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(54) Title: METHOD AND SYSTEM FOR HEATING AND DEHUMIDIFYING

(57) Abstract: A method of controlling the conditions of air in an interior of an enclosure is disclosed. The method comprises
collecting air from a lower part of the interior, dehumidifying the collected air, and releasing the dehumidified air in an upper part
of the interior, thereby controlling the conditions of the air in the interior of the enclosure.
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METHOD AND SYSTEM FOR HEATING AND DEHUMIDIFYING

FIELD AND BACKGROUND OF THE INVENTION

The present invention, in some embodiments thereof, relates to a method and

system for dehumidifying the interior of an enclosure and, more particularly, but not
exclusively, to a method, apparatus and system for dehumidifying the interior of
greenhouse enclosures in which plants are grown.

Greenhouses require that the air within it be controlled with respect to
temperature and humidity in order to ensure that foliage temperature and transpiration
rates are such as to maintain dry foliage and plant health. High humidity, especially
free water on the plant foliage, promotes the development of foliar diseases, such as
tomato blight, gray mould and downy mildews in various crops. These diseases
inflict great harm on the crops, substantially reduce crop yield, and severely impair
product quality. While pesticides are used to control these diseases, their use 1s
limited for a number of reasons. Their use promotes pesticide resistance to many
pathogens, and general governmental policy is to phase—out the use of some
pesticides or to limit their use. Many consumers demand products having no pesticide
residue. In addition, the use of such pesticides may unfavorably affect other
environmental considerations.

"~ Replacing the greenhouse air with external air is a customary method for
decreasing the humidity in a greenhouse, and thereby the risk of producing free water
on the foliage. External cold air, with low absolute humidity, replaces the warmer
greenhouse air and absorbs the excess water that evaporates. Such a method,

however, 1s very wasteful of energy.

SUMMARY OF THE INVENTION

According to an aspect of some embodiments of the present invention there is
provided a method of controlling the conditions of air in an interior of an enclosure,
comprising collecting air from a lower part of the interior, dehumidifying the collected
air, and releasing the dehumidified air in an upper part of the interior, thereby

controlling the conditions of the air in the interior of the enclosure.
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According to some embodiments of the invention the method further comprises

reducing or preventing transport of thermal energy through an overhead wall of the
enclosure.

According to some embodiments of the invention the reducing or preventing
comprises reducing or preventing transport of the thermal energy by convection.

According to some embodiments of the invention the reducing or preventing
comprises reducing or preventing transport of the thermal energy by conduction.

According to some embodiments of the invention the reducing or preventing
comprises reducing or preventing transport of the thermal energy by radiation.

According to some embodiments of the invention the method further comprises
reflecting thermal radiation off a thermal screen overlaying the interior beneath the
overhead wall.

According to some embodiments of the invention the method further comprises
heating the dehumidified air prior to the release of the air in the upper part of the
interior.

According to some embodiments of the invention the dehumidifying comprises
using a dehumidifying unit circulating a refrigerant fluid therein, the unit having an
evaporator at which the refrigerant fluid is evaporated and a condenser at which the
refrigerant fluid is condensed, wherein the air is cooled and dehumidified by the
evaporator and heated by the condenser.

According to an aspect of some embodiments of the present invention there 1s
provided apparatus for controlling the conditions of air in an interior of an enclosure,
comprising, an air inlet constituted for collecting air from a lower part of the interior, a
dehumidifying unit for dehumidifying the collected air, and an air outlet constituted
for releasing the dehumidified air in an upper part of the interior.

According to an aspect of some embodiments of the present invention there 1s
provided a greenhouse system, comprising the apparatus described herein and an
enclosure having an interior being at least partially isolated from the environment,
wherein the apparatus is positioned within the interior.

According to an aspect of some embodiments of the present invention there 1s
provided a greenhouse system, comprising a plurality of apparatus described herein
and an enclosure having an interior being at least partially isolated from the

environment, wherein the apparatus are deployed within the interior.
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According to some embodiments of the invention the apparatus is positioned at
the upper part of the interior.

According to some embodiments of the invention the enclosure comprises a
thermal screen overlaying the enclosure and being constituted for reducing or
preventing transport of thermal energy through the thermal screen.

According to some embodiments of the invention the thermal screen is sealed
for penetration of air therethrough so as to reduce or prevent transport of the thermal
energy by convection.

According to some embodiments of the invention the thermal screen is made of
thermally insulating matériél so as to reduce or prevent transport of the thermal energy
by conduction.

