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1.

INTRODUCTION

The long held belief that hydrocarbon energy sources
are limitless is rapidly being disproven.

While non-renew-

able resources such as gas, oil, and coal become limiting,
the fear of an energy shortage is becoming very real.

This

energy scare is resulting in campaigns to make the public
more concerned with how remaining sources of energy are used.
An examination of the major industrial users of hydrocarbon fuels reveals that tremendous amounts of energy in
the form of heat are released into the environment every day.
This heat is released in the gaseous state or as a heated
effluent.

In many cases, the high quality of this heat

would allow it to be used for beneficial purposes.
The concept of using waste heat is not new.

Many

attempts have been made in the past or are presently being
undertaken to put waste energy to work.

In many cases,

these attempts have not been successful due to technical,
economic, or political problems.

Dwindling energy supplies

and a conservation-minded public mean that greater efforts
must be made to solve these problems.
There are two basic reasons for undertaking projects
which make use of waste heat sources.
mic and the second is ecological.

The first is econo-

The economic reasons

become obvious when the rapidly rising cost of conventional
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energy sources is considered.

The ecological reasons are

based on concern for the environment when large quantities
of thermal waste are released into it.

Besides these basic

reasons, many would argue there is a social or moral obligation to make more efficient use of natural resources than
is presently the case.
Often steam-electrical generating stations or other industrial plants release large quantities of heated water
into lakes or rivers.

This can have disastrous effects on

ecological relationships.

Thus, projects may have as their

main concern the dissipation of heat in a way that is not
harmful to the environment.

Usually the most economic way

of dissipating this heat in an ecologically sound manner"is
to find a practical use for it.

Systems must be designed

to utilize the waste heat to economically improve the conversion efficiency of the fuels burned and at the same time
reduce environmental risks.
The major problem in utilizing waste heat from the
cooling water of steam-electrical generators is to develop
efficient transfer systems that remove the heat.

Often the

heat is of low quality so the design of the transfer system
is critical.

Some designs use closed-system heat exchangers

and others make use of contact-type

he~t

exchangers.

Although the heat released as part of gaseous exhausts
is one-third of that released as heated water, it still has

3

great potential as an alternative energy source.

Exhaust

gases also present an ecological concern because many of
the by-products of hydrocarbon fuel combustion contain
pollutants that are harmful to the atmosphere.

Systems

that utilize the heat of the exhaust, as well as removing
harmful components, would serve a dual purpose.
When the hot exhaust gases of hydrocarbon combustion
are considered, the

temperat~re

of the gases released is

often much higher than is the case with heated water, but
the noxious components of the exhaust present problems.
Heat exchangers that are part of a closed system and prevent the entry of noxious materials must be used or else
the noxious component must be removed from the exhaust to
allow its direct use.

If the

latt~r

method is possible,

a benefit other than heating could be realized.

The ex-

haust from hydrocarbon fuels contains large quantities of
carbon dioxide which could be used to enhance the growth
of crops located in protected environments.
In order to test this concept, experiments were conducted from August 1974 to January 1976

py

the Departments

of Horticulture Science and Mechanical Engineering to
study the feasibility of using the exhaust from a natural
gas-fired turbine for greenhouse heating and carbon dioxide enrichment.

The merits of the system were evaluated

using the tomato as a test plant.

4

2.
2.1.

LITERATURE REVIEW

Agricultural uses of waste heat

2.1.1.

Greenhouse heating

In Great Britain the use of warm water discharge for
greenhouse heating was proposed as early as 1962 (Anon.
1962).

The study undertaken showed such greenhouses cost

two to four times as much to construct and operate as conventional greenhouses.
According to Statham (1975), increasing costs of fossil fuels in Britain have created renewed interest in the
possibility of using warm water from thermal generating
stations.

It was proposed that experimental greenhouses

would be constructed at a thermal power station in the
fall of 1975.

They would utilize the heat in the water by

either using an air-blast radiator unit as a closed-system
heat exchanger or by using an evaporative heat exchanger
in a contact system.
Studies in Japan (Anon. 1975) were conducted in an
attempt to make use of the warm water discharge from
thermal power stations.

Experiments began in 1966 on the

use of warm water for greenhouse heating.
of using the heat were employed.

Several methods

In one instance the warm

water was circulated through vinyl pipe embedded in the
soil.

In another case the warm water was poured in a thin

film over the outside of the greenhouse to provide heating.
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In a third system the warm water was passed through a
closed-system heat exchanger.

Circulating fans continu-

ously passed air through the exchanger into the

greenhouse~

In the summer

this heat exchanger was operated for air-

conditioning.

In southern regions of Japan the heating

systems described above worked satisfactorily for all crops,
but in northern regions the temperatures could only be maintained at levels suitable for leafy vegetables such as
lettuce, spinach, and leek.
In Alberta work was begun in 1973 on a project designed to utilize waste heat from a thermal generating
system (Shaw and Trimmer 1975).

Since the water being dis-

charged from the condenser of the power plant varied between 27 degrees C in the summer to a low of 13 degrees C
in the winter, a very efficient mass transfer type of contact heat exchange system was required.

To meet this re-

quirement the water was passed through a "Filacell" type
of contact heat exchanger.

The warm water was trickled

down through a network of fine filaments at the same time
as the greenhouse air was passed up through the system.
The warmed air was then circulated through the greenhouse
at temperatures 5 to 7 degrees C below the temperature of
the water.

The problems encountered with this system were

excessively high levels of moisture in the air which
caused fog to form, ice buildup on the inside surfaces,
and greater disease incidence.

As well, the system was
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not able to maintain temperatures sufficiently high during
the winter to grow most vegetable crops.
An experimental waste-heat greenhouse was constructed
by the United States Atomic Energy Commission at the Oak
Ridge National Laboratories to determine methods of using
warm water released from a nuclear power station (Trudel,
1975).

The warm water flowed over aspen-fiber pads through

which air from the greenhouse was circulated.
system was used for cooling in the summer.

The same

To prevent high

humidity problems, a bank of fin tube heaters supplied with
warm water was placed in front of the aspen pads to act as
a dehumidification system.
100 to 80 percent.

This lowered the humidity from

A sheet of clear plastic was used to

construct an attic so that the greenhouse air could be continuously recirculated through the heating system.

The

feasibility of this system was supported in a study by the
Tennessee Valley Authority, Muscle Shoals, Alabama which
simulated the use of waste-warm water from a thermal
power plant (Gillham, 1974).

Cucumbers and tomatoes were

successfully cropped in this greenhouse both conventionally
and hydroponically.
Boersma and Rykbost (1975), working in Oregon,
attempted to use soil warming to heat an experimental
greenhouse.

The system used electric cables to simulate

underground pipes carrying warm water from a power plant.
The cables were placed 52 em below the surface and spaced
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122 em apart.

It was found that maintaining a heat source

temperature of 36 degrees C raised the average daily soil
temperature about 11 degrees C over the outside temperature.

At the same time the air temperature in the green-

house was only raised 3 degrees C.

It was concluded that

this technique did not provide enough heat to maintain
greenhouse temperatures and that the response time was not
adequate to adjust for sudden changes in outside air temperature.

Trudel (1975) reported that a similar study by

the United States Atomic Energy Commission also indicated
this system did not supply enough heat to be practical for
greenhouse heating.
According to Forgo and Bodas (1975), the warm condenser water discharged from a thermal power plant has been
used to heat an experimental greenhouse in Hungary.

The

heat was removed from the water by using a finned-surface,
closed-system heat exchanger.

Dissipation of heat from the

condenser cooling system was a primary function of the
system.

It was designed to cool the water sufficiently to

allow it to be recirculated back to the power station.

In

summer the fans could be reversed and heat was released
outside the greenhouse.

It was estimated the products

produced in such a greenhouse could be grown for 25 percent
less than in a conventionally heated greenhouse.
Gillham· (1974) reported that a complex in Rumania
used waste heat from a steam-electric generator to heat a
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132 hectare greenhouse.

The heat was obtained from the power

plant by a heat exchanger which was located between the
turbine and the power plant condenser.

Water was circula-

ted from the heat exchanger to the greenhouse located four
miles away and then back again in a continuous circuit.
The water reached the greenhouse at a temperature of 90 to
149 degrees C (195 to 300 degrees F) and returned at 40 to
71 degrees C (105 to 160 degrees F).

By taking the waste

heat from the system before it reached the condenser, a
much higher grade of heat was available.

No data were

given on the economics of such a system.
Experiments described by Font~s (1973), Hodges and
Hodge (1971), and Jensen and Teran (1971) have been conducted by the University of Arizona at Puerto Penasco,
Mexico, and in the sheikdom of Abu-Dhabi.

Greenhouse

facilities were constructed that utilized seawater as a
means of heating and cooling.

The seawater was passed

through packed column heat exchangers.

Air travelling

through the heat exchangers maintained greenhouse temperatures at or near the temperature of the seawater, as well
as keeping the humidity near 100 percent.

This was impor-

tant as water use was kept to a minimum in these desert
regions.

As well, some of the condensed water was collec-

ted from the insides of the greenhouse to be used on the
plants.

A variety of vegetable crops were successfully

grown in these greenhouses.
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Studies have been conducted in France on several unique
types of heat exchange systems for use in greenhouses
(Winspear 1975).

Hot thermal discharge water was passed

down plastic tubes placed beside rows of plants in a greenhouse.

This provided soil warming, as well as heating the

greenhouse atmosphere.

One type of tube had cylindrical

openings at regular intervals along its length with the
plants growing up through the openings.

No data were given

on the success of these schemes.
Mears et al (1974), working at Rutgers University,
proposed several interesting techniques for utilizing waste
warm water.

In one method described, the warm water flowed

down between the layers of a double-walled,air-inflated
greenhouse.

The warm inner layer kept the greenhouse warm.

Another system involved floating a greenhouse on top of a
warm water pond.

The polyethylene floor of the greenhouse

would act as an inexpensive heat exchanger.
The only reported attempt to use heat that was patt of
the exhaust of hydrocarbon fuel combustion was· described in
the Arizona study of Eisa et al (1971).

They attempted to

use the exhaust from diesel engines for COz enrichment, as
well as heating.

In this case, heating was not an important

consideration because of the southern location.

Ample heat

was available using this system, but toxicity problems developed with the pollutants found in the combustion product.
In Rumania flare gas from oil fields has been used to
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heat greenhouses (Hazen 1975).

This normally was burned in

open pits as a waste material.
Another source of energy used to heat greenhouses has
been sawdust.

Commercial units in Mont-Laurier, Quebec have

been built that were designed especially for that purpose
(Trudel 1975).

The burning sawdust was used to fire steam

boilers and then the greenhouse was heated in the usual
manner.
A naturally occurring source of waste heat that has
been used for many years in Iceland is geothermal heat
(Britton 1969).

Boiling subterranean springs supplied hot

water for heating acres of greenhouses.
2.1.2.

Soil warming

Allred et al (1973) reported on a study that was conducted at the University of Minnesota on the use of warm
waste water for soil warming in open field plots; at the
same time warm water su.b-irrigation was provided to counteract the soil drying effects of the warm underground pipes.
A crop of potatoes was sown three weeks earlier and harvested three weeks earlier than a control crop which was
seeded at the usual time.
between the two crops.

There was no difference in yield

A second crop was seeded immediately

after the first was harvested,and some market quality
potatoes were produced.

Frost damage to the tbps was a

problem in the early seeded plots and in a subsequent crop
plastic row covers· were used.
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A soil warming project was undertaken at North Carolina
State University to develop an effective method of heat dissipation and to study crop response (Skaggs et al, 1973).
Warm water (38 degrees C) was circulated through plastic
pipes buried at a depth of 51 centimetres with a lateral
spacing of 51 centimetres.

They found that surface irrigation

was more effective in improving heat dissipation than subsurface irrigation.

A variety of crops was grown and the

heated plots matured earlier and had stimulated growth rates.
Only slight increases in yield were reported.

In a winter

crop of cabbages the soil-warmed plots gave 3 to 4 degrees
C of frost protection.
Boersma and Rykbost (1975) carried out studies on the
feasibility of using waste warm water for soil warming in
open field plots.

They heated 1.0 hectare with underground

electrical cables to simulate a flow of warm discharge
water from a generating station.

It was discovered that

sub-irrigation was essential to insure good conductivity
around the pipes.

The sub-irrigation was supplied by

placing a perforated water line above the heating line.

A

wide variety of vegetable crops were grown and yield increases averaging from 30 to 80 percent were obtained with
most crops.
2.1.3.

Frost protection

Effer (1975) reported on a study conducted in Oregon to
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use warm condenser water for a spray irrigation system to
prevent frost damage.

Some frost protection was achieved

although it was not shown to be more effective than using
ambient temperature water.
2.2 .. Economic considerations of waste heat use
During the past five years the average cost of heating
an acre of greenhouses has risen approximately three times
(Trudel 1975).

He indicated that energy shortages would

force the cost of fuels even higher.

According to Anderson

and Teeter (1975), the costs for heating an average greenhouse unit in Ontario have risen from 16.7 percent of total
operating costs in 1973 to 36.8 percent of the total operating costs in 1975.

They indicated that in many cases this

rapid increase, along with smaller increases in labor and
materials, has resulted in greenhouse operators experiencing
a net loss on their operation when depreciation and interest
were considered.
Studies by Gillham (1974) indicated that waste-heat
greenhouses reasonably close to source of thermal discharge
such as a nuclear power plant could realize annual savings
of $15,000.00 per acre over conventional heating systems
based on 1975 fuel costs.

He also reported that consider-

able increases in net returns would be possible for a wide
range of vegetable crops grown in plots where soil warming
was employed.
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2.3.

Carbon dioxide enrichment

2.3.1.

History

In a historical review

Miller (1938) indicated that

the first attempts to apply carbon dioxide to greenhouse
crops on a large scale were made in England in 1902.

Main-

ly negative results were obtained which were thought to be
the result of impurities in the carbon dioxide along with
difficulties in measuring and controlling carbon dioxide
levels.

They considered a concentration of 1000 ppm to be

injurious to plants.

Similar studies in France in 1902

resulted in positive responses to carbon dioxide enrichment.

Dry weight yields were increased as much as 158 per-

cent.
Cummings and Jones, according to Wittwer and Robb
(1964), used carbon dioxide enrichment in 1916 to obtain
favorable yield increases with many crops.

The same

authors also reported that work by Riedel in 1921 resulted
in tomato yield increases of 175 percent and cucumber yield
increases of Z35 percent when supplementary carbon dioxide
was supplied.

A study by Owen (1923)'found that it was

possible to increase the yields of greenhouse crops by enriching the air with carbon dioxide.

Smill and White (1930)

used carbon dioxide enrichment to obtain increases of 16
percent in the yield of greenhouse

tomat~es;

however, they

found that the process of enrichment was not economical on
a commercial scale.
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In their review, Wittwer and Robb (1964) indicated
that little further interest in the commercial use of
carbon dioxide enrichment occurred until the early nineteensixties when Dutch growers began obtaining

dra~atic

in-

creases in the yield and rate of maturity of greenhouse
lettuce crops.

Since that time numerous studies have proven

the commercial benefits of carbon dioxide enrichment
(Wittwer 1967, 1970; Van Soest 1966 and Knecht 1975).
2.3.2.

Effects of carbon dioxide enrichment

2.3.2.1.

Morphology

According to experiments performed by Hopen and Ries
(1962), cucumber seedlings showed marked morphological
changes when grown in growth chambers under various levels
of carbon dioxide enrichment.

They found, after 21 days of

treatment, the plants grown in 350 ppm of carbon dioxide
produced 2.5 internodes per plant and in 450 ppm of carbon
dioxide 3.5 internodes per plant.
Morgan et al (1971) and Klougart (1967) reported dramatic increases in leaf area and dry matter production when
tomato plants in growth rooms were given carbon dioxide enrichment.

By maintaining a concentration of 500 ppm,

Morgan et al (1971) noted an increased leaf area of 131
percent and a dry weight increase of 107 percent.
According to Knecht and O'Leary (1974), carbon dioxide
levels of 800 ppm and 1200 ppm resulted in a greater number
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of flowers in the first three clusters on treated tomato
plants than control plants, but the total number per plant
was not affected.

They found that carbon dioxide enrich-

ment resulted in greater yields on a per-cluster and a perplant basis.

They attributed this to larger fruit resul-

ting from improved accumulation of photosynthates and to
increased numbers of fruit resulting from improved fruit set.
Morgan (1971) also found that for tomatoes

elevated carbon

dioxide levels resulted in increased flower numbers, but
the increases occurred in all trusses.

Unlike Knecht and

O'Leary (1974), he found that enrichment brought about significant increases in the total number of fruit produced
per plant.

In contrast, Hurd (1968) indicated carbon diox-

ide enrichment had no effect on the· number of tomato flowers
formed.

He suggested the effects of the elevated carbon

dioxide concentration were entirely the result of increasing
the photosynthetic rate and

henc~

the net assimilation rate.

Studies by Tiessen and Hilton (1963) showed that carbon dioxide enrichment had dramatic effects on the stature
and appearance of tomato plants.

They noted that the en-

riched plants had larger leaves, thicker stems, and a darker
green color.
According to Kretchman and Howlett (1966), carbon dioxide enrichment could have an effect on the shape of tomato
fruit produced.

They found enrichment reduced the amount

of off-shaped fruit in the spring crop, but not in the fall
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crop and reduced fruit puffiness in both the spring and
fall crops.

As well, they found that at normal growing

temperatures there was a decrease in fruit cracking in the
enriched environment.

At above normal growing temperatures

there was no difference in the percentage of cracked fruit
from enriched and non-enriched environments.

Wittwer and

Robb (1964) also reported that the quality, as indexed by
color, size, and shape, was improved when tomato plants
were provided with carbon dioxide enrichment; they noted
that a greater benefit was possible in the spring crop than
in the fall crop.
Another morphological effect of carbon dioxide enrichment was reported by Geisler (1963).

He found that higher

than normal levels of carbon dioxide favored root development.
The roots of enriched plants were found to elongate much more
rapidly than the non-enriched plants.

This was not attri-

buted to greater carbon dioxide absorption of the roots,
but rather to increased photosynthetic rate .by the upper
portions of the plant.

This was supported by Knecht (1975)

who found that root size in radishes was 4.5 times greater
at 1200 ppm of carbon dioxide as compared to 400 ppm while
the top fresh weight was only twice as great.
2.3.2.2.

Light

Studies by Hopen and Ries (1962), Klougart (1967), and
Hurd (1968) have indicated that elevated carbon dioxide

17

concentrations could compensate for low light intensities.
They found that a measurable benefit could be obtained under
light intensities as low as 100 to 300 foot candles.

Hurd

(1968) reported the benefit was the result of increases in
the net assimilation rate and an initial increase in relative growth rate as compared to non-enriched plants.

It was

estimated that the light intensity would have had to be increased by one-third to give the same effect as an increase
of the carbon dioxide concentration to 1000 ppm.

Studies

showed this compensating effect was much more pronounced
with immature plants.

The tomato plants grown under low

light intensities with enrichment had much higher net assimilation rates for the first thirty days and then dropped off
to become more like the non-enriched control plants.,
2.3.2.3.

Temperature

Carbon dioxide enrichment has been found to result in
changes in the optimal temperatures for growth according to
studies by Wittwer and Robb (1964).

They found that main-

taining the usual greenhouse temperature (17 to 22 degrees
C), while growing tomatoes with a carbon dioxide concentration of 2000 ppm, caused purpling of the leaves and curling
of the leaf tips.

Wittwer (1967) reported that with atmos-

pheric carbon dioxide and high light intensities the

photo-

synthetic rate was independent of temperature, but increasing the carbon dioxide concentration meant that the temperature became rate limiting and had to be raised for optimum

18

results.
Studies by Calvert (1972) on the effect of various day
and night temperatures, as well as carbon dioxide enrichment, on the yield of greenhouse tomatoes indicated optimum
temperatures varied depending on the stage of growth of the
plants.

He found that raising the temperature was effec-

tive in increasing yield only when carbon dioxide was supplied, but during the early stages of growth the night temperature had to be lower than the day temperature.

During

later stages of growth the best yields were obtained when
both day and night temperatures were maintained at higher
than normal levels.

On the other hand, Morgan et al (1971)

reported that maintaining a constant temperature was superior
to a day-night differential when carbon dioxide enrichment
was supplied.

They found that with higher temperatures

(over 26 degrees C) carbon dioxide enrichment was essential.
They also found that maintaining a higher night temperature
tended to result in the formation of compound trusses.
Krizek et al (1972) supported this point of view.

They

found that temperature was the most limiting factor for
seedling growth and that higher temperatures were required
with high levels of carbon dioxide.
Hand and Soffe (1971) carried out a study on the effects
of modulating the temperature in relation to the amount of
incoming solar radiation when different levels of carbon
dioxide enrichment were supplied.

They found a slight
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increase in the earliness of ripening and the size of
fruit although their results on the effects of the additional carbon dioxide along with the modulated temperature
regimes were inconclusive.

They felt that the effects of

the extra carbon dioxide supplied were largely dependent
on the cultivar of tomato used.
Daunicht (1966) found that raising the carbon dioxide
level did not affect the optimum temperature for growth
although he felt the sensitivity of the plants was increased
and that changing the temperature might have more of an
effect than it would under normal carbon dioxide concentrations.
2.3.2.4.

Nutrition

Pettibone et al (1970) found that tomato plants had
higher nutritional requirements when carbon dioxide levels
were raised to 1800 ppm.

Daunicht and Lenz (1973) attribu-

ted this increase in the nutritional requirements to the
increased rate at which nitrates and potassium were taken
in by the plant.
2.3.3.

Optimum carbon dioxide concentration

Gaastra (1959) showed that the photosynthetic rate in
tomato plants, as measured by carbon dioxide uptake, increased until a concentration of 1000 ppm was reached and
then levelled off.

This saturation at 1000 ppm was attribu-

ted to stomatal closure and a dramatic increase in mesophyll
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resistance which prevented the movement of carbon dioxide
to the chloroplast.

He also found that the photosynthetic

rate was much more·dependent on temperature under high levels
of carbon dioxide and light intensity, so he concluded that
some biochemical event might have become limiting at levels
above 1000 ppm.

There was no indication of toxic effects

on the plant when levels were raised above 1000 ppm.
Morgan et

~

(1971) carried out experiments to determine

the most beneficial conditions for propagating tomatoes in
growth rooms.

They found that plants responded to carbon

dioxide levels of at least 2500 ppm.

The most dramatic in-

creases, as measured by dry matter production and leaf area
increases, occurred when concentrations were raised from the
ambient level (300 ppm) to 500 ppm.

There were progres-

sively smaller increases as the higher carbon dioxide levels
were provided.
Studies by Madsen (1973) on the effect of carbon dioxide concentration on photosynthetic rate of tomatoes, using
fresh weights as a basis for comparison, indicated no further enhancement of growth beyond 2200 ppm.

Further studies

by Madsen (1974) indicated that high carbon dioxide levels
resulted in rolled and malformed leaves on the tomato plant.
He found that yields increased up to enrichment levels of
1000 ppm and then began to

~ecline

beyond this level until

they were less than the control when 3000 ppm were provided.
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According to Daunicht (1972), carbon dioxide concentrations above 1000 ppm resulted in complete saturation of
the photosynthetic rate in cucumber seedlings.

He attribu-

ted this to a problem in the rate of source to sink translocation.

The increased photosynthetic rate caused the

chloroplast to become clogged with starch.

When this hap-

pened the photosynthetic rate did not increase regardless of
which carbon dioxide concentration was supplied.

He found

no evidence that plants could adapt to extremely high concentrations of carbon dioxide.
Pallas (1970) found that extremely high carbon dioxide
levels might cause stomatal opening in plants.

He found this

to be the case with soybeans and noted open stomata on plants
exposed to carbon dioxide concentrations of 4000 ppm.
Ito (1972) applied high levels of carbon dioxide (1300
ppm) continuously over a 24-hour

period and found that this

had no inhibitive effect on the photosynthetic rate of
tomato plants.

Daunicht (1975) indicated that studies have

been initiated on the effects of maintaining high carbon
dioxide levels on a continuous basis.
2.3.4.

Effects of carbon dioxide enrichment on yield

Wittwer and Robb (1964) obtained an average increase
in yield of 43 percent when

growiri~

several varieties o£

tomatoes with carbon dioxide concentrations of 800 to 2000
ppm as compared to those grown under normal conditions.
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They found increased yields with all varieties, but some
gave greater increases than others.

Tiessen and Hilton

(1963) obtained yield increases of 29 percent for a tomato
crop growing with a carbon dioxide concentration of 300 ppm
above the normal concentration.

They did not observe any

varietal differences in the response to enrichment.

When

the carbon dioxide level was raised to 1000 ppm, Gardner
{1966) noted an increased tomato yield of 22 percent.

Simi-

larly, Calvert (1972) reported a yield increase of 30 percent with a tomato crop.

Other studies (Knecht and O'Leary

1974; Madsen 1974; Daunicht 1966; Siddall and Wall 1966)
showed tomato plants have improved yields under conditions
of enrichment.
Wittwer (1967) obtained yield increases of 33 to 147
percent with lettuce crops grown under enriched .conditions.
Morgan (1971) showed that carbon

dioxi~e

concentrations of

1700 ppm increased lettuce head weight by 20 to 25 percent
and the crops matured four weeks earlier.

Improved yields

were obtained on carbon dioxide enriched cucumber plants
(Wittwer 1967).

The improvement was attributed to the in-

creased number of pistillate flowers formed on the enriched
plants.
Many studies (Holley 1970; Lindstrom 1967; Adzima 1966;
Mastalerz 1966; Goldsberry 1963; Holley and Goldsberry 1961)
have indicated that
carnation~

non-veg~table

crops such as roses,

and chrysanthemums produced

gr~ater

yields when
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provided with carbon dioxide enrichment.
2.3.5.

Methods of carbon dioxide enrichment

The methods of providing carbon dioxide enrichment vary.
Owen (1923) used sodium bicarbonate and sulphuric acid in a
reaction to produce carbon dioxide.

Bolas and Melville

(1935) indicated the burning of paraffin in a pressure
burner was the common method of raising carbon dioxide levels.
In their experiments, Wittwer and Robb (1964) used carbon
dioxide obtained by evaporating tanks of liquified carbon
dioxide.

They also used small natural gas burners which

ran intermittently and provided enrichment.

Siddall and

Wall (1966) applied carbon dioxide vith a propane burner.
In order to ensure a uniform distribution of carbon
dioxide within the greenhouse, Calvert (1972) used a bulk
liquid supply of carbon dioxide which was injected through a
one-inch diameter plastic pipe at grdund level.

The released

carbon dioxide was then picked up by the normal greenhouse
circulating system.

According to Klougart (1972), who used

this system of distribution, the most efficient use of
carbon dioxide enrichment could only be made when care was
taken to ensure that the plant was in the proper environment for enrichment.

; This involved avoiding water stress

so that thestomates would remain open.

As well, ventila-

tion was prevented as long as possible by using low pressure
mist or sprinklers for cooling.

He stated that evaporation
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of water from the surface of leaves acted to keep leaves
cooler and reduce transpiration.

This led to improved photo-

synthetic rates due to improved carbon dioxide uptake.
Carpenter (1966) applied carbon dioxide to lettuce and
chrysanthemum crops by misting them with carbonated water.
This system was important in allowing enrichment and cooling
at the same time.

He did not state whether the carbon diox-

ide entered the leaves through the mist droplets or if it
first entered the air and then entered the stomates in the
usual manner.
In a review, Bailey et al (1970} described several
other techniques for applying carbon dioxide.

The techniques

included the sublimation of dry ice or the burning of liquid
petroleum and kerosene.

The beneficial effects of carbon

dioxide being released from the decomposing activity of
microorganisms in the growing medium were also described.
The review also proposed the use of carbon dioxide from the
exhaust of furnaces when efficient scrubbers became practical and available.
An early attempt to utilize the carbon dioxide found
in the exhaust gases of hydrocarbon fuel combustion was
described by Riedel (1922).

He patented a system for

chemically removing carbon dioxide from other impure gases
found in the combustion products of coal-fired furnaces.
this system

In

the carbon dioxide portion of the exhaust gases

was trapped by passing them through aqueous solutions of
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carbonates of the alkali metals.

These aqueous solutions

were then pumped to the greenhouse and heated to release
the carbon dioxide into the greenhouse atmosphere.

This

system was continuously circulated to provide a constant
supply of carbon dioxide.
A more recent attempt to utilize a waste source of
carbon dioxide was made by Eisa et al (1971).

They con-

structed equipment to purify diesel engine exhaust gases to
supply a source of carbon dioxide for plastic-inflated greenhouses.

A seawater scrubber was used to remove sulphur di-

oxide and nitric oxides from the exhaust and an activated
charcoal filter was used to remove organic gases.

In the

first attempt increased yields were obtained with lettuce,
eggplant, and cucumber crops.

In the second attempt there

was a reduction in yield along with crop damage.
not be attributed to any one gas.

This could

The nitrogen dioxide con-

centration, however, rose to 1.0 ppm and the experiment was
stopped.
2.4.

Environmental tolerances of the tomato plant to gaseous
pollutants
Many studies have indicated the tomato plant to be

relatively sensitive to gaseous pollutants.

According to

Haagen-Smit (1966), a common component of exhaust gases was
a nitrogen oxide (NOx) compiex.

The main gases making up

this complex were described as nitrogen dibxide (N02) and
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nitric oxide (NO).

A report by the United States Environ-

mental Protection Agency (Barth 1971) indicated that a
tomato plant could tolerate levels of between 3 and 10 ppm
of NO, but only between 0.15 and 0.26 ppm of N02.

Studies

by Middleton et al (1958) disagreed and stated that most
plants could tolerate 3 to 20 ppm of N02.

Another study by

Taylor and Eaton (1966) found that a concentration of 0.5
ppm of N02 caused significant growth suppression, increased
green color, and distortion of leaves after 10 to 22 days of
exposure.
Studies by Middleton et al (1958) indicated tomato
plants suffered damage when exposed to 1.9 ppm of sulphur
dioxide (S02) for one hour.

The leaves developed necrotic

spots that subsequently bleached white.

Van Berkel (1967)

listed a critical so 2 level for plants as 0.2 ppm.

Thomas

(1951) found the critical level to be 0.5 ppm for tomato
plants.
Thomas (1951) and Middleton et al (1958) both stated
that tomato plants cohld. tolerate ethylene concentrations
as high as 0.1 ppm.

They found the critical level for car-

bon monoxide to be 500 ppm and for ammonia 10 ppm.
According to Taylor (1968), the action of ultraviolet
light on N0 2 and ozone might result in the formation of
peroxyacyl nitrates (P.A.N.). Concentrations of P.A.N. as
low as 0.1 ppm for 5 hours caused severe damage to tomato
leaves.

Middleton et al (1958) also found 0.1 ppm to be
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the maximum concentration of P.A.N. that was tolerable.
They found that this level caused glazing and bronzing of
tissues with a collapse of the lower leaf.

They stated that

light was necessary before damage would occur.
Reinert (1975) observed that the mixture of gases in
the atmosphere could determine the degree of damage caused
to plants.

He found that

so 2

and NOz in combination caused

injury which was more severe than the·separate effects of
each.

When tomato plants were exposed to a mixture of 0.15

ppm of NOz and 0.10 ppm of SOz damage was noted after 4 hours
of exposure.
Plants have some ability to remove gaseous pollutants
from the atmosphere (Roberts 1971; Mastalerz and Oliver 1974).
Mastalerz and Oliver (1974) observed that alfalfa plants were
capable of taking up 0.03 ppm of NO and 0.57 ppm of NOz per
minute for each square meter of leaf area exposed.
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3.
3.1.

MATERIALS AND METHODS

Location and purpose
In October 1974, experiments were initiated in an experi-

mental greenhouse on the site of the Saskatoon Compressor
Station located 6 miles southeast of Saskatoon to evaluate
the horticultural and engineering aspects of utilizing exhaust gases from a gas-fired turbine for greenhouse heating
and carbon dioxide enrichment.

The first experiment was con-

ducted from October 1974 to January· 1975, the secortd from
February 1975 to July 1975, and the third from September
1975 to January 1976.

In all experiments the tomato culti-

var Michigan-Ohio (Lycopersicon esculentum Mill.) was used
as a test plant.
3.2.

Heat source
The exhaust gases were obtained from a 1100-horsepower

turbine manufactured by the Solar Division of the International Harvester Company, San Diego, California.

The turbine

burned odorant-free natural gas with the exhaust being released from the turbine at temperatures in the 385 to 468
degrees C range.

Approximately 18.6 kg per second of ex-

haust left the stack. carrying 5 x 106 BTU per hour.

The

turbine, which operated only during the cold months, was
used from January 4 to 30 in the first

experiment~

February

24 to April 11 in the second experiment,and November 19 to
January 31 in the third experiment.
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3.3.

Greenhouse design
The outside dimensions of the greenhouse were 7.9 x

41 metres and it was divided into three growing compartments (A, B and C) each measuring 7.9 x 11.9 metres (Figure
1).

The growing compartments were separated by two work

areas each measuring 7.9 x 2.7 metres.
constructed with

The greenhouse was

Superlight-design,stee~

quonset-shaped

arches obtained from Ball-Superior Company, Mississauga,
Ontario (Figure 2A).

The arches were attached to a 10 x 10

em sill resting on 10 x 10 em posts rising 0.9 metres out of
the ground.

A 5 x 30 em strip of styrofoam insulation was

installed around the perimeter of the greenhouse to keep out
ground frost.
The end walls and partitions were of wood-frame construction and were sheathed with 4-ounce Excelite flat
fibreglass obtained from Ball-Superior Company, Mississauga,
Ontario.

The remainder of the greenhouse was covered with

6 mil polyethylene plastic attached by plastic-covered wires
running over each arch and by wooden nailing itrips around
the perimeter.

For Experiments 1 and 2, Compartments A and

C were covered with a single layer of plastic and compartment
B with a double

layer~

When the plastic was replaced for

Experiment 3, Compartment C was covered with a single layer
and Compartments A and B with a double layer.

The work

areas were covered with a double layer of plastic.
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Figure 1:

Orientation and dimensions of the greenhouse
and compressor station.
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a
Figure 2 : a . University of Saskatchewan ' s
waste heat greenhouse .
b . The connection of the duct
used to carry exhaust gases
from the turbine stack .
c . The arrangement of unit
heaters , open - sided plenum and
circulating fan in the conventionally heated compartment (C) .
d . Tomato plants growing in saw dust filled plastic bags on
raised benches with capillary
tube watering .

b
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3.3.1.

Waste heat compartments

Compartments A and B were heated with waste heat obtained from the turbine.

Hot gases were drawn from the ex-

haust stack of the turbine by means of a T-junction attached
1.5 metres above the roof of the compressor building (Figure
2b).

A 45.5 em duct carried the gases down the side of the

building and underground to the greenhouse (Figure 3).

At

the greenhouse the duct divided into two with one supplying
Compartment A (Figure 3) and the other Compartment B.

Each

duct entered a mixing chamber where the exhaust gases were
mixed with outside air or air recirculated from the growing
chamber.

The mixing was controlled by using thermostatically-

operated, motorized dampers.

One thermostat controlled the

temperature in the growing compartment by regulating flow of
exhaust gases.

The other thermostat kept the mixed exhaust

at the desired temperature by regulating the flow of outside
air and recirculated air.
The gases were drawn through the ducts by two 38-cm
squirrel cage fans powered by 1 horsepower electric motors.
The fans were capable of discharging 325 cubic metres per
minute each.
In the first experiment the mixed gases were passed
directly into Compartments A and B and distributed by means
of a 61-cm diameter polyethylene duct with 10-cm horizontal
openings on both sides.

The openings were spaced 61 em apart

with the duct situated at the top and centre of the compartment.

Q)
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(.N
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1.
2.
3.
4.

Turbine
Exhaust stack
Exhaust gas duct
Mixing chamber

Figure 3:

5.
6.
7.
8.

Recirculating air inlet
Fresh air inlet
Fan
Polyethylene distribution duct

A schematic diagram of the waste-heat distribution
system to Compartment A (Experiment 1).

34

In the second experiment a modification was made to
allow the mixed gases to pass between the inner and outer
layers of Compartment B.

The layers were held apart by air

pressure and the gases were exhausted through ports at the
opposite end of the compartment (Figure 4).

Compartment A

was heated as in Experiment 1. ·
Further modifications were made in the third experiment.
Both Compartments A and B were heated by passing the hot gases
between the layers.

In Compartment A the layers were held

apart by 5 x 5 em wooden purlins running the length of the
compartment with the hot gases being exhausted out the end
of the compartment (Figure 5).

The layers in Compartment B

were held apart by air pressure and the hot gases were exhausted through three ports on each side of the compartment
(Figure 6).
For summer ventilation, two 46 em diameter two-stage
exhaust fans were installed.

The thermostatically controlled

fans drew air in through louvres located along each side of
the compartment.

This system was capable of providing 0.75

air changes per minute to keep the compartment at or near
ambient temperatures.
Back-up heat was provided in Compartment A by a 240,000
BTU output natural gas heater and in Compartment B by a
160,000 BTU unit.
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1.
2.
3.
4.

Exhaust gas duct
Fresh air inlet
Mixing chamber
Fan

Figure 4:

5.
6.
7.

Exhaust port
Inner layer of plastic
Outer layer of plastic

A schematic diagram of the waste-heat
distribution system to Compartment B
(Experiment 2).
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1.
2.
3.
4.

i

CD

Exhaust gas duct
Fresh air inlet
Mixing chamber
Fan

Figure 5:

5. Wooden purlin (spacer between
plastic layers)
6. Inner layer of plastic
7. Outer layer of plastic
8. Exhaust port

A schematic diagram of the waste-heat
distribution system to Compartment A
(Experiment 3).
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1.
2.
3.
4.

Exhaust gas duct
Fresh air inlet
Mixing chamber
Fan

Figure 6:

5. Exhaust port
6. Inner layer of plastic
7. Outer layer of plastic

A schematic diagram of the waste-heat
distribution system to Compartment B
(Experiment 3).
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3.3.2.

Conventionally heated compartment

Compartment C, which acted as a check area, was heated
in a conventional manner using two natural gas unit heaters
(160,000 BTU output).

The heaters were suspended from the

arches and faced toward an open-sided metal plenum (Figure
2c).

The exhaust from the heater was vented to the outside

and a 10 em diameter fresh air duct was installed to ensure
ample oxygen was available.

The heat was removed from the

metal plenum by a continually operating fan and distributed
by a 61 em perforated polyethylene duct identical to that
described for Compartments A and B.
A motorized louvre was placed in the end wall behind the
circulating fan.

This was wired to a 46 em exhaust fan.

Whenever the thermostatically operated fan was operating
the louvre opened allowing outside air to enter the circulating duct and lower the temperature in the compartment.
Summer ventilation for Compartment

C was the same as

that described for Compartments A and B.
3.4.

Cultural conditions

3.4.1.

Seedling production

Seeds were planted in 20 em clay pans using a 50-50
sand peat growing medium. The seeds were germinated in a
growth chamber with 21 degrees C days and 17 degrees C
nights.

After germination the seedlings were moved to a
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greenhouse with day temperatures of 24 to 27 degrees C and
night temperatures of 21 degrees C.

They were·watered as

required with a 1:20 solution of 20-20-20 analysis fertilizer
with minor elements added.
The seedlings were pricked out when the first true
leaves were completely visible.

They were planted in 10-cm

plastic pots using peat moss as a growing medium.

They were

watered in with a 1:20 solution of water soluble fertilizer
(20-20-20 with minor elements).

The strength of the fertili-

zer was gradually increased to 1:10 by the time the seedlings
were ready to be planted in the sawdust.

The seedlings

received supplemental illumination (2500 f.c.) to give 18hour days until they were pricked out.

From pricking out

until planting in sawdust they received natural illumination.
The transplants were planted in the various environments when
the first truss was clearly visible.
3.4.2.

Growth medium and planting density

Sawdust, obtained from a sawmill using Jackpine (Pinus
banksiana) timber, was used as the growing medium in all
experiments.

It was passed through a hammermill to break

up larger pieces of bark and to produce an even consistency
and then placed in 18-litre capacity plastic bags.

Drainage

holes were made in the bottom of each bag and they were filled
with 11 litres of sawdust.

The bags were placed on wooden

benches raised 15 em above the ground (Figure 2d).

Each
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bench was 45.5 em wide and 9.9 metres long.
grown in each bag with 52 plants on
benches in each compartment.

~ach

One plant was

bench.and five

This resulted in a planting

density of 0.35 square metres per plant.
3.4.3.

Nutrition and watering

The nutrients were supplied each time the plants were
watered.

The fertility levels were adapted from a procedure

described by Maas and Adamson (1971).

A modification of the

procedure was made by incorporating phosphorus as superphosphate (0-19-0) in the sawdust at the rate of 3.1 grams per
litre of sawdust instead of adding it in the liquid form.
The plants were watered with

~-strength

of the first concentration for 10 days.

nutrient solution

The natrient strength

was then switched from concentration 1 to 2 and 2 to 3 at the
times suggested by Maas and Adamson (1971).
The plants were hand-watered for the first 10 days.
After this the watering was performed automatically by means
of tubes (3 mm OD) leading to the base of each plant.

The

frequency of watering was controlled by a time clock.

It

varied from 2 to 4 times a day depending on water usage.
Every effort was made to ensure that there was no moisture
stress on the plants between waterings.

During each water-

ing enough water was given to allow some to drip through the
bottom of the bag to prevent salt buildup.
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3.4.4.

Training of plants

The plants were vertically trained on strings and pruned
as required to remove side shoots.
the plants were not topped.

In the first experiment

The second experiment had the

plants in the outside rows topped after 5 trusses had formed
and the inner three rows after 7 trusses.

In the third ex-

periment the outer rows had 5 trusses per plant and the
inner three rows had 6 trusses.
3.4.5.

Pollination

To ensure good fruit set the flowers were pollinated
daily with a hand-held electric truss pollinator.
3.4.6.

Disease and pest control

In all experiments the crop was sprayed with the recommended chemicals to control insects and fungi.
3.5.

Environmental conditions

3.5.1.

Growing temperature

The temperature
separate thermostats.
17 to 18 degrees C.

in each compartment was controlled by
The night temperatures were kept at
On cloudy days the temperature was

raised to 18 to 19 degrees C and on sunny days to 23 to 25
degrees C.

Temperatures were continuously monitored using

a Honeywell Electronik III 24-point temperature recorder.
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3.5.2.

Light

The plants received only natural illumination throughout
the experiments.

The greenhouse was painted with Kool-Ray

shading compound during June and July of 1975.
3.5.3.

Humidity

Humidity levels were uncontrolled throughout the experiments.
3.5.4.

Air circulation

The polyethylene tube running the length of the house
provided air circulation with a velocity of approximately
0.3 metres per second through the plant canopy.
3.6.

Data collection

3.6.1.

Light intensity

Light intensities in the three growing compartments were
measured under various environmental conditions with a YSI
model 65 radiometer.
3.6.2.

Carbon dioxide concentration

The carbon dioxide concentration in each of the compartments was measured by using a titrimetric procedure described
by Stern (1968).
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3.6.3.

Humidity levels

Records of humidity levels were taken with a hygrothermograph (Bacharach Instrument Company Model Serdex B) and a
wet and dry bulb sling psychrometer.
3.6.4.

NOx concentrations

The levels of NOz and NO were measured with a ThermoElectron Corporation Model 12A chemiluminescent NO-NOx gas
analyzer.
3.6.5.

Plant growth and development

At four-day intervals a sample population was measured
to determine the rate of growth.
measured in the two environments.
corded on a per-truss basis.

The stem diameter was
Flower numbers were re-

The fruit was picked when

ripe and records kept of the truss it came from and the date
it ripened.· The fruit was graded as marketable or unmarketable according to the Canada Agricultural Products Standards
Act.

Weights and numbers of individual marketable and un-

marketable tomatoes were recorded.
3.6.6.

Gas consumption

The amount of natural gas used to heat Compartment C,
and act as a back-up heat source in Compartments A and B,
was recorded by taking daily readings of the gas meters.

44

3.7.

Experimental design
The sample populations in the three compartments were

chosen by a stratified randomization procedure.

Each bench

was divided into quadrants and 3 plants randomly chosen from
each quadrant giving a sample of 12 plants per bench or 60
plants per growing compartment.
3.8.

Methods of statistical analysis
Analysis of variance was performed on the data and sig-

nificant differences determined by using the F test.
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4.

RESULTS AND DISCUSSION

To facilitate discussion the data concerning environmental conditions, plant growth and development, and greenhouse heating for the three experiments will be considered
separately.
4.1.

Environmental conditions

4.1.1.

Experiment 1

4.1.1.1.

Sulfur dioxide damage

The plants in Experiment 1 were damaged prior to turbine
operation.

In early November 1974

the unit heaters which

acted as a back-up source of heat in Compartments A and B
and the main heating source in Compartment C were not initially vented to the outside.

Until this was done, they gave

off higher levels of sulfur dioxide thanwereanticipated and
the plants were severely damaged.

All but the young leaves

near the growing tip had to be removed.

After the unit

heaters were vented, the seedlings resumed growth and had
reached the 4th-truss stage of development when the turbine
was started.
4.1.1.2.

Nitrogen oxide damage

On January 6, after 36 hours of exposure to the turbine
exhaust, the plants began to show damage.

The ·leaves that

had recently matured drooped and developed water soaked
spots (Figure 7a).

After 48 hours the spots began to dry
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and appeared as leathery, tan-colored necrotic patches on
the leaves (Figure 7b).
showed damage.

Only the newly expanded leaves

The old leaves at the base of the plant

and the new leaves near the growing tip did not appear to
be damaged.

Several days of turbine operation resulted in

the plants being severely damaged with only the leaves at
the tip of the plant remaining functional.

The symptoms

exhibited by the plants were very similar to the type of
damage caused by high levels of nitrogen dioxide (NOz) .in
the atmosphere as described by Taylor (1975).

The level of

nitric oxide in the compartments varied between 5.0 and 7.0
ppm and the nitrogen dioxide levels between 0.6 and 0.8 ppm.
The level of nitric oxide was at or near the 3 to 10 ppm
range which the United States Environmental. Protection
Agency (Barth, G.S. 1971) stated tomato plants could tolerate,
while the nitrogen dioxide level was beyond the 0.5 ppm
which Taylor and Eaton (1966) considered to be critical.
An attempt was made to remove the nitrogen oxides from
the exhaust gases by passing them through water.

In one

instance the gases were passed through a water spray.
did not lower the nitrogen oxide levels appreciably.
hot gases were then bubbled through a water bath.

This
The

Again

there was no appreciable drop in the nitrogen oxide levels.
It was therefore not considered practical to use water
scrubbing to remove the nitrogen oxides from the exhaust
gases.

Figure 7a.

Initial symptoms of nitrogen dioxide damage
showing the wilted appearance of the leaves.

b.

Nitrogen dioxide damage in a later stage
showing necrotic areas on the leaves.

c.

Frost covering the inside of the conventionally-heated compartment during a period
of cold.

d.

The inside of the waste-heat compartment
remained relatively free of frost during cold
weather.

e.

Plant development in the conventionallyheated compartment.

f.

Plant development in the waste-heat compartment.
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Attempts were then made to remove the nitrogen oxides
from the exhaust gases by adsorption.

The gases were passed

through a small canister containing activated charcoal.
When the exhaust gases passed through this material very
slowly, it was possible to lower the levels of nitrogen
oxides from 4.6 ppm to 1.3 ppm.
A filter containing activated charcoal was then constructed and placed in the duct supplying exhaust gases to
Compartment A.

This 2.5-cm thick filter severely restricted

the air flow to the compartment and the gases passed through
it so rapidly that the levels of nitrogen oxides were not
lowered.

It was decided that a much larger filter would be

necessary to allow the exhaust gases to pass through the
activated charcoal at a rate that would permit effective
filtration.
An experiment was conducted to determine the rate at
which activated charcoal adsorbed the nitrogen oxides.
The exhaust gases were passed through a 2.5-cm thick filter
at a velocity of 15 metres per minute.

It was noted the

activated charcoal adsorbed only 1 percent of its weight in
nitrogen oxides before requiring reactivation.

At the rate

described, this occurred after approximately 48 hours of
filtering.

It was therefore not considered economically

practical to use an activated charcoal filter to remove
nitrogen oxides from the exhaust gases.
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In performing the above mentioned tests, it was noted
that the plants left in the polyethylene bag used in the
charcoal filter apparatus

rema~ned

healthy for several days.

At the same time plants nearby that were exposed to the exhaust-gas environment showed typical nitrogen oxides damage
after 24 hours.
A trial was then conducted to determine the rate at
which nitrogen oxides passed through a polyethylene membrane.
Two boxes were constructed and one was covered with 6-mil
polyethylene and the other with 2-mil polyethylene.

The

boxes were flushed with outside air, sealed and placed in the
exhaust-gas environment.

Readings of the levels of nitrogen

oxides in each box were taken at regular intervals.
After 24 hours of exposure to 0.6 ppm of nitrogen dioxide and 5.2 ppm of nitric oxide the 2-mil box contained
0.1 ppm nitrogen dioxide and 0.5 ppm nitric oxide.

The 6-

mil box contained 0.1 ppm nitrogen dioxide and 0.4 ppm nitric oxide.

After 48 hours exposure the 2-mil box contained

0.3 ppm nitrogen dioxide and 0.8 ppm nitric oxide and the 6mil box contained 0.2 ppm nitrogen dioxide and 0.5 ppm nitric oxide.

It was evident that the nitrogen oxides passed

through the polyethylene very slowly and that the relative
levels of nitrogen dioxide and nitric oxide fluctuated,
rising at night and falling during the day.

At no time

did the concentrations of nitrogen oxides reach levels that
would be harmful to tomato plants.

The 2-mil polyethylene

so

did not appear to be as effective as the 6-mil polyethylene
in keeping out the nitrogen oxides.
Measurements of the carbon dioxide concentration within
the boxes were made after they had been exposed to 4000 ppm
for 48 hours.

The carbon dioxide concentration in the 2-mil

box was 3100 and in the 6-mil box 3050 ppm.

This indicated

that carbon dioxide passed through the polyethylene much
more rapidly than nitric oxide.

This differential rate of

movement of gases through polyethylene was reported by Phan
(1973).
On the basis of these experiments it was decided that
polyethylene acted as a

different~ally

permeable filter

which allowed rapid diffusion of carbon dioxide, but slow
diffusion of nitrogen oxides.

It was thus decided to

attempt to heat and supply carbon dioxide to Compartment B
by passing the hot gases between the two layers of plastic
covering it.

A measurement of the nitrogen oxide levels in

Compartment B, with the hot gases passing between the layers,
showed levels of 0.3 ppm of nitrogen dioxide, 1.3 ppm of
nitric oxide after 48 hours.

This was within the level

which plants could tolerate.
4.1.2.
4.1.2.1.

Experiment 2
Carbon dioxide concentration

The heating of Compartment B by passing the hot gases
between the layers of plastic resulted in significant
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environmental changes.

The primary effect was the elevation

of the carbon dioxide concentration.

The concentration in

the waste-heat compartment (B) was higher than the conventional compartment (C) at all times (Figure 8).

It was

not possible to heat Compartment A in the same manner as it
was covered with a single layer of polyethylene.

The carbon

dioxide levels fluctuated on a daily cycle as a result of
photosynthetic uptake by the plants and the varying amounts
of hot gases required for heating.

During the brightest

part of the day the concentrations in Compartment B would
drop to approximately 900 ppm and in Compartment C to near
300 ppm.

On days that were overcast and cold the levels

would remain high.

On sunny warm days the waste-heat source

would not be required and the carbon dioxide levels would
drop.

This meant that levels tended to be higher during

the first part of the experiment when outside temperatures
were lower.

The higher than expected levels in Compartment

C were thought to be the result of leaks in the walls
separating the two compartments, along with carbon dioxide
being released by the plants at night.

There may also have

been a small amount of carbon dioxide escaping from the
unit heaters.

After the turbine had ceased operation the

carbon dioxide levels were approximately the same in both
Compartments B and C.
4.1.2.2.

Relative humidity

While the turbine was in operation, the relative humidity
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Figure 8:

Average daily carbon dioxide concentration from February 27 to·April 11 while
the turbine was in operation (Experiment
2) .
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in the waste-heat compartment (B) was higher than in the conventional compartment (C) (Table 1).

This was the result of

the warm inner surface of Compartment B preventing condensation from forming while the cool surface in Compartment C
either had a layer of condensation or frost formed on it.
The humidity levels in the two compartments were approximately equal while the turbine was not operating.

The rela-

tive humidity averaged 67 percent and 53 percent in Compartments B and C respectively while the turbine was operating
and 55 percent and 56 percent while it was not in operation.
4.1.2.3.

Light intensity

Compartment C, covered with a single layer of polyethylene, generally received more light than Compartment B
with a double layer, however, during periods of low outside
temperatures the situation was reversed.

Th~

warm inner

surface of Compartment B prevented a frost buildup while
the cold surface in Compartment C developed a layer of
frost.

This reduced the light intensity in Compartment C

to levels below Compartment B (Table 2).
4.1.3.
4.1.3.1.

Experiment 3
Carbon dioxide concentration

The carbon dioxide concentration was considerably
higher in the waste-heat compartments (A and B) than in the
conventionally heated compartment (C) while the turbine was
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Table 1:

The range and average levels of relative humidity
recorded during the growth and development of the
tomato crop (Experiment 2).

ComEartment

B

ComEartment

c

Datea

Range

Average

Range

Average

March 13-20

62-74%

66%

48-60%

52%

March 20-28

59-71%

62%

42-62%

SO%

April 1-8

60-78%

68%

50-70%

58%

April 15-30

56-75%

68%

58-68%

64%

May 1-19

48-68%

56%

36-72%

56%

May 20
- June 17

32-70%

52%

50-70%

59%

June 17
- July 7

36-68%

54%

30-76%

58%

aTurbine was operating from March 13 to April 8 only.

Table 2:

An example of average light i~tensities (ergs cm-2 sec- 1 ) in the growing
compartments under four different environmental conditions.

Condition

Time

1

2:00PM
January 11

2

11:00 AM
June 5

3

4

10:15 AM
January 21
4:30PM
June 10

Compartment
-B

Environmental
condition

Condition of
greenhouse covering

Very cold

Heavy frost on inside
of Compartments A and
C with little frost on
B

8x10 4

15x10 4

10x10 4

Overcast and
cool

Heavy condensation on
the inside of Compartments B and C

-

15x10 4

19x10 4

Overcast and
cool

Slight condensation on
the inside of Compartments A, B and C

15x10 4

Sunny and
warm

No condensation on the
inside of Compartments
B and C

-A

-

c

15x10 4

20x10 4

55x1 04

63x10 4

V1
V1
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in operation (Figure 9).

In Compartment A the levels aver-

aged between 3200 and 5100 ppm and in Compartment B between
2000 and 3800 ppm.

The levels in Compartment C averaged

between 500 and 1300 ppm.
than in Experiment 2.

The levels were noticeably higher

This was attributed to more even dis-

tribution of the exhaust gases between the layers as well
as the double

l~yers

being extended to ground level.

In

addition, the outside temperatures were lower than was the
case in Experiment 2 and as a result the waste heat was on
more of the time.
The higher carbon dioxide levels in Compartment A than
B were thought to be the result of small leaks in the inner
layer of A resulting from the method of applying the polyethylene.

Correspondingly higher nitrogen oxide levels were

also noted in Compartment A although they did not reach
toxic levels.

The levels in Compartment C rose higher

than expected even though special efforts were made to seal
all leaks in the partitions between Compartments B and C.
It was assumed that the leaks may have been responsible, as
well as carbon dioxide escaping from the unit heaters as
reported in Experiment 2.
4.1.3.2.

Relative humidity

The average relative humidity levels in the three compartments were approximately equal when the turbine was not
in operation (Table 3).

While the turbine was operating,
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Figure 9:

Average daily carbon dioxide concentration
from November 19 to January 31 while the
turbine was in operation (Experiment 3).

Table 3:

The range and average levels of relative humidity recorded during the
growth and development of the tomato crop (Experiment 3).

Com12artment A

Compartment B

Compartment C

Date a

Range

Average

Oct. 7-12

42-64%

56%

50-70%

59%

52-58%

56%

Oct. 16-23

44-67%

58%

60-74%

68%

48-64%

53%

Nov. 1-12

50-75%

62%

56-70%

64%

50-74%

61%

Nov. 20-30

65-80%

78%

60-91%

81%

50-78%

66%

Dec. 15-3 0

73-:90%

85%

74-95%

88%

24-50%

36%

Jan. 17-27

82-96%

89%

75-95%

88%

28-67%

55%

Range

Average

Range

aTurbine was in operation from November 20 to January 27 only.

Average

VI
00

59

the levels were considerably higher in Compartments A and
B than in Compartment C for the reasons outlined in Experiment 2.

The levels tended to be slightly higher in the

waste-heat compartments in Experiment 3 than in Experiment
2.

This may have been the result of the greater warm sur-

face area.
4.1.3.3.

Light intensity

The light intensities tended to be generally higher in
Compartment C during the course of the experiment.

There

were no periods of extremely cold weather which would have
caused frost to condense on the inside of the.single layer
reducing light intensities.
4.2.

Plant growth and development

4.2.1.

Experiment 1

The loss of plants due to the sulfur dioxide and nitrogen oxide damage noted previously did not allow specific
data to be taken on plant growth and development.
4.2.2.
4.2.2.1.

Experiment 2
Vegetative growth

A comparison of the rate of increase in height of plants
in the waste-heat environment (B) with plants in the conventional environment (C) is presented in Figure 10.

The more

rapid growth of the plants in Compartment B did not appear
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A comparison of the average increase in height
of tomato plants in the waste-heat (turbine
operation from start until April 5) with conventional environments from the start until
the plants were topped (Experiment 2).
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to be the result of a more rapid rate of maturation, but
rather the result of an overall increase in the stature of
the plant.

This is indicated by the significant difference

in the intertruss distances (Table 4).
The stems were significantly thicker in the waste-heat
environment as compared to the conventional environment
(Table 5).

These differences

resulted in the waste-heat

treated plants being more sturdyand robust (Figure 7e and
f).

The leaves on the waste-heat plants tended to be more
curled and deformed than those on the conventionally treated
plants.

This would appear to be the result of the high car-

bon dioxide concentration.

This same effect was observed

in experiments conducted by Madsen (1974).
4.2.2.2.

Fruit-development

Trusses 1 to 5, with the exception of truss 3, formed
a significantly greater average number of flowers on each
truss in the waste-heat environment than in the conventional
environment (Table 6).

There was no significant difference

in the number of flowers formed on trusses 6 and 7.
The dates on which the major stages of cultural development occurred are presented in Table 7.

In Experiment 2,

trusses 1 to 5 developed while the waste-heat environment
was in effect.

The greatest difference in the number of

flowers formed was on trusses 4 and 5.

This was attributed

Table 4:

Average intertruss distance (centimetres) of tomato plants grown
in waste heat and conventional environments (Experiment 2).a

Truss·number
Treatment

Base-l

1 - 2

2 - 3

3 - 4

4 - 5

5 - 6

6 - 7

B Waste heat

61.2

24.9

21.4

24.7

24.7

25.8

24.1

C Conventional

57.7

2 0. 2

18.8

19.7

20.8

24.4

22.6

Standard error

0.64

0.53

0.32

0.38

0.61

0.56

0.90

Significanceb
B with C

*

*

*

*

*

ns

ns

aPlants exposed to waste heat environment from 68 to 112 days after
seeding.
bns indicates non-significant.
*significant at 5%.

0\
N

Tabl~

5:

Average stem diameter (millimeters) of tomato plants grown in
waste-heat and conventional environments (Experiment 2).a

Treatment

--

Diameter between
5-6 node

Diameter between
Truss 1 and next node

B Waste heat

9.26

12.50

C Conventional

8.41

10.94

Standard error

0.12

0.17

Significanceb
B with C

*

*

aMeasurements made after plants had been exposed to waste heat
for 25 days.
b*Significant at 5%.

0\
(.N

Table 6:

Average number of flowers initiated per truss on tomato
plants grown in waste-heat and conventional environments
(Experiment 2).a
Truss number

Treatment

5

6

7

10.8

7.3

5.9

4.9

7. 5

7. 5

6. 2

5.4

5. 2

1

-2-

-3 -

B Waste heat

12.6

8.8

8.0

C Conventional

11.4

8.0

4

Standard error

0.62

0.29

0.32

0.44

0.24

0. 3 0

0.24

Significanceb
B with C

*

*

ns

*

*

ns

ns

aP1ants exposed to waste-heat environment from 68 to 112 days
after seeding.
bns indicates non-significant.

*Significant

at 5%.

0"1
~

Table 7:

A comparison of the dates of the major stages of cultural development
in Experiments 1, 2, and 3.

Cultural stage
Seeds planted
Seedlings pricked out
Seedlings planted in
sawdust
Anthesis of 50% of first
flower on truss
1
2
3
4
5
6
7

First fruit of truss ripe
1
2
3
4
5
6
7

Experiment la
August 10
August 22

Experiment 2b
December 17
January 16

Experiment 3c
July 25
August 11

November 9

February 14

September 10

March
March
March
April
April
April
May 7

September 26
October 9
October 18
October 29
November 10
November 27

4
12
24
4
16
28

April 22
May 5
May 16
May 27
June 9
June 18
July 1

0'1
V1

November 27
December 16
December 26
January 16
January 27
January 29

aHigh levels of nitrogen dioxide in the exhaust resulted in the loss
of the plants before they flowered.
bwaste-heat environment provided from February 27 to April .11.
cwaste-heat environment provided from November 19 to January 31.
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to their exposure to the waste-heat environment for the
longest period of time.

A macroscopic examination revealed

that trusses 1, 2, and 3 were initiated before the wasteheat source began, but completed their development while
exposed to it.

Trusses 4, 5, and 6 were initiated while

in the waste-heat environment, but only trusses 4 and 5
were initiated and developed in the experimental environment.
Truss 7 was both initiated and developed after the use of
waste heat had stopped.
On the basis of the results it would appear that the
elevated carbon dioxide levels in the waste-heat environment had an effect on both the initiation of floral primordia and the development of the floral

truss~

The greatest

improvement in floral numbers noted in trusses 4 and 5 may
be attributed to the application of the high carbon dioxide
levels through both initiation and development.
not the case with any of the other trusses.

This was

The indication

that carbon dioxide enrichment increased flower numbers was
supported by the experiments of Daunicht et al (1973) and
Wittwer and Robb (1964).

On the contrary, studies conducted

by Hurd (1968) and Knecht and O'Leary (1974) found that enrichment did not significantly increase flower numbers.
There were significantly greater numbers of marketable
tomatoes developed on trusses 4 and 5 in the waste-heat
environment than the conventional environment (Table 8).
This difference can be attributed to the differences in

Table 8:

Average number of marketable fruit per truss on tomato
plants grown in waste-heat and conventional environments
(Experiment 2).a

Truss number
Treatment

-1 -

-2 -

-3 -

-4-

-5-

-6

7

B Waste heat

9.5

6.3

6.3

7.7

5.4

3.4

2.6

C Conventional

8.6

6.1

6.6

6.3

4.3

3.3

3.2

Standard error

0.45

0. 27

0.33

0.40

0.25

0.25

0.28

Significanceb
B with C

ns

ns

ns

*

*

ns

ns

aPlants exposed to waste-heat environment from 68 to 112 days
after seeding.
bns indicates non-significant.
*significant at 5%.

0\
-.....J
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flower numbers observed in these two trusses.

Likewise, the

slight differences in the two environments of the number of
marketable fruit formed on each of the other trusses relates
to the non-significant differences observed in flower numbers.
A comparison of the number of flowers formed on each
truss (Table 5) with the number of marketable fruit produced
(Table 8) would seem to indicate the primary effect of the
waste-heat environment was to increase flower numbers and
not to change the relative proportion of marketable fruit
developing.
The average weight of individual marketable fruits
tended to be slightly larger in the waste-heat environment
although the differences were shown to be non-significant
with all trusses except the third (Table 9).

This truss

appeared to suffer spray damage in the waste-heat compartment while it was flowering and tended to form fewer fruits.
As a result the individual fruits tended to be slightly
larger.
An examination of the average total yield from each
truss (Table 10) showed that the trusses which matured
while in the waste-heat environment produced significantly
higher yields than in the conventional environment.

The

exception in truss 3 was again attributed to the spray
damage.

The most significant differences in yield occurred

in the trusses 4 and 5 with increases of 24.2 percent and

Table 9:

Average weight (grams) of individual marketable tomatoes grown in
waste-heat and conventional environments (Experiment 2).a

Truss number
Treatment
--

1

2

3

4

B Waste heat

118.9

112.0

127.9

128.8

C Conventional

110.7

109.4

111.5

124.4

Standard error

2.98

3.27

3.65

3.33

6

7

132.6

149.1

152.0

128.2

142.2

137.5

--5

3.59

7.21

5.45

0"1
~

Significanceb
B with C

ns

ns

*

ns

ns

ns

aPlants exposed to waste-heat environment from 68 to 112 days after
seeding.
hns indicates non-significant.
*significant at 5%.

ns

Table 10:

Average yield of marketable fruit (grams) per truss on tomato plants
grown in waste-heat and conventional environments (Experiment 2).a

Truss number
Treatment

1

2

3

4

B Waste· heat

1120.4

723.8

776.8

952.4

673.1

729.1

C Conventional
Standard error

57.12

14.82

38.48

5

6

7

Total

961.8

692.7

549.2

373.6

4920.4

774.7

540.0

488.2

427.0

4329.9

-

48.73

36.49

43.48

35.84

139.07

-.....J

0

Significanceb
B with C

*

*

ns

*

*

ns

ns

aPlants exposed to waste-heat environment from 68 to 112 days after
seeding.
bns indicates non~significant.
*significant at 5%.

*
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28.3 percent respectively.

They were in the waste-heat en-

vironment for a longer period of development than any of
the other trusses.

The yields from trusses 6 and 7 did not

vary significantly in the two environments.

This was attri-

buted to their development after the waste-heat source was
turned off.

The average per-plant increase in yield in the

waste-heat compartment of 13.6 percent was significant.

As

was noted in Table 8, there was only a slight increase in
the average size of marketable tomatoes.

Therefore, the

increase in numbers of marketable fruit noted in Table 7 was
mainly responsible for bringing about the increase in yield.
Approximately 6.8 percent of the fruit produced ·in the
waste-heat environment and 5.7 percent of the fruit produced
in the conventional environment was unmarketable (Table 11).
The differences were not shown to be significant.

The main

factors making the fruit unmarketable were misshapen or
undersized fruit, cracked fruit, or grey mold damage.
data were taken on the relative proportions of each.

No
It

was noted that all the grey mold problem occurred in the
waste-heat compartment.

This was thought to be the result

of higher humidity levels that were a consequence of the
heating system.
The number of days from seeding until the first fruit
of each truss ripened was significantly less in the conventional environment than in the waste-heat environment on
truss 1, 2, and 3 (Table 12).

The number of days until the

Table 11:

Average yield of unmarketable tomato fruit per truss expressed
as a percent by weight of total yield in the waste-heat and
conventional environments (Experiment 2).a

Truss number
4

5

-6

7

Total

4.41

6.48

5.67

10.74

12.17

6.76

7.08

2.29

4.30

7.52

7.79

8.37

5.70

1.20

1.07

1.58

1.76

2.10

2.93

3.82

0.89

ns

ns

ns

ns

ns

ns

ns

ns

Treatment

-1 -

-2-

-3

B Waste heat

6.17

7.05

C Conventional

5.67

Standard error
Significanceb
B with C

--

aPlants exposed to waste-heat environment from 68 to 112 days
after seeding.
bns indicates non-significant.

.......:1
N

Table 12:

Average number of days from seeding until the first tomato fruit of
the truss is riRe in the waste-heat and conventional environments
(Experiment 2).

Truss number
Treatment

1

2

3

B Waste heat

138.4

148.9

159.7

C Conventional

134.4

141.5

154.3

Standard error

0.95

Significanceb
B with C

*

a

2.92
ns

5

6

7

167.2

181.0

187.5

201.6

167.8

178.8

190.3

197.3

--4

0.84
*

4.21

1.60

4.95

1.51

ns

ns

ns

ns

Plants exposed to waste-heat environment from 68 to 112 days after
seeding.

bns indicates non-significant.
*significant at 5%.

'-l

tN

74

first fruit of the remaining trusses matured did not vary
significantly. Ftom these data, it would appear that the
maturation of fruit in the elevated carbon dioxide concentrations was delayed as the development of fruit on the
first three trusses would have had the longest exposure to
the waste-heat environment.

This trend is supported in

studies conducted by Tiessen and Hilton (1963) that showed
the early spring crop receiving enrichment ripened three
weeks later than the non-enriched crop.

In contrast, Hand

and Postlethwaite (1971) and Wittwer (1967) indicated carbon dioxide enrichment hastened maturity.
4.2.3.
4.2.3.1.

Experiment 3
Vegetative growth

The sequence of cultural stages of development in Experiment 3 is presented in Table 7.

This crop was exposed

to the waste-heat environment only in the later stages of
its development.

As a result, the vegetative growth of

the plants was completed before exposure to the waste-heat
environment.
The increase in height was nearly the same in all compartments (Figure 11).

The slight tendency for the plants

to grow faster in Compartment B in the last weeks of growth
may have been the result of slightly poorer light conditions
caused by the double layer of polyethylene, which caused the
plants to grow more spindly.
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Figure 11:

31

14

7

Nov.

A comparison of the average increase
in height of tomato plants in the wasteheat (no turbine operation) with conventional compartments until the plants
were topped (Experiment 3).
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A comparison of the stem diameters in the two environments in Experiment 3 showed no significant differences
(Table 13).
Subjectively, no noticeable differences in growth
occurred in the three compartments during the early stages
of growth as they developed before turbine operation began.
This is in sharp contrast to the results noted in Experiment
2 when the plants developed vegetatively while exposed to
the waste-heat environment.
4.2.3.2.

Fruit development

The floral trusses were all initiated and floral development completed for the first 5 trusses before the wasteheat treatment began.

A comparison of the waste-heat and

conventional environments revealed no significant differences in the number of flowers formed with the exception of
truss 3 (Table 14).

There does not appear to be a specific

reason for the variation in truss 3.

These data contrast

sharply with the data in Experiment 2 where, under the influence of the waste-heat environment, there were significant differences in flower numbers.
On December 13 the plants in the conventional compartment (C) were completely lost through freezing.

This was

caused by a buildup of ice on the vent of the pressure regulator valve on the natural gas line entering the greenhouse.
With the vent sealed the gas no longer passed through the

Table 13:

Average stem diameter (millimetres) of tomato plants grown
in waste-heat and conventional environments (Experiment 3).a

Diameter between
Nodes 5 and 6

Diameter between
1st Truss and next node

A Waste heat

12.36

13.25

B Waste heat.

12.39

13.18

C Conventional

12.70

13.36

Standard error

0.18

0.12

Significanceb
A with B

ns

ns

B with C

ns

ns

A w:ith C

ns

ns

Treatment

a

.
Data taken after plants exposed to waste-heat environment
from 115 to 141 days after planting.

bns indicates non-significant.

--....]
--....]

Table 14:

Average number of tomato flowers initiated on each
truss in waste-heat and conventional environments
(Experiment 3)a.

Truss number
Treatment

-1 -

-2-

--

3

-4 -

-5 -

-6

A Waste Heat

9.1

7.9

8.1

7. 5

6.0

6.2

B Waste Heat

8.9

7. 2

7.5

7.3

6.5

5.9

C Conventional

8.8

7. 8

8.1

8.1

6.7

6.5
-.....]

00

Standard error

0.28

0.29

0.18

0.32

0.24

0.23

Significanceb
A with B

ns

ns

ns

ns

ns

B with C

ns

ns

*
*

ns

ns

ns

A with C

ns

ns

ns

ns

ns

ns

aP1ants exposed to waste-heat environment from 115 to
189 days after seeding.
bns indicates non-significant.

*Significant

at 5%.
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valve and the unit heaters went out.

The loss of this com-

partment made comparisons of the effects of the waste·-heat
environment with a conventional compartment impossible for
most of Experiment 3.

Only the first and second trusses

had matured to the point where valid comparisons in yield
could be made.
Data.were taken on the average number of fruit set and
sizing up on each truss at the time of freezing.

At this

time the plants in Compartments A and B had been exposed to
the waste-heat environment for 25 days.

The number of fruit

sizing up on truss 1 was significantly greater in the conventional compartment (C) (Table 15).

This sizing was com-

pleted before the waste-heat treatment began in Compartments
A and B.

The difference appeared to be the result of higher

light intensities recorded in Compartment C which was
covered with a single layer of plastic.

Trusses 2 and 3

were exposed to the waste-heat environment only in the later
stages of sizing.

Truss 3 had significantly more fruit

sizing in Compartment A than in B or C.

Once again this

was attributed to differences in light intensity.

Trusses

4 and 5 carried significantly greater numbers of fruit that
were sizing up at the time of freezing in the waste-heat
compartments (A and B).

These trusses had received the full

25 days of enrichment while they were sizing, so it is
possible the elevated carbon dioxide concentration may have
caused the differences.

It is interesting to note that

Table 15:

Average number of tomato fruit set per truss in
the waste-heat and conventional environments
(Experiment 3).a

Truss number
Treatment

1

2

3

5

4

A Waste heat

5.15

4.10

4.68

4.69

3.76

B Waste heat

5.52

4.23

3.95

3.25

2.63

C Conventional

6.30

3.93

4.02

2.00

1.23

Standard error

0.22

0.22

0.22

0.25

0.24

Significanceb
A with B

ns

ns

*

B with C

ns

ns

ns

A with C

*

ns

*

*
*
*

*
*
*

aData taken 140 days after seeding when plants had
been exposed to waste-heat environment for 25 days.
bns indicates non-significant.

*Significant

(5% level).

00
0
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Compartment B with a distinct light disadvantage was still
able to set more fruit than Compartment C.
The data for average number of marketable tomatoes;
total yield, and average size of individual marketable tomatoes arepresented in Tables 16, 17, and 18.

No valid com-

parisons between waste-heat and conventional treatments were
possible as trusses 1 and 2 had nearly completed development
before turbine operation began.

The data were of interest

when compared with the yields in Experiment 2.

In this

experiment (2) the first two trusses completed development
while exposed to the waste-heat environment and the yield
was greater in Compartments A and B than the conventionally
heated Compartment C.

In Experiment 3, without the benefit

of a waste-heat environment, Compartment C outyielded Compartments A and B.
The lower yields in Experiment 3 indicated that light intensity is extremely limiting for a late fall crop.

It should

be noted that this crop was started one month later than recommended for a fall crop in Manitoba (Campbell et al 1972)
in order to make more use of the waste-heat environment.
Another problem that may have lowered the yield in
Compartment A on trusses 5 and 6 was severe damage caused
by a buildup of nitrogen oxides.

At 3:00 a.m. on January

1 a heavy hoar frost caused the screen covering the fresh
air intake to plug.

Without fresh air mixing, the exhaust

Table 16:

Average number of marketable tomato fruits per
truss in waste-heat and conventional environments (Experiment 3).a

Truss number

-1 -

--

-

3

4

5

6

A Waste heat

3. 8

3. 2

3.4

2. 5

2.3

0.8

B Waste heat

4.3

3.3

3. 5

2.6

1.4

0. 7

C Conventional

5. 5

3. 5

Standard error

0.20

0.20

0.21

0.22

0.18

0.17

Significanceb
A with B

*

ns

ns

ns

*

ns

B with C

*

ns

A with C

*

ns

Treatment

--

2

aPlants exposed to waste-heat environment from 68 to
112 days after seeding.
bns indicates non-significant.
*significant at 5%.

00
N

Table 17:

Average yield (grams) of marketable tomato fruit per truss in wasteheat and conventional environments (Experiment 3).a

Truss number
Treatment

Total

1

2

3

4

5

A Waste heat

341.9

254.2

261.4

202.8

169.3

51.4

1260.5

B Waste heat

387.5

285.8

299.1

207.6

109.4

48.0

1319.2

C Conventional

472.0

303.3

6

Standard error

19.59

18.76

19.32

19.57

8.76

9.68

56.83

Significanceb
A with B

ns

ns

ns

ns

*

ns

ns

*
*

ns

B with C
A with C

ns

aPlants exposed to waste-heat environment from 68 to 112 days after
seeding.
bns indicates non-significant.

*Significant

at 5%.

00
t.N

Table 18:

Average weight (grams) of individual marketable tomato
fruits per truss in waste-heat and conventional environments (Experiment 3).a

Truss number
Treatment

1

2

3

4

5

--6

A Waste heat

93.7

78.9

74.9

78.0

75.9

70.4

B Waste heat

90.7

86.6

88.5

85.0

83.6

67.2

C Conventional

86.5

88.7
00

+::>.

Standard error

2.60

3.3

2.08

1.27

3.41

5.64

Significanceb
A with B

ns

*

*

*

ns

ns

B with C

ns

ns

A with C

ns

*

aPlants exposed to waste-heat environment from 68 to 112 days
after seeding.
bns indicates non-signficant.

*Significant

at 5%.
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gases entered the double plastic layer at temperatures high
enough to burn a hole in the plastic.

This caused nitrogen

oxide levels to rise to 6 or 7 ppm for a period of 7 hours.
This resulted in wilting and large necrotic areas developing
on most of the leaves.
The high humidity along with low light intensity in
Compartments A and B resulted in considerable loss of leaves.
The low light caused leaves on plants in the inner rows to
weaken and become chlorotic.

They very quickly became in-

fected with grey mold fungus (Botrytis cinerea).

This in-

fected some of the young fruit as well as considerably reducing the leaf area.
4.3.

Attempts at control proved difficult.

Greenhouse heating

4.3.1.

Experiment 1

In the first experiment the hot exhaust gases arrived
at the mixing chamber lat 175 to 220 degrees C.

Enough fresh

air was introduced to lower the gas to a temperature of 50
to 55 degrees C before distribution to the waste-heat compartments (A and B).
This system of utilizing the waste-heat provided all
of the heating requirements at temperatures above -30 degrees C.

Below this temperature some back-up heat was

required (Figure 12).

The gas consumed by the pilot light

was included in the totals in Figure 12.

This was estimated

86
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A comparison of the natural gas consumption
in the waste-heat and conventional environments (Experiment 1).
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to burn 75 cubic feet per 24 hours.

As was previously men-

tioned, this system of heating had to be abandoned due to
toxic substances in the exhaust gas.
4.3.2.

Experiment 2

To overcome the toxicity problems, the exhaust gases
were passed between the double layers of plastic in Compartment B.

This kept the inner surface of the plastic at a

temperature sufficiently above the ambient compartment
temperature to supply it with most of its heating requirements (Figure 13).

From February 28 to March 16, 1975 the

waste-heating system supplied 80.2 percent of the heating
requirement as compared to the single-layered conventional
design of Compartment C.

Direct comparisons are not possible

because Compartment C had an exposed end wall while Compartment B did not.

To compensate for this factor the heat loss

from the exposed end wall was calculated according to the
formula

Q = UA6T (Sheldrake and Langhans 1962).

It was

found to account for approximately 20 percent of the heat
loss from the compartment.

Using the corrected value, it

was estimated that the waste-heating system provided approximately 76 percent of the total heat.

At temperatures above

-10 degrees C all the heating requirement was supplied by
the exhaust gases.

Below this temperature progressively

more back-up heat was required.
There are several reasons for the system not being 100
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percent efficient.

The greatest problem was inefficient

distribution of the hot gases between the layers.

The gases

were introduced at only one end of the compartment and were
released through two ports at the opposite end.

By the time

the gases ha·d travelled the length of the compartment they
had cooled below the ambient temperature of the compartment.
This meant there was a loss of heat from the surface of the
compartment in the area of the exhaust ports.
Another problem that prevented proper distribution of
gases between the layers was the effect of wind on the space
between the layers.

The layers were held apart by a static

pressure of approximately 1.3 mm of water pressure created
by the fan blowing in the exhaust gases.

Winds tended to

force the outer layer against the inner layer of polyethylene
preventing an even distribution of the exhaust gases.
It should also be noted that the lower 0.9 metres along
each side of the compartment was not used for between-thelayers heating.

This section was double-layered, but sealed

to provide a static air space.
4.3.3.

Experiment 3

Several modifications were made to improve the efficiency of the double-layered heating system.

As noted pre-

viously, purlins were installed in Compartment A to hold
the layers apart and additional exhaust ports constructed
in Compartment B.

90

From November 23 to December 9, 1975 the waste heat
supplied 90 percent of the heating requirement in Compartment B (87 percent when the correction factor for no end
wall was used) as compared to Compartment C.

The waste-heat

supplied 93 percent of the heat requirement of Compartment
A (Figure 14).
The use of purlins in Compartment A improved the heating efficiency as compared to Compartment B.

Even with an

exposed end wall, Compartment A used 34 percent less backup heat than Compartment B.
The use of several exhaust ports on each side along with
extending the heated double layer to ground level improved
the heating efficiency from 76 percent in Experiment 2 to
87 percent in Experiment 3.

This was due to the improved

distribution of gases between the layers.
Another feature of the double-layered heating system
was the extremely uniform temperatures that were maintained
as compared to the conventionally-heated compartment.

The

cyclic operation of the thermostatically controlled unit
heaters in the conventionally-heated compartment resulted
in temperature variations as high as 6 degrees C.

The cyclic

temperature variations in the waste-heat compartments were
only around 2 degrees C.
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5.

SUMMARY AND CONCLUSIONS

An experimental greenhouse using waste heat was constructed at the Saskatchewan Power Corporation's Saskatoon
Compressor Station in the fall of 1974.

This station was

powered by a gas turbine operating with odorant-free natural
gas.

Studies were conducted to determine the feasibility

of using the exhaust gases given off by the turbine as a
source of heat and carbon dioxide enrichment.
Initial attempts at utilizing the exhaust gases directly in the greenhouse environment did not prove successful.
The gases contained nitrogen oxides which were above tolerable limits for plants.

Attempts to chemically remove the

nitrogen oxides did not prove practical.
It was discovered that the polyethylene used for covering the greenhouse acted as a differentially permeable membrane allowing carbon dioxide to diffuse through much more
rapidly than the nitrogen oxides.

A system of heating was

developed incorporating this principle.

The hot exhaust

gases were passed between two layers of polyethylene plastic
covering the greenhouse.

The warm inner layer of polyethy-

lene provided the heat requirement of the greenhouse and
at the same time its differentially permeable nature allowed
carbon dioxide levels to rise considerably above ambient
levels, while the level of nitrogen oxides remained within
tolerable limits for the growth of tomatoes.

The carbon

93

dioxide levels ranged from 1000 to 5000 ppm while the turbine was in operation.

At the same time the relative

humidity tended to be considerably higher than in a conventional greenhouse.
Three separate trials were undertaken using the tomato
cui tivar Michigan- Ohio (Lycopersicon esc.ulentum) _as :test
plants to evaluate the· heating system.

It was found that

the waste-heat environment had significant effects on the
growth and development of the plants.
A comparison of the waste-heat treated and conventional
plants revealed:
1.

The waste-heat environment resulted in a significantly
faster growth rate.

The plants' overall stature was in-

creased with greater intertruss distances and thicker
stems.
2.

Floral trusses that were initiated and developed under
the influence of the waste-heat environment formed significantly greater numbers of flowers.

This resulted

in greater numbers of marketable tomatoes being produced.
3.

The average size of individual marketable tomatoes was
slightly, but not significantly, greater in the wasteheat environment.

4.

The increased number and size of marketable fruit produced in the waste-heat environment resulted in significant increases in total yield.

For example, trusses
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which completed nearly all of their development in the
waste-heat environment were found to outyield similar
trusses in the conventional environment.
5.

The high

co~centrations

of carbon dioxide in the waste-

heat environment appeared to compensate for the low
light intensities of winter.
6.

The waste-h·eat environment appeared to significantly
delay maturity.

7.

The percentage of unmarketable tomatoes was not significantly different in the waste-heat and conventional
environments.
The waste-heat environment was provided in the early

stages of a spring crop and the later stages of a fall crop.
It would appear that the provision of the waste-heat environment was most effective in the early stages of crop development.
A comparison of the waste-heat and conventional heat-

ing systems revealed:
1.

Heating a greenhouse by passing hot exhaust gases between the double layers of plastic covering the greenhouse resulted in a substantial reduction in the consumption of natural gas.

2.

The waste-heat greenhouse used 76 percent and 87 percent
less natural gas than a conventional greenhouse in two
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winter trials.
3.

The distribution of hot gases between the layers was
critical in determining the efficiency of the heating
system.

Strong winds which compressed the space between

the layers disrupted the distribution of the exhaust
gases.
4.

The use of purlins to hold the layers of plastic apart
improved the efficiency of the heating system.

5.

The warm inner surface of the greenhouse prevented frost
from accumulating,whereas the single layer of the conventional house formed a heavy layer of frost during
periods of cold weather.

6.

It was possible to maintain a much more uniform temperature in the waste-heat greenhouse than in the conventional greenhouse.
In general, it was concluded that the environment

provided by using waste heat and carbon dioxide from the
exhaust of a natural gas turbine was technically feasible
for greenhouse heating and plant growth.

The carbon dioxide-

enriched atmosphere resulted in improved plant growth and
yield.

At the same time the heating costs were substantially

reduced.
On the basis of the findings it is recommended that
the following additional research should be conducted:
1.

Crop production, capital, and operating costs should be
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evaluated on a commercial scale.
2.

The optimum levels of carbon dioxide to give a maximum
yield under various combinations of daylength, temperature, and nutrition have not been determined under
prairie conditions.

Further, the influence of high car-

bon dioxide levels on a 24-hour basis as compared to the
normal application during daylight hours remains to be
determined.
3.

Studies to determine the improvement in growth and yield
obtained at a turbine site that operates year-round need
to be conducted.

4.

The response of various greenhouse crops such as lettuce,
cucumbers, radishes, and peppers should be evaluated.
This would include the testing of

varieti~s

within each

crop.
5.

Quality analysis should be conducted to compare local
greenhouse-grown fruit and field-grown imports.
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