with insulating panels during the most severe weather,thereby
significantly reducing heat losses. Removing the panels in the

spring would increase the useable growing area.

A door from the greenhouse to the outside should be considered a
necessity, particularly in light of the bulky materials such as soil,
peat moss, sand, and tubs and planters th‘af are associated with a
greenhoUse‘. "The outside door should be large enough to
accommodate large objects such as wheelbarrows, planters etc., and
should ideally be located on the most sheltered s‘ide‘ of the
greenhouse. A double entry or air-lock arrangement will prevent
large amounts of warm air from escaping and plants from being
blasted with frigid outdoor air each time the door is opened. The
heat losses from opening the outside door could represent a large
portion of the air in the greenhouse space, and a double entry
should be considered if this door: will be used in the winter. The
entry could perform other functions as well, acting as a storage

area, potting table, or as a "cool room" for growth of cool varieties

or for root storage (fig. 23).
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Figure 23. Double entry

A door between the house and greenhouse, while not absoluteiy
necessary, is highly recommended, since having to go outside to gain
access to the greenhouse could ‘disckou‘rage its use, particularly in
winter. Furthermore, a greenhouse that is highly accessible and
integrated with the pareht dwelling will probably add a great deal to
the enjoyment of both the greenhouse and the associated spaces. By
the same‘token, it is important that the greenhouse be capable of
being thermally isolated from the house both to prevent overheating
in the summer, and to allow for a winter "shutdown", if desired.

4.3 Foundation Design

In the design of greenhouse foundations special attention must be
paid to minimizing differential movement of the support, since gla‘zed‘
structures are highly susceptible to damage in this way.51 |Ip
attached structures especially, it is important that the greenhouse

remain stable in relation to the existing dwelling.

The two main causes of foundation movement in Winnipeg's clay soils
are soil settlement and frost heave. Soil settlement occurs after
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lens formation and adfreezing common to the fine-textured clays of the
prairies. Traditionally, uninsulated foundations ensured little or no
freezing in adjacent soils due to heat losses from the foundations
themselves. However, today's higher thermal standards for foundations can
result in greater depths of frost penetration. To prevent damage from
frost heave, foundations should rest on footings below the maximum depth
of frost penetration, or on friction piles that extend significantly beyond
the depth of frost kpen‘etr/ation. Back-filling with less susceptible materials
such as well-drained crushed rock is also helpful in that it prevents the
formation and adfreezing of ice lenses near the foundation surfaces. 52
Figure 24 describes some foundation systems recommended by the City of

Winnipeg for attached greenhouses.
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Figure 24. Suggested foundations.

‘Maximum frost p“resentatioh in Winnipeg rang‘es from 1.5 m. under snow

cover to 1.9 m. under clear pavement.

Another approach to the problem of frost heave employs in-ground

insulation to prevent freezing of the soil adjacent to the foundation.(fig.25)
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Figure 25. Insulation in soil mass.

Besides controlling frost heave, such insulation is also thought to improve
thermal performance in both winter and summer; enhancing summer cooling
benefits by enclosing a larger mass within the insulated envelope, while
still insulating the building from the surface to limit heat loss in winter.
While sOund in theory, the benefit of summer cooling has a substantial cost
in increased winter heat loss. Furthermore, this approach generally
requires more insulatioh, and the insulation is more susceptible to damage

in backfilling and soil settlement, leading to thermal "short circuits". 53

Insulation will be most effective and lead to fewer problems if it is placed
adjacent to and outside the structure. In this way, the concrete
foundation is available as thermal mass within the system. The most
appropriate insulation material for underground applications is extruded
polylstyrene,‘since itk is resistant to moisture absorption and retaihs its
insulative pr‘operties well in underground situations. Fig. 26 shows one
possible cdnfiguration for insulation of the foundation. However, final
placement of foundation insulation will also depend upon other ‘aspects of
the overall design, including configuration of growing beds and heat

storage strategies.
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Figure 26. Foundation .insulation.

4.4 The South Wall

In determining the configuration of the south glazed wall, a prime
objective is to maximize‘ solar gains throughout the season(s) of
anticipatéd ‘u‘se. “However, other factors ‘su"ch as site limitétiohs,
interior planning, and niicroclimate can also have an influence on the
final design. Ideally, to maximize heat and light collection, the south
wall should be as near perpendicular to the sun's radiation as
possiblé, since the angle of incident radiation determines not only
how much radiation the surface will intercept, but also what

proportion of the radiation is transmitted through the glazing. (fig.

27).
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Figure 27. Transmittance of glazing vs. angle of incidence (Mazria).

The goal, then in choosing a glazing angle is to have as ideal an
angle (normal to the sun) for as long a period each day as possiblé,
and for as much of the chosen season as possible. If radiation is to
be maximized, the angle should be optimized for solar noon, when
radiation is most intense (except perhaps in summer when overheating
could be a problem). Some of the most general rules of thumb
recommend south glazing angles of latitude + 20 degrees (Mazria) or
latitude + 15 degrees (Clegg). In Winnipeg at latitude 49.9 degrees,
this would result in angles of approximately 65 to 70 degrees above
horizontal. If winter heat collection were the only objective, these
angles‘ could be considered ideal. However, if the greenhouse is to
be used during the spring and fall as well as winter, or if it will be
used all year, then obviously some sort of compromise must be
reached. Based upon National Research Council guidelines (Solar
Technical Series No. 2) optirhized angles for various se‘asons in

Winnipeg would be:

Winter 720
Spring/Fall 500
Sumer 269

These recommendations are derived from sun angles at noon for

December 21st, March/September 21st, and June 21st, and should be
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considered as general guidelines only. It is perhaps inappropriate to
co;hsider solar gain as the sole form determinant. In fact the
determination of an optimum angle may not be as importantas other
_considerations. Early research at the Brace Institute indicated that
the angle of south glazing was not as critical as many had predicte‘d.‘
54 This is because most glazing materials will admit a high percentage
of direct sunlight over a wide range of incident angles (fig. ).
Losses from reflection often are over-emphasized, 55 and, as seen in
figure 27, until the angle of incidence reaches 50 degrees, solar

penetration of the glazing is still quite significant, 56

Diffuse radiation is also important to the growth of plants in a

greenhouse, whether originating from an overcast sky or reflecte‘d;
from snow on the ground. A uniformly overcast sky is hormally 2

1/2 to 3 times as bright 'overh‘ead as it is near the hkoriz‘on and over

80 percent of the overall available illumination comes from that part of
the sky above an altitude of 30 degrees from the horizon. 57 thus‘
overhead glazing becomes important during overcast periods.
Similarly, the diffuse I‘ight reflected from snow can significantly

increase the light (and heat) in the greenhouse. 58 In this case,

vertical glazing ‘would intercept more of this reflected Iight.

Perhaps even more important in the design‘ of the south wall are such
practical considei’ations as the amount of useable interior space in the
greenhouse, ease of layout and circulation, and relative ease of

construction.

It is a mistake to think of growing spaée in terms of floor area onl‘y.
As in initial planning of g‘reenhouske spaces, ‘the full size of the
particular crops must be taken‘ into account when working with sun
angles and considering areas of ‘potential shade. (fig. 28) It is
useful in greehhouse design to think in ferms of useable volume,

rather than just floor area.
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Figure 28. Useable space in the greenhouse,

Conversely, the desired depth of the greenhouse can influence the
angle of the south wall; the more depth desired, the lower the angle

of the wall.

At steep angles, greenhouse heights become impractical and will have
to be modified in most situations where the existing house form will

impose limitations.

In:greenhouses for northern climates, vertical glazing is i‘nc‘reasingly
being seen as the most efficient overall proposal for a number of
reasons. 39 As stated, the angle of incident radiation does not
become a serious limitation until approximately 50 d‘egr‘ees. At
Winnipeg's latitude this would limit light transmission only during the
summer months. The chi‘ef advantages of vértical'glazing are its ease
of construction and efficient use of space. A wall that is even a few
degrees off vertical can limit headroom and growing space. Vertical
glazing is often easier to integrate with conventional house

aesthetics, and offers greater ﬂexibility in the location of doors as
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well as operable windows and vents. Vertical glazing can make better use
of the light reflected from snow, which can add 40 percent
to winter light and heat. 60 |p sp‘ite of these advantages, vertical glazing
on its own may limit light penetration to a sign‘ificant degree. A
combination of glazinkg angles could combine greater light penétration with

the advantages of vertical glazing. (Fig. 29).

SNOW REFLECTANCE

FRESH : 75-95 %
OLD : 40-T10%

Figure 29. Combination of glazing angles

Snow and ice can also influence the choice of a glazing angle. Gently
sloping‘glazing‘will collect snow, and with double glazing it will be slow to
melt,‘ making that portion of the‘glazing unuseable until the snow is
cleared. Traditional greenhouses, with a single layer of glazing relied on
escaping heat to melt snow from shallow roofs. Shallow-sloped glazing is
also more prone to damage from hail and falling ice from overhead eaves,

and may have to be glazed with impact-resistant tempered glass or ;pl‘astics.

In a location where any amount of snow accumulation is likely, glazing

should not extend too close to grade. This will p‘revent snow buildup from
blocking the sunlight. An ihsulated solid knee wall of appropriate height
above grade (based on microclimate observations) will allow space for snow
to accumulate without obscuring the glazing. (Fig.30) A vertical knee wall

can also provide extra headroom in a design with sloping glazing.
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Figure 30, Knee wall for snow accumulation and headroom.

An easily overlooked but important factor in the design of the south
wall is the relationship of the glazing to planting beds. The bottom
of the glazing should not be at a higher level than the soil surface.
A sill which is even a few centimeters higher than the soil surface
can ‘shade‘a large proportion of the potential growing area, especially

at the low sun angles of winter. (Fig. 31).

Figure 31 Soil surface and glazing.
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From this discussion, it becomes apparent that there is no single
ideal choice in south wall angles, that any given angle has
advantages andy disadvantages, and that perhaps the importance of
~finding an ideal angie has been somewhat overemphasized. While
defining suitable angles for maximized insolation is one goal, other
factors such as greenhouse plan and layout, site limitations, and
microclimate are at least as important. As long as angles are kept
within the broadest limits with respect to solar coll‘ection, and ;
provided the greenhouse is sited properly for Maximum exp‘osure,‘
there should be little effect on efficency. While a particular angle
may‘ provide slightly more heat gain on a given day, it is important
to keep in mind the importance of light availability (both direct and
diffuse) throUghout the yéar for acceptable plant growth. Ultimately
the final configuration must rerknain‘ a compromise between thermal
‘efficiency, light penetration, and practical considerations of layout

_and construction.
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4,5 Glazing

Glazing is any material that is used to transmit radiant energy
(especiallyflight). It is the simplest solar collector in that light
striking objects in glazed spaces is converted to heat which is
trapped by the glazing material. Historically a variety of materials
from talc, soapstone, and mica, to oiled skins and pap‘erhave been
used as glézing materials. However, these served only a limited role
in admitting light, and it was not until‘ the development of glass that
significant light and heat could be admitted to interior spaces. Glass
has been in use since the seventeenth century and is today the most
fémiliar, widely used, and in many respects the best glazing material.
Within the last few years however, a wide variety of new materiais -
mostly based ori petroleum products - has been developed. While
glazing was traditionally desi’gned to admit light, the development of
solar glazing specifically for the‘ control and use of the sun's energy
for heat is increasingly kbeco‘mi‘ng a priority. In spite of all the new
materials avail‘abl;e, some feel that glass is still the material most

ideally suited to greenhouse design.61

Before discussing various specific glazing materials, the criteria for

evaluating a greenhouse glazing system must be examined.

While glazing can be a source of heat gain; it is also a majdr source
of potential heat loss in any building. The prime determinants of
heat gain and ‘k‘)ss are transmittance and thermal conductivity which
are primary physical properties of glazing materials themselves. Two ‘
other factors affecting heat loss, convection and infiltration, relate‘
more to the glazing system as a Whole, rather than a particular

glazing material.

Transmittance is the amount of energy that passes through a material
relative to the amount that reaches its surface. Transmittance varies

with incident angle, and values are expressed assuming perpendicular
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| - incident radiation. While this may not provide an accurate i‘ndication
of performance over a wide rahge of conditions, it does proVide a
basis for comparison. Different glazing materials have differ‘ent‘
surface reflectahce which can influence transmission at incident

angles other than perpendicular.

Transmittance is also affected by the thickness of the glazing material
and by the number of layers. For example, 3 mm glass has a
transmittance of .84 (84%) while transmittance for 5 mm glass is about
~«81. The transmittance of multiple glazing is found by multiplying
the trahsmittance values of the individual layers (eg 2 panes of"
single strength glass = .84 x .84 = .7056 or about 71%). ;Similarly
three layers of glass will have a transmittance of .590 (.84 x .84 x

.84) which can result in a significant reduction in solar gain.

Transmittance through glazing can bé either diffuse (translucent
glazing) or specular (transparekntk glazing). Translucent glazing
provides a more scattered and even distribution of light throughout
the greenhouse, while transparent glazing provides a more directional

tht pattern as well as unobstructed view to outdoor spaces.

The transmittance characteristics of a glazing ma'terfial can influence
heat loss as well as heat gain. As noted, the greenhousé effect
results from the fact that glass and other glazings transmit visible

radiation but do not transmit the infrared radiation emittéd after the
kligh‘t is absorbed by an object. Thus the degree to which a material
transmits infrared radiation can be a factor in the material's
suitability for ‘gr'eer‘\ho‘use glazing applications. Glass has very good
performance in terms of infrared radiation, tfansmitting less than 2%,
while pblyethYlehe, by way of compariéon transmits about 80%. Many
of the thicker plastic glazings come close to, but do not equal the
resistance of glass to thermal transmittance. ldeally, the bes‘t solar
glazing would reflect the heat radiation back into the space. This

can be accomplished only with special coatings. Instead, glass and
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other glazings with low infrared transmittance actually absorb this
radiation and reradiate it from both sides. Thus, in:structures with
large areas of glazing such as greenhouses, these losses through

absorption and reradiation are a major factor in heat loss.

While thermal conductivity is a major source of heat loss in glazing,
it is not a factor in comparing and Selecting individual glazing
materials, since conductivities of these materials do not vary
significantly., Compared to other building materials, however, heat
losses through glazing are very high. The conductivity of a material
is not directly proportional to its thickness, but it is influenced by
other factors such as the presence or absence of a dead air film at

its surface.

GLASS
OUTSIDE AR FILM—]  [—INSIDE AR FILM
WINTER (8.3 KPH WIND) RSl = O.12
RSl= .03 g
SUMMER (47 KPHWIND) {1
RS| = .O4
OUTSIDE 1 | INSIDE

Figure 32. Single glazing and air films.

This air filni is a function of surface texture and air movement across
the surface. Thus, two sheets of glazing material with an enclosed
space between have a much lower conductivity than the same two
panes sandwiched together. This is due to the added surface-to-air
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resistance at each face as well as the actual enclosed air which is a
relatively poor conductor of heat. Thus, double glazing has
approximately 50% less conductive loss than a single glazing. Beyond
two layers there are diminishing returns in the ratio of reduced
conductivity to decreased solar transmittance and thus double ‘glazing

is the most feasible choice in a greenhouse.62

Convection and infiltration are two other sources of heat loss
associated with glazing systems. Convection, as it applies to glazing

systems, is the movement of air as a result of temperature

differences. Warm air next to a cold window will lose heat to the

glazing through conduction. The air, once cooled, will descend and
displace other air in the greenhouse, starting a cycle or convective

“loops.

Convection can also occur between two layers of glazing if the air
space between panes is wide enough. This results in increased heat
loss because air currents assist in moving heat from warm to cool
zones (Fig. 33). The air movement is driven by the temperature

difference between the inner and outer glazing.
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Figure 33. Convection between glazings
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Theoretically, the more air space between the panes, the greater the
insulating effect, but convective losses increase significantly as thé
air gap increases, thereby negating any reduction in conductivity.
An optimum spacing between panes of double giazing is 12 mm.63 For
triple glazing, a spacing of 19 mm has been found to be optimum, but
to date, glazing manufacturers in Canada are still using a 12 mm
spacing in their triple-glazed units. Thermal resistance could be

improved by 25% with the increase in air space.b4

Air infiltration is a final source of heat loss associated with glazing
systemsk. The rate of air infiltration in a space is usually expressed
in terms of air changes per hour. For examplé, in-a traditional
overlapped-glass greenhouse, the air infiltration rate might be around
four air-changes per hour; possibly higher with a wind. This means
that évery 15 minutes, the warm air of the greenhouse is completely
replaced with cold air from outside. A carefully constructed and
sealed greenhouse could have an infiltration rate of .5 air Changes
per hour.65 Good design and con‘struction techniques can virtually

eliminate heat losses due to infiltration.

Care must be takén in designing glazing systems to allow for thermal
expansion, since glazing materials expand and contract as they
undergo tempekature changes. Movement of glazing as a result 6f‘
these daily and seasonal temperature swings can put stress on seals,
leading to air and moisture leakage. A material's coefficient of
expansion is an expression of its tendency to expand (or contract) as
a function of temperature and dimension. Glass has the lowest
coefficient of expansion of any commonly—u’séd glazing material. Some
plastics have coefficients of from 2.5 to 6 times that of glass.
Be‘cause thermal expansion is a function of sheet Size, large sheets
will‘ undergo a greater dimensiona! change than smaller sheets given
the same temperature rise. Thus, some plastics may undergo

excessive expansion and contraction when used in large, uniterrupted

sheet sizes.
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Even though glass undergoes less dimensional change, failure to allow
for expansion and contraction due to témperature fluctuations will

result in breakage.

Other factors influencing glazing choice relate to safety. For
example, glazing in overhead installations dictates that the glazing
material be impact resistant enough to withstand damage from hail and
falling objects such as ice from overhead eaves. Tempered or wired
“glass, or a more resistan‘t material such as rigid plastic would be
required. Similarly, fire séfety might dictate the use of glass rather
than plastic in overhead situations. Most plastics will burn and
should not be used in any situation involving high levels of heat
exposure. A viable solution in overhead glazing installations is a
combination glazihg of rigid plastic outs‘ide with standard glass

inside.

‘There are a variety of glazing materials appropriate for greenhousé
applications, each having certain limitations kandk advantages. Many
greenhouse designers feel that glass is unmatched in its suitability as
a solar'glazing material. It is the most durable material, highly
resistant to abrasion and ‘ultraviolet‘degradation, with a virtuallky
unlimited lifespan. Glass is also relatively inexpensive and has very
good thermal and light transmittance characteristics. For these
reasons, it is still used extensively in direct-gain solar applicatibns,
in spite bf the kvariety of new materials available. The major

disadvantage of glass is its very low impact resistance.

Higher strke‘ngth (tempered) glass can be used where standard glass
would be unacceptable. Tempered glass is about fi\)e times stronger
than standard glass and breaks ihto small blunt pieces rather than
kdangerous fragménts; Because tempered glass cannot be cut and isk
ordinarily made in:a few stock sizes, local availability s‘homd be

checked before designing framing members. Custom sizes can be
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ordered, but this will add considerably to the cost.

Tempered glass should not be confused with heat-strengthened glass.
While heat-strengthened glass is stronger than standard glass, it still

can break into dangerous sharp-edged pieces.

A special high-transmission grade of glass is available which is able
- to transmif more visible light due to its lower iron-oxide content.
| Because of its substéntially higher cost, this low-iron ‘gla‘ss is more
appropriate for use in high temperature solar collec‘tors‘wherke the
need for maximum light tra‘n‘smittance, along with proportionate‘ly
smaller glazing area justifies its use. Low-iron glass is not yet
readily available from glazing suppliers in Winnipég. Transmlttance

of Iow iron glass compares with standard glass as follows:

Douwble Glazing Triple Glazing

Standard Glass (3 mm) 718 60.5%

Standard Glass (5‘nm) 65% 53%
Low-lron Glass (5 mm) 77.8% 69.3%

Sev;ei'al types‘of plastics are available for use as gréenhouse glazing.
Plastics in general are more impact resistant and Iighter‘ in‘weight
than glas‘s. They also generally requnre more structural support are
less resnstant to weathermg, and have higher co-efficients of
expansion, in comparison to glass. Almost all of the plastic glazmgs
will eventually decrease in light transmlssmn and structural strength

as a result of weathermg, partlcularly from ultraviolet ||ght. ~

Acrylic sheeting (Plexiglass and others) is perhaps the most well
known of the plastic glazings and it is the most resistant to
weathering. With a life expectancy of 25 years, acrylic has been
shown to retain a significant amount of its transmissivity after many

years of exposure to the elements.66 Compared to glass, acrylic has
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slightly better transmission of visible light (89%) while it is less
opaque than glass to infrared radiation. This can be significant in
greenhouse installation.67 Acrylic sheeting is generally more
expensive than glass, but its high transmissivity, and long life make
it a good choice amongst plastics, especially in applications where
greater impact resistance is needed. A disadvantage of acrylic is its

susceptibility to surface abrasion.

Acrylic glazing is also available as a double-walled extruded glazing
(Fig. 34) which is less expensive than factory-sealed double glass
units. Double-walled acrylic is not completely transparent and

provides an obscured view. This may be a drawback especially

/ /)

where a view is desired.

Figure 34. Double-walled extruded acrylic glazing

Polycarbonate is similar to acrylic but is more impact resistant and
more resistant to higher temperatures. However polycarbonate has
lower transmittance (74 - 85%) and less resistance to weathering.
After prolonged éxposu‘re to outdoor conditions, it is prone to
surface cracking and discolouration leading to reduced light
transmission. It is most often used where high resistance to
breakage is a priority as in areas of potential vandalism. Howeve‘r,
polycarbonate has been shown to lose considerable impact strength
due to surface cracking resulting from weathering.53 Polycarbonate is
‘also available as a double-wall extrusion, similar to acrylic

double-wall, and a triple-walled version has been introduced.
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Fiberglass-reinforced plastic (FRP) is a semi-rigid material ma‘de from
thermoset polyester resins and 25-33% glass fibre. FRP is popular
with amateur builders and solar enthusiasts as it can be cut, handled
and installed more easily than other glazin‘g materials. It is more
susceptible to ultraviolet degradation and weathering in general, and
requires periodic renewal of the ultraviolet—inhibitiﬁg coating.
Deterioration from weathering results in discolouration, fibre popout,
surface microcracking, reduced light transmission, and increased
brittleness. Because of its semi-rigid nature and high coefficient of
thermalfexpansi‘on, it is difficult to maintain a tight, flat,
architectural appearance unless using doublé-glazed pre—manufaCtured
panels. Light transmission through FRP is very“g‘ood‘ (85% for the 1
mm thickness) but is diffuse and not spécular, thus obscuring

vision.

Of a vériety of thin plasticfilms‘ available, polyethylene is the most
~ widely used in greenhouse applications. This is because it is
relatively ineXpensive. "However, even the U.V. stabilized
greenhouse grade will provide‘only 1-3 years of service in outdoor
conditions. Commercial greenhouse operators étill find pdlyethylene
to be economically viable, however, even with annual replacement,
In a home greenhouse, where time may not be ‘com‘puted as an
operating cost, polyethylene can be considered a praétical choice,
~although most people would question its acceptébilityfr‘om‘an
aesthetic standpoint. The chiéf disadvantages of polyethylené are its
very high level of infrared transmittance and its‘susceptibiklity‘to;
tears and puncturés. Recently a much stronger fiberglass-reinforced

polyethylene has ;been made available specifically fdr greenhouse use.

Weatherable polyester is another thin film which ‘may have greenhouse
applications. Because of an integral U.V. stabilizer (as opposed to a
~surface coating) its life span is much greater than polyethylene.

Like most of the thin films, it has very good light transmission, but
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can be easily punctured.

Two other films with possible applications as greenhouse glazings are
polyvinyl-fluoride (PVF) and acrylic/polyester thin film laminate.
PVF (Dupont Tedlar) was developed for solar applications and has
good transmittance of visible light (90%). It too is susceptible to
tearing and puncture, which can be a disadvantage. Life éxpectancy
is up to 10 years. A‘crylic/polyester‘ laminate has similar life
expectancy and light transmittance. Resistance to infrared

transmittance is better than most films (less than 10%).

When conskidering any of the thin films for a greenhouse, permanence
is an‘k important consideration, in terms of weathering and especially
- mechanical damage. Weatherability can be greatly improved if a
susceptible material is used as an inner glazing behind a U.V. -
stable material such as glass or acrylic, since most of the ultraviolet
radiation will be filtered out. Many of the thin films have
app‘lic‘ations as inner ‘glazings in prefabr‘icated multiple-layered
arrays, and are perhaps most appropriate for these usés as opposed
to exposed applications. The most thermally resistant glazing system :
commercially available ‘con‘sists of two thin-film layers between two
layers of glaSs. Such a system has been shown to have better
thermal resistance than tripl‘e glazing while having equal or better
light transmittance.69 Research in the area of energy-efficient glazing
systéms is ongoing, and will undoubtedly lead to widely available

superior materials and systems in the future.

4.6 Window Insulation

While glazing can admit large quantities of solar heat it can alSo lose
a lot of heat - many times more than an insulated wall or ceiling -
due to its low therma‘! resistance. If the greenhouse is to operate
primarily on incoming solar gains, some form of moveable window
insulation will be neceésary to reduce the outflow of heat at night.
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When window insulation is used at night, heat loss through double

glazing can be cut by 45-50%.70

There aré a variety of window insulating systems from simple to
complex, with new products entering the market at a rapid rate. |In
evaluating any insulation system the primary criteria are thermal

_resistance, air infiltration, ease of operation, and durability.

As the fundamental purpose of window insulation is to reduce heat

flow, thermal resistance (R) values are of prime importance.

 The greatest proportional savings in heat loss can occur at the lower
end of the scale of R vélues, since insdlation tends to follow the law
of diminishing returns. For example, adding RSI.88 insulation to a
double glazing reduces heét loss by 38%, while doubling the R value
to RSl 1.76 will increase the savings by only 10% more to 48%. 71
These figures are based on use of the insulation for 14 hours per

day.

A low infiltration rate is important in any window insulatibn system,
and especially on an interior system. A good edge seal on window
insulation is important for a number of reasons. First, it will
decrease or eliminate conv“ectkio‘n at the window surface, which can
mak e the insulation almost useless, regardless of R value. Secondly, k
reduced infiltration and convection means reduced condensation at the
window surface which‘, in a greenhouse can be a seribus problem.
Finally, well sealed window insulation will reduce infiltration from
outdobrs, although this should not be an issue in a w;ellk-—kconstruc‘ted
greenhouse. (If there is infiltration however, it is better stopped at

the source using caulking or sealant).

Because window insulation must be used consistently to be effective,
operating convenience is an extremely important aspect. As one
author writes: "A low-R thermally lined curtain used regularly will
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outperform a high-R panel left in the closet", 72 Operating a
window insulation system twice daily throughout the heating system
can represent a significant investment in time and effort. Minimizing
this effort should be prime consideration. Completely automated
systems are available, but will add considerably to the cost of a

system.

Finally, durability and consistently reliable performance of a system

over time will be in important factor in system choice.

~Window insulation systems can be located outside, between, or inside

the glazing.

The main diskadvantage of exterior insulation systems is that they are
exposed to the elements and as such they must be capable of
withstanding the effects of sno‘w,, ice, rain, wind, and sun, while
still remaining‘operable. Unless they are operable from the inside,
~ operating them involves going outdoors twice daily - regérdless of
weather. Remote operation will add complexity and cost, as controls
will have to be strong, maintenance-free, and extremely well—seal‘ed;
against the outdoors. Systems with top-hinged panels will have
fewer problems with snow load. In spite of these drawbacks, some
feel that‘outdo‘or inSu!ation is _th‘e only realistic and safe solution

when al‘l;optio‘ns are considered.73

Between—glazing systems are perhaps the least common, but have
fewer operational probl;e‘ms,\ since the insulation is protected both
from the exterior climate and the human element. This means also
that the insulation makes the glazings immune to interior and exterior
"convection,, which results in higher R values. There is also less of a
condensation problem with glazing insulated in this way. The best
known is the "Beadwall" system, in which polystyrene beads are
blown bétweeh two layers of glazing. AdVahtages of the system are

that it provides a consistently higher R value and is totally



-3 -

automated. Disadvantages are that it is expensive and can take up a

lot of space for equipment and storage of the bead insulation.

Other systems offer operable venetian-blind mechanisms between
glazings, which can also serve to precisely control insolation and heat
gain. Still others employ multiple layers of aluminized fabric or
plastic film which expand to enclose dead air spaces between layers.
These materials are effective because they not only add thermal
resistance, but reduce convection between glazings and also reflect
heat radiation back to the inner glazing. Such units should have
tightly sealed inner glazings and removable outer glazings for

cleaning and servicing.

Interior window insulation syst‘ems are the most Widely available
commercikallky, and much of the new product developmeht is
concentrated in this area. Interior systems are the easiest to install
and, depending on the system, can be the least expensive.,  As
stated, the edge seal is especially importarit with interior systems due
to the potential condensation problem which could damage wooden

glazmg bars and the msulatlon itself.

Interibr insulation can take makny; forms. The most effective are the
rigid panels or shutters. While hinged shutter‘s are considered the
best choice for smaller, single windows (as in a conventional room)
removeable panels are more appropriate for the‘larger, closely spaced
glazi’ng of‘a greenhouse. These panels are often custom built from
rigid-foam insulation and can be co‘vered with reflective foil and
backed with board for support. They are best connected directly to
the glazmg by magnetic strips. These panels can be very efficient ;
due in part to the high R value of the foam board itself, and to the
‘fact‘ that there is essentially no air space between glazing and panel
which can lead to convection and greater heat loss. The problems
associated with 'rigid panels are the time involved in installation and

removal, as well as the need for a relatively large amount of storage
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space.

Flexible shades, while less efficient than rigid panels, are more

convenient to use in conjunction with the large expanses of glkazing in
a greehhouse. These can be roll-up or folding in nature, and many
variations exist. They usually consist of an insulating fabric, a
vapour barrier, and often a reflective layer (which may be one in the
same with the vapour barrier). Because much of their thermal value
derives from‘encios‘ing é dead air space;betweenkinsulation‘and

glazing, good edge seals are, once again, very important.74

Other types of fold-up or roll-up shades are of thekthin-‘walled,
multi-cell type used in between-glazing systems. Many new schemes
are being developed, based on new materials and combinations such
as laminated thin foam materials and aluminized mylar and polyester

reflective vapour barriers.

There is one serious problem with tightly-fitting interior insulation
systems which has come to light. That is the danger of broken
windows due to thermal shock which can occur when the morning sun
warms the cool intjer‘ior glazing of‘ kd‘ouble‘-pane units.75 |n fact,
manufacturers of sealed double-glazing warn against the use of even
heavy drapes and advise good air circulation between‘drapes and
windows.75 It may be some time before such issues are resolved and
a clear concensus evolves in this relatively new area. ‘

}A final point to consider is whether or not window‘ insUIation is worth
the investment in light of the new developments in solar glazmg‘,‘
‘systems.; Current thlnklng is that fixed insulation (le. highly
resistive glazing systems) which operates around the clock is more
effective. For example, triple glazihg, used 24 hours a day is just
as effective as a godd window insulatidn, over doub‘l“e kglazing, for 12
hours per day.77 This, too will have to be studied further as new

glazing systems become readily available.
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4.7 Heat Collection and Storage

As previously discussed, the function of thermal storage in solar
design is 1) to prevent overheating and 2) to store excess heat
energy for release when heat is needed. Heatstbrage is-a very
important component in an energy-efficient greenhouse because of the
large glazing area relative to floor area. In standard passive solar
design, south-facing glazing can be limited to reduce solar gain, but
in a greenhouse, the large areas of glazing necessary for adequate
light levels can admit many times the amount of heat energy required
to maintain minimum temperatures. If this excess energy cannot be
stored in some way, and if the parent building c'a‘nnot use it, it will
have to be vented outside and therefore wasted, if reasonable
temperatures are to be maintained. Overheating is probably the most

common problem associated with the energy efficient greenhouse.

Generally, heat storage strategies in a greenhouse can be classed as

_either direct gain or hybrid in nature.
Direct Gain Storage

Direct gain systems refer to those in which the collector, storage,
and distribution system are one in the same (thermal mass) and
operate‘ primarily through radiation and convection. Such systems
are generally the most simple and efficient, because heat radiatioh |s
one of the stongest forms of heat transfer in the greenhouse.
Johnsoh states that the fastest way ‘to pump 'heat into storage is to
flood it in sunshine. 78 Thermal mass which is exposed to direct
sunlight is referred to as primary mass. While primary mass will be
heated with the greatest efficiency, it is not necessary to have all
storage materials in direct sun in order to be effective. This is
because as objects absorb energy and heat up, they in turn radiate
energy which is absorbed by other objects in the space. This
| absdrption and re-radiation of energy will conktinue‘ uhtil a
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temperature equilibrium is reached. Thus, storage materials not in
direct sunlight can also absorb and store thermal energy. Such

materials are referred to as secondary mass.

Whatever ‘the type, the thermal mass must be located in‘t‘h‘e
~greenhouse in such a way that it can transfer its heat directly to the
plants at night by radiation as well as convectioh, since the
relatively low operating temperature which thermal mass typically
attains would not be sufficient to heat the greenhouse by natural
convection alone. 79 Thus, any interior surface exposed to planting
areas is a potential location for thermal mass. Lebens 80 found that
~ different ihterior sUrfaCes will have different proportions of radiativ;e:

and convective heat transfer as follows:

Surface ; % Convection % Radiation
Floor : .46 54

Wall ; 140 : 60
Ceiling ; 30 i 70

~These figures indicate that no matter where the mass is located,

radiation is an important factor in heat transfer from thermal mass.

Because direi:t gain storage r‘nus‘t‘ occupy ‘the greenhouse interior
where plants are to be grown, efficient use of space is of prime
importance. Since water is the common material capable of storing
thé greatest amount of heat per unit volume, it is the u‘sualchoice ‘
for direct gai‘nk storage.  Containers for water can be of any material,
but preferab!y ohe with good conductance such as metal. Containers
made from materials with relatively poor‘ heat transfer (such as
plastic) should be thin-walled. If opaque containers are used they
are most effective painted flat black. Other dark colours such as
dark blue have been shown to be only 5% less efficient than black 81
with the added possible benefit that the small amounts of blue light ;
reflected could play a role in counteracting the bending of plants |

towards the glazing as a result of the strongly directional light.
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Transparent or translucent containers are most efficient when the
water is coloured using black dye or any other dark colouring agent,
since the molecules of dye can absorb the light energy and transfer
it directly to the water. Computer simulations comparing opaque and
transparent containers show the‘transpérent to be slightly more
efficient at collecting incident solar radiation. 82 This is because
the water in the transparent container absorbs heat throughout its o
volume while ah opaque container absorbs at its surface and then
must transmit it to the water. As such, some heat can be lost to the

air befdre the water absorbs it.

 Containers can be anything that is readily (and cheaply) available,

‘but should use space efficiently. A number of types have been

used, the most common being the 209 1. oil drum. However, due to
its cylindrical shape, the oil drum wastes storage space. Another
problém with cylindrical containers such as drums is the !arg‘e
‘surface area on the sidésk, back and top which lead to high radiant

losses in directions which do not strike the plants. 83

Other cylindrical containers commonly used are steel culverts and
fiberglass reinforced plastic cylinders, available in various d‘ia‘meters
and lengths. A further problem with these taller containers is
stratification: the tendancy for warm water to rise to the top of the
container and stay there, whilé the lower p‘ortion remains cool. This
is less efficient because the warm upper section w‘ill lose heét faster
than if the same heat were dispersed thrbughout the volume. 89
“(Fig. 35). Similarly, radiation and convection at the top of the

greenh‘ou‘se does not benefit the plants down below.



- 78 -

Figure 35. Thermal stratification in tall water containers

Smaller, right—-angled containers would eliminate most of the problems
associated with oil drums and other such containers as they would
use space more efficiently and not be prone to heat ‘stkratification‘.
While seemingly easier to install, smaller stacked containers would
require some type of bracing for additional support to prevent

crushing from containers above.

A water container that appears to have few problems is the modular
steel tank. While not commercially ‘available such a container could
easily be locally fabricated and installed. T‘ankk size cou‘ld vary
according to the space limitations of the particular greenhouse, but
module size should be limited to enable easy moving and installatioh.
(e.qg. .5 x 1 x 1.5 m.). Note that unlike solid storage materials, the
thickness of such a "water wall" is not crucial because convection
within the container ensures that all of the water participates in heat
storage. Modular plastic "blocks" and panels specifiéally designed for

water storage are available commercially.
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The obvious location for any primary thermal mass will be against the
north wall. Exact placement depends upon the individual greenhduse
and such factors as the south wall configuration, window placement,
etc. End walls could be another potential location for directly
illuminated mass, especially the east wall since this is the surface.
which will intercept the low west sun which could cause overheating
from late spring to early fall. Anywhere the sun strikes is a

potential location for prim‘ary thermal mass.

|

POTENTIAL AREAS: i
PRIMARY THERMAL MASS

1 1 1 1 1

Figure 36. Locating prima‘ry thermal mass

The exact amount of primary thermal mass required is subject to a
number of variables and is discussed in more depth in Part 5. As a
general guideline, allow from .25 to .5 cubic meter of water storage