According to some embodiments of the invention the thermal screen is opaque
to thermal radiation so as to reduce or prevent transport of the thermal energy by
radiation.

According to some embodiments of the invention the thermal screen 1s
thermally reflective so as to reflect thermal radiation.

According to some embodiments of the invention the interior is devoid of heat
sources at the lower part.

According to some embodiments of the invention the air is collected and
released so as to maintain, at all times, an average temperature which is lower at the
lower part than at the upper part.

According to some embodiments of the invention the dehumidifying unit
circulates a refrigerant fluid therein and comprises an evaporator at which the
refrigerant fluid is evaporated and a condenser at which the refrigerant fluid 1s
condensed, wherein the collected air is dehumidified and cooled by the evaporator,
and wherein the dehumidified and cooled air is heated by the condenser.

According to some embodiments of the invention the dehumidifying unit 1s a
heating and dehumidifying unit which comprises a heat exchanger for heating the
dehumidified air prior to the release of the air in the upper part ot the interior.

According to some embodiments of the invention the heat exchanger 1s a

liquid-type heat exchanger.
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According to some embodiments of the invention the dehumidifying unit is

housed within a common housing.

According to some embodiments of the invention the air is circulated from the
interior of the enclosure though the dehumidifying unit by means of a fan positioned in
the unit.

According to some embodiments of the invention the dehumidifying unit 1s
housed in a housing which comprises an outwardly-flaring inlet, an outwardly-flaring
outlet, and an interconnecting relatively narrow throat, the outwardly-flaring inlet
housing the evaporator and the condenser, and the narrow throat housing the fan.

According to some embodiments of the invention the air is circulated from the
interior of the enclosure though the heating and dehumidifying unit by means of a fan
positioned 1n the unit.

According to some embodiments of the invention the fan i1s positioned for
receiving air flowing away from the heat exchanger and blowing the air through the air
outlet.

According to some embodiments of the invention the fan 1s interposed between
the condenser and the heat exchanger, such that the fan receives air flowing away from
the condenser and the heat exchanger receives air flowing away from the fan.

According to some embodiments of the invention a refrigerant fluid exiting the
condenser is further cooled by air between the evaporator and the condenser.

According to some embodiments of the invention wherein air from the
enclosure entering the evaporator 1s pre-cooled by air between the evaporator and the
condenser.

According to some embodiments of the invention wherein the dehumidified air
is mixed with air from the enclosure to provide a mixture, and wherein the mixture is
heated by the heat exchanger.

According to some embodiments of the invention wherein the enclosure 1s a
greenhouse for growing plants, and wherein the air is released above the foliage of the
plants.

Unless otherwise defined, all technical and/or scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which
the invention pertains. Although methods and materials similar or equivalent to those

described herein can be used in the practice or testing of embodiments of the
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invention, exemplary methods and/or materials are described below. In case of

conflict, the patent specification, including definitions, will control. In addition, the
materials, methods and examples are illustrative only and are not intended to be

necessarily limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

Some embodiments of the invention are herein described, by way of example
only, with reference to the accompanying drawings. With specific reference now to
the drawings in detail, it is stressed that the particulars shown are by way ot example
and for purposes of illustrative discussion of embodiments of the invention. In this
regard, the description taken with the drawings makes apparent to those skilled in the
art how embodiments of the invention may be practiced.

In the drawings:

FIG. 1 is a schematic illustration of a greenhouse;

FIG. 2 is a flowchart diagram of a method suitable for controlling the condition
of air in interior of an enclosure, according to various exemplary embodiments of the
present invention;

FIG. 3 is a schematic illustration of an enclosure in which the method
according to some embodiments of the present invention is employed;

FIGS. 4A-B show velocity distribution (FIG. 4A) and temperature distribution
(FIG. 4B) as obtained by computer simulations performed according to various
exemplary embodiments of the present invention;

FIGS. 5A-G are schematic illustration of apparatus for controlling the
condition of air in interior of an enclosure, according to various exemplary
embodiments of the present invention; and

FIG. 6 is a schematic illustration of a top view of an enclosure in embodiments
in which several apparatus are deployed, according to various exemplary embodiments

of the present invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS OF THE INVENTION

The present invention, in some embodiments thereof, relates to a method and

system for dehumidifying the interior of an enclosure and, more particularly, but not
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exclusively, to a method, apparatus and system for dehumidifying the interior of

greenhouse enclosures in which plants are grown.
For purposes of better understanding some embodiments of the present
invention, as illustrated in FIGS. 2-6 of the drawings, reference is first made to the

construction and operation of a greenhouse 10 for growing plants 12 as illustrated 1n

10

15

20

25

30

FIG. 1.

Greenhouse 10 includes side walls 14 and an overhead wall 36 defining the
interior 16 of the greenhouse. Walls 14 are typically formed with openings 30 and
31. A heating unit 18 supplies warm air 20 to an arrangement of conduits 22 arranged
at or near ground level and generally below the level of the foliage of plants 12.
Openings 24 in conduits 22 allow warm air 20 to exit conduits 22 upwards into
interior 16 for heating interior 16. During heating the air interior humidifies and
water vapors tend to condense on the foliage, resulting in the development of foliar
diseases such as tomato blight (caused by Phytophthora infestans) gray mold (caused
by Botrytis cinerea), and downy mildews in various crops.

To prevent condensation of water on the foliage, a ventilation procedure 1s
employed, whereby environmental air 26 enters the interior of the greenhouse and
replaces humid air 28. The ventilation is facilitated by means of one or more fans 31
positioned in walls 14. Additionally, one or more fans 32 circulate the air within
inferior 16. The environmental air which is typically cold and with low absolute
humidity (water vapor content) replaces the warmer greenhouse air and absorbs the
excess water that evaporates. Additionally, greenhouse 10 includes a permeable or
semi-permeable screen 34 overlaying interior 16 beneath overhead wall 36, which
allows further reduction of humidity by evacuating part of humid air 28 out through
screen 34 and the water vapor condensed on overhead wall 36.

It was found by the inventors of the present invention that while the above
solutions may partially reduce the humidity within interior 16, they are far from being
optimal. This is. because exchange of air with the exterior of greenhouse 10 (either
through openings 30 in wall 14 or through overhead wall 36) causes substantial heat
losses which have to be compensated by supplying more energy to heating unit 18. In
the context of the current increasing trend in fuel prices, the cost of heating has

become a main component of greenhouse inputs. Therefore, the additional energy
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required to compensate heat loses due to ventilation substantially decrease the profit

margin.

While conceiving the present invention it has been hypothesized and while
reducing the present invention to pfactice it has been realized that the an interior of an
enclosure can be dehumidified and optionally heating in an energy saving manner.

Before explaining at least one embodiment of the invention in detail, it 1s to be
understood that the invention is not necessarily limited in its application to the details
of construction and the arrangement of the cornponénts and/or methods set forth 1n the
following description and/or illustrated in the drawings and/or the Examples. The
invention is capable of other embodiments or of being practiced or carried out in
various ways.

Reference is now made to FIG. 2 which is a flowchart diagram of a method
suitable for controlling the condition of air in interior of an enclosure (e.g., a
greenhouse), according to various exemplary embodiments of the present invention.

It is to be understood that, unless otherwise defined, the operations described
hereinbelow can be executed either contemporaneously or sequentially in many
combinations or orders of execution. Specifically, the ordering of the flowchart
diagrams is not to be considered as limiting. For example, two or more operations,
appearing in the following description or in the flowchart diagrams in a particular
order, can be executed in a different order (e.g., a reverse order) or substantially
contemporaneously. Additionally, several operations described below (e.g., one or
more of the operations in blocks 101, 102, 105 and 107 of FIG. 2) are optional and
may not be executed.

The method of the present embodiments begins at 100 and, optionally and
preferably, continues to 101 at which transport of thermal energy through the side
walls and/or overhead wall of the enclosure is reduced (e.g., minimized) or prevented.
This can be achieved by closing openings formed in the side walls or providing the
enclosure with side walls which are devoid of such openings. In various exemplary
embodiments of the invention the overhead wall of the enclosure 1s made non-
permeable to air and water vapor. In various exemplary embodiments of the invention
a thermal screen overlays the interior of the enclosure beneath the overhead wall so as

to improve the thermal isolation of the interior from the environment.
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The reduction or prevention of thermal energy transport is preferably with

respect to at least one type of transport selected from the group consisting of
convection, conduction and radiation. More preferably, the reduction or prevention is
with respect at least two, e.g., all types of thermal transport.

Reduction or prevention of transport by convection can be achieved by
reducing, more preferably eliminating, ventilation. In this embodiment, the side walls,
overhead wall and/or thermal screen is/are sealed for penetration of air and water
vapor therethrough. Reduction or prevention of transport by conduction can be
achieved using side walls, overhead wall and/or thermal screen that is/are made of
thermally insulating material. Reduction or prevention of transport by conduction can
be achieved using side walls, overhead wall and/or thermal screen that 1s/are opaque to
thermal radiation, which is typically at very long wavelengths (e.g., about 10,000 nm
or above). In these embodiments a thermal screen can be employed as further detailed
hereinafter.

In various exemplary embodiments of the invention the method optionally and
preferably continues to 102 at which thermal radiation generated within the enclosure
is reflected off the thermal screen. This can be achieved using a thermal screen that 1s
made thermally reflective. The reflection of thermal radiation is particularly usetul
when objects within the enclosure (e.g., foliage) are at a temperature which 1s higher
than the temperature of the thermal screen. In such cases, the warmer objects emit
thermal radiation which is reflected by the thermally reflective screen back into the
interior of the enclosure. When the temperature of the thermal screen is higher than
the temperature of the objects within the enclosure, the thermal radiation is typically
emitted by the thermal screen (rather than reflected thereby).

The method continues to 103 at which air is collected from a lower part of the
interior. For example, when the enclosure is a greenhouse for growing plats, the air 1s
typically collected from a height level which is below the average height level of the
foliage. It is to be understood that although air from the lower part is collected, the
collection is not necessarily performed at the lower part of the enclosure. For
example, in some embodiments of the present invention the collection of air is done by
generating air flow from the lower part of the interior upwards into an air inlet

positioned at the upper part of the interior (e.g., above or at the average height level of
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the foliage). Yet, embodiments in which the air is collected at the lower part of the

greenhouse (e.g., using an air inlet located at the lower part) are also contemplated.

The method continues to 104 at which the collected air is dehumidified.

As used herein, dehumidification is a process in which the water content of the
air is reduced, but not necessarily minimized or nulled. Thus, a "dehumidified air" as
used herein is an air which has lower water content relative to its water content prior to
the dehumidification. For example, when the enclosure is a greenhouse for growing
plants, the dehumidification is done such as to minimize or eliminate condensation on
the foliage while ensuring a sufficiently high humidity at the vicinity of the foliage.

Representative example of suitable conditions at the vicinity of the foliage is, without

limitation, a temperature of about 18 °C and relative humidity of about 80 %.

In various exemplary embodiments of the invention the dehumidification 1s
effected by a refrigerant circuit which generates a thermal cycle. In these
embodiments, a refrigerant fluid is circulated between an evaporator at which the
refrigerant fluid is evaporated and a condenser at which the refrigerant fluid 1s
condensed. The thermal cycle of the circuit will now be explained.

The thermal energy which is required for the evaporation of the refrigerant
fluid within the evaporator is supplied by the air passing the evaporator. As a result,
the collected air, which carries water vapor (emitted, e.g., from the foliage and the
ground), cools off while passing at the evaporator, and at least part of the air's water
vapor content is condensed. The condensed water is drained and the air 1s
dehumidified. The condensation of the refrigerant fluid releases heat which in turn is
transferred to the dehumidified and cooled air passing at the condenser. Thus, the air
is cooled and dehumidified by the evaporator and reheated by the condenser.

In various exemplary embodiments of the invention the method continues to
105 at which the dehumidified air is further heated using a heat exchanger, as further
detailed hereinafter.

The method continues to 106 at which the air, after being dehumidified and
optionally further heated, is releasing in an upper part of the enclosure, so as to heat
and dehumidify the interior of the enclosure. Thus, the method of the present
embodiments operates as a heat pump which collects humid air from the lower part of
the enclosure and releases dryer and optionally warmer air at the upper part of the

enclosure. At 107 the method optionally and preferably circulates the air within the



10

15

20

25

30

CA 02704813 2010-05-05

WO 2009/060436 PCT/IL2008/001449
10
enclosure, e.g., for better distributing the warmer and dryer air in the vicinity of the
foliage.
The method ends at 108.

Before providing a further detailed description of some embodiments of the
present invention, attention will be given to the advantages and potential applications
offered thereby.

The present embodiments offer an innovative solution of the problem of excess
humidity in an enclosure while substantially decreasing the energy consumption by
combining heating, dehumidifying and thermal insulating of the of the enclosure.
Some embodiments of the present invention are useful for reducing humidity in
enclosures which are already heated by other means, such as, for example, by means
conduits arranged at or near ground level as described above with reterence to FIG. 1.

The use of a heat pump within the enclosure allows the air which 1s mitially
cooled to be reheated by supplying it with the heat removed during the
dehumidification plus external energy which is required to drive the thermal cycle.
The present embodiments thus provide a process in which energy is converted from
latent heat (water vapor condensation) into sensible heat (increase in air temperature)
with minimal or no thermal losses to the environment. The energy consumption of
this process is lower than the energy consumption of traditional techniques since some
of the energy is recycled during the process.

The present embodiments can also enhance returns of fuel usage. It 1s
recognized that the generation of electricity is accompanied by the generation of heat.
In various exemplary embodiments of the invention the electricity required for the
operation of the refrigerant circuit is produced using an electric generator positioned 1n
proximity to or within the interior of enclosure, and the heat produced by the generator
is used for further heating the air in the interior ot the enclosure. This can be done, for
example, be employing conduits filled with fluid (gas or liquid) for evacuating the heat
from the generator and release it at the upper part of the enclosure.

In some embodiments of the present invention the fuel used for the generation
of electricity is selected such that one of its combustion by-products is carbon dioxide.
In these embodiments, the carbon dioxide, or at least a portion thereof, is release into
the interior of the greenhouse for facilitating growth of the plants therein. The

improved use of fuel according to the present embodiments is also beneficial from the
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standpoint of environmental consideration. Such use may reduce global warming by

decreasing fuel usage and/or reducing the emission of CO; into the atmosphere.

Implementation of the present embodiments for dehumidifying, heating and/or
enriching the CO, content of a greenhouse can generate appropriate growing
conditions for the plants in greenhouse while reducing the amount of fuel
consumption. This improves the growth and allows the grower to increase his or her
profitability.

The method of the present embodiments is preferably executed at times when
there is no possibility: of using the natural resources, e.g., replacing the internal air
with external air, for drying and removing excess humidity, and/or while heating i1s
required. In such cases, when it is desired to close the enclosure, the dehumidification
operation is preferably activated first in a steady and continuous manner. The heat
pump converts the air latent heat into sensible heat and adds energy to the air which
approximately equals the electric energy invested in operating the cooling cycle. The
heating operation can be activated in a varied manner, as necessitated by the
environmental conditions, the thermal insulation of the enclosure and the desired
conditions within the enclosure.

The operations described above can be monitored in order to obtain the
desired temperature and humidity conditions. Specifically, the dehumidification 1s
preferably in accordance with the relative humidity, and the heating process 1s
preferably in accordance with the temperature of the air. When the desired conditions
are steady, the evaporative flux is generally constant and therefore the method can be
executed continuously and under a constant load.

A typical Coefficient Of Performance (COP) of the basic dehumidification
cycle of the present embodiments described above is, without limitation, from about 5
to about 12.

FIG. 3 is a schematic illustration of an enclosure 300 having an interior 302 1n
which the method according to some embodiments of the present invention 1is
employed. The method can be executed by an apparatus 304 which comprises an air
inlet generally shown at 306. Inlet 306 is constituted for collecting air 308 from a
lower part 310 of interior 302. Apparatus 304 further comprises a dehumidifying unit'
312 for dehumidifying the collected air, and an air outlet 314 constituted for releasing

the dehumidified air 330 in an upper part 318 of interior 302. Optionally and
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preferably dehumidifying unit 312 is a dehumidifying and heating unit which heats the

air subsequently to the dehumidification as further detailed hereinunder. Apparatus
304 can be positioned in upper part 318 and configured to generate air flow from
lower part 310 generally upwards (e.g., by generating under pressure at inlet 306) so
as to allow collection of air 308. Alternatively, apparatus 304 can extend over both
portions of interior 302 such that inlet 306 is at lower part 310 while outlet 314 1s at
upper part 318.

In the schematic illustration of FIG. 3 enclosure 300 is shown as a greenhouse
for growing plats 12. In this embodiment, lower part 310 is preferably defined as the
part which is below the average foliage level of plants 12, and upper part 318 i1s
preferably defined  as the part which is above the maximal foliage level of plants 12.
The average foliage level and maximal foliage level are shown in FIG. 3 as dashed

lines 320 and 322, respectively.

The walls of enclosure 300 are preferably designed and constructed so as to

reduce or prevent thermal losses, as further detailed hereinabove. In various

exemplary embodiments of the invention the walls are devoid of openings, or they are
formed with closable openings (not shown). The side walls 324 and/or overhead wall
326 are preferably sealed for penetration of air therethrough. Side walls 324 and/or
overhead wall 326 can also be made of a thermally isolating material. Additionally or
alternatively, side walls 324 and/or overhead wall 326 is/are opaque to thermal
radiation.

In various exemplary embodiments of the invention enclosure 300 comprises a
thermal screen 328 for improving isolation of interior 302 from the environment.
Screen 328 is preferably opaque to thermal radiation. In some embodiments of the
present invention thermal screen is a thermally reflective so as to reflect thermal
radiation back into interior 302, as further detailed hereinabove. For example, interior
302 can be overlaid by a double-walled, e.g., inflated, sealed structure having
thermally reflective screen 328 attached to or integrated with the surface of the
structure facing interior 302. It is appreciated that such construction is contrary to the
traditional trend in the field of greenhouse constructions, whereby a permeable or

semi-permeable screen is employed as further detailed hereinabove.
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In various exemplary embodiments of the invention at least one of the walls of

enclosure, preferably most or all of the walls is transmissive to sunlight, so as to
permit the inwardly-directed sunlight to penetrate the walls.

The distribution of air within interior 302 according to some embodiments of
the present invention is illustrated in FIG. 3 by thick arrows. The dehumidified and
optionally heated air is shown by empty block arrows 330. As shown, air 330 is
outletted via outlet 314 towards screen 328, and is then reflected towards plants 12 at
the lower part of the enclosure. In such an arrangement air 330 prevents or at least
reduces the accumulation of condensed water on the inner face of screen 328. Thus
the humidity at upper part 318 of interior is relatively low.

While flowing at the vicinity of screen 328, the air transmits heat to screen
328, cools off and begins to descent, creating vacancy to more warm air from outlet
314. The partially cooled air is shown by black arrows 332. The temperature of the
air at the outlet 314 is preferably selected above the desired temperature at the middle
part of the interior such that the partial cooling process brings the air to the desired

temperature. For example, when enclosure is a greenhouse for growing plants the
temperature of air 332 at the average foliage level 320 can be about 17-19 °C, and the

temperature of air 330 at outlet 314 is above 20 °C. Since air 330 comes from a region
in which the humidity is relatively low, air 330 prevents or reduces the accumulation
of condensed water on the foliage of plants 12. While passing at the foliage, air 330
collects water vapor (latent heat) and supplies sensible heat. Thus, air 330 is being
cooled off. The cooling process of the air continues while the air continues its
descending. The cold air at lower part 310 is shown by patterned arrows 308.

Since inlet 306 generates at its vicinity airflow from lower part 310 upwards,
circulation occurs, whereby at locations relatively distant from apparatus 304 air 308
at lower part 310 flows in the direction of apparatus 304. Another contribution to the
circulation is the flow of air 314 via outlet 314 away from apparatus 304. Since air
308 is colder than air 332 the motion of air 308 is mainly along the horizontal
direction, in particular at regions which are relatively distant from apparatus 304. In
turn, air 332 continues its cooling and descending.

FIGS. 4A-B show velocity distribution (FIG. '4A) and temperature distribution
(FIG. 4B) as obtained by computer simulations performed by the Inventors of the

present invention. In FIGS. 4A-B, red lines correspond to higher temperature and



10

15

20

25

30

CA 02704813 2010-05-05
WO 2009/060436 PCT/IL2008/001449

14
velocity, and green lines correspond to lower temperature and velocity. As shown, 1n

FIG. 4B, the temperature of the air at the lower part is lower than the temperature of
the air at the upper part. Similar effect is shown in FIG. 4A, the velocity of the air at
the lower part is generally lower than the velocity of the air at the upper part.

The construction of apparatus 304, according to some embodiments of the
present invention 1s illustrated in FIGS. 5A-G.

Apparatus 304 preferably comprises a housing 340, having an outwardly-
flared inlet section 342 at one end (the lower end), an outwardly-flared outlet section
344 at the opposite end, and a relatively narrow throat 346 interconnecting the inlet
and outlet ends. In some embodiments of the present invention a common housing 1s
employed, whereby all elements of apparatus 304 are within the same housing. In
other embodiments, more than one housing is employed, for example, a
dehumidifying unit can be introduced into one housing, and a heating unit can be
introduced in another housing. Also contemplated, are configurations in which
outwardly-flared inlet section 342 is in one housing and outwardly-flared outlet
section 344 is in another housing.

Such a housing configuration may be produced by providing a housing having
a lower end of generally cylindrical shape to define inlet section 342, and tapering to a
small diameter at an intermediate portion to define throat 346, and then tapering to a
slightly larger diameter towards the upper end to define the outlet section 344; and
providing a conical baffle 348 at its lower end, and another smaller, conical batfle 350
at its upper end. Inlet section 342 inlets air 308 from the interior of the enclosure,
while outlet section 344 returns air back to the enclosure, after the air passing through
the housing has been treated by various devices within the housing in order to control
its condition such as temperature and humidity.

Outwardly-flared inlet section 342 of housing 340 houses dehumidifying unit
312. In various exemplary embodiments of the invention unit 312 comprises an
evaporator 350 and a condenser 352. Evaporator 350 and condenser 352 constitute a
heat-pump including a refrigerant fluid (not shown) circulated therethrough via an
expansion valve 345 for reducing the pressure of the refrigerant fluid, and a
compressor 356, driven by an external motor (not shown), for pressurizing the
refrigerant fluid fed to condenser 352. Evaporator 350 is thus effective to receive air

inletted from the enclosure via inlet section 342, to cool the inletted air, and to cause
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condensation of water therein, as further detailed hereinabove. At least part of the

water vapor condenses on the outer surface of evaporator 350 for drainage, via outlet
drain 358, from housing 340 and optionally also from enclosure 300 (not shown, see
FIG. 3). Condenser 352 is effective to receive the cooled and dehumidified air 360
from evaporator 350 for reheating of the air as further detailed hereinabove. The
dehumidified air flowing away from condenser 352 1s shown at 364.

The air flow from evaporator 350 into condenser 352 and the air flow away
from condenser 352 are not necessarily the same. FIGS. 5A and 5B illustrate
embodiments in which substantially all the collected air 308 first passes at evaporator
350 and thereafter passes at condenser 352. This corresponds to embodiments 1n
which the air flow at evaporator 350 is substantially the same as the air tlow at
condenser 352. FIG. 5C illustrates an embodiment in which part of air 308 passes at
evaporator 350 and thereafter at condenser 352, while another part of air 308 passes at
condenser 352 while bypassing evaporator 350. This corresponds to embodiments 1n
which the air flow at evaporator 350 differs from the air flow at condenser 352. A
psychrometric chart analysis can be employed for selecting the ratio between the air
flows at evaporator 350 and condenser 352 so as to optimize the performance of
apparatus 304 according to the desired level of dehumidification.

The dehumidified air can be pumped by a fan 362 driven by a motor 366 for
réleasing of the air via outlet section 344. Fan 362 can be housed in throat 346 of
housing 340.

In various exemplary embodiments of the invention apparatus 304 comprises a
heat exchanger 368 for further heating the air before returned to the enclosure via
housing outlet 344. Heat exchanger 368 can be housed in throat section 346, as
illustrated in FIGS. 5A, 5C and 5D, or it can be housed in inlet section 342 adjacent to
condenser 352 as illustrated in FIG. 5B. When heat exchanger 368 is housed 1n throat
section 346, fan 362 receives pre-heated but dehumidified air which flows away from
condenser 352, and blows it away from the fan in the direction of heat exchanger 368.
When heat exchanger 368 is housed in inlet section 342, fan 362 receives
dehumidified and heated air flowing away from heat exchanger 368 and blows the air
through outlet 314. Also contemplated are embodiments in which several heat
exchangers 368 are employed, for example, one housed in throat section 346 and

housed in inlet section 342.
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Any heat source can be used for heat exchanger 368. In some embodiments of

the present invention heat exchanger 368 is a liquid-type heat exchanger which 1s in
fluid communication with liquid lines. Hot liquid entering heat exchanger 368 from
an entry line 270 heats the heat exchanger 368 which in turns heats the air passing
thereat. The cooled-off liquid is evacuated by an exit line 272. Other types of heat
exchangers are not excluded from the scope of the present invention.

Evaporator 350 and condenser 352 can be of circular or toroidal configuration
coaxial to each other. When heat exchanger 368 is adjacent to condenser 352 1t can be
also of circular or toroidal configuration coaxial with evaporator 350 and condenser
352. When, heat exchanger 368 is housed in throat section 346 it is preferably coaxial
with housing axis 360.

FIG. 5D illustrates a configuration in which the refrigerant fluid exiting
condenser 352 is further cooled by the cooled and dehumidified air 360 between
evaporator 350 and condenser 352. In this embodiment, a refrigerant sub-circuit 374
can be deployed between evaporator 350 and condenser 352 in the flow path of air
360. The refrigerant fluid can be brought to flow out of condenser 352, through sub-
circuit 374 and into evaporator 350, such that air 360 cools the refrigerant fluid prior
to its entry into expansion valve 345 and evaporator 350. The advantage of this
embodiment is that it increases the Coefficient Of Performance without increasing the
temperature difference characterizing the thermal cycle.

FIG. 5E illustrates a configuration in which the collected air 308 from the
enclosure is pre-cooled by the cooled and dehumidified air 360 between evaporator
350 and condenser 352. The apparatus illustrated in FIG. SE i1s basically the same as
described above, and therefore the same reference numerals have been used to identity
corresponding parts. Yet, for clarity of presentation several parts were omitted from
the illustration of FIG. 5E. The modification is the location of inlet 306 at the bottom
of inlet section 342 and the provision of by an air-to-air heat exchanger 354 between
evaporator 350 and condenser 352. Another modification shown 1n FIG. 5E 1s the
provision of an airflow path 276 for guiding air 308 therethrough. Air-to-air heat
exchanger 354 is effective to pre-cool the air entering the apparatus from the enclosure
by the cooled air exiting evaporator 350. Path 276 begins at inlet 306, passes at
exchanger 354 and continues into the opposite side of evaporator 350 (away from

condenser 352). Since path 276 intercepts with the flow path of air 360, the collected
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air 308 flowing in path 276 interacts with air 360 before it interacts with evaporator

250. Thus, the collected air is pre-cooled by air 360. The advantage of this
embodiment is that it increases the efficiency of the dehumidification process.

FIGS. 5F-G illustrate a configuration in which air 364 (the dehumidified air
flowing away from condenser 352) is allowed to mix with air 378 from the interior of
the enclosure. The mixture 380 of air 364 and air 378 passes at heat exchanger 368 tfor
heating and the heated mixture 382 is released out of apparatus 304 via outlet 314.
FIG. 5F illustrates an embodiment in which air 380 is heated by heat exchanger 368
and continuous to flow within outwardly-flared outlet section 344 prior to its return
into the enclosure via outlet 314, and FIG. 5G illustrates an embodiment in which heat
exchanger 368 is positioned at outlet 314.

In embodiments in which the air 364 is mixed with air 378 (such as those
illustrated in FIGS. 5F-G), apparatus 304 preferably comprises an additional air inlet
306' through which air 378 from the enclosure enters. The suction of air 378 into the
flow path of air 364 and the mixture between air 364 and air 378 can be facilitated by
means of an additional fan 362' which can be derived by an additional motor 366'. In
this embodiment, additional air inlet 306' is between fan 362 and fan 362'. The
advantage of mixing air 364 with air 378 prior to the heating is that this configuration
allow controls over the temperature difference between the released air 382 and the air
in the enclosure at the vicinity of outlet 314. Such control prevents formation of a
high temperature region near apparatus 304 hence facilitates better temperature
distribution within the enclosure.

Several apparatus can be deployed in one enclosure so as to increase the
effective over which the condition of the air is efficiently controlled. FIG. 6 is a
schematic illustration of a top view of enclosure 300 in embodiments in which several
apparatus similar to apparatus 304 are deployed within the interior of the enclosure.
Shown in FIG. 6 are a plurality of apparatus 304, entry liquid lines 270 for delivery of
thermal energy to the heat exchangers (not shown, see FIGS. 5A-E) of apparatus 304,
exit liquid lines 272 for returning cooled-off liquid away from the heat exchangers,
and power lines 278 for supplying power to apparatus 304 (e.g., for activating the
compressor 356 and the like). A combined heat and power system 280, which can be
positioned near enclosure 300 controls the supply of power and heat to the liquid and

power lines.
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It will be appreciated that such the method, apparatus and system of the

present embodiments can also be used with respect to other types of enclosures, such
as building structures, rooms in building structures etc., occupied by humans or
animals. In such applications, it may be desirable to direct the heated and
dehumidified air outletted from the air outlet system towards the lower part of the
enclosure such that the air flows in the upward direction (rather than in the downward
direction as in FIG. 3) in order to maximize drying of the lower portion of the

enclosure occupied by the humans or animals

It is expected that during the life of a patent maturing from this application
many relevant dehumidifying technologies will be developed and the scope of the term

dehumidifying unit is intended to include all such new technologies a priori.

As used herein the term “about” refers to + 10 %.

The terms "comprises”, "comprising", "includes", "including", “having” and
their conjugates mean "including but not limited to".

The term “consisting of means “including and limited to”.

The term "consisting essentially of' means that the composition, method or
structure may include additional ingredients, steps and/or parts, but only if the
additional ingredients, steps and/or parts do not materially alter the basic and novel
characteristics of the claimed composition, method or structure.

As used herein, the singular form "a", "an" and "the" include plural reterences
unless the context clearly dictates otherwise. For example, the term "a compound” or
"at least one compound”" may include a plurality of compounds, including mixtures
thereof.

Throughout this application, various embodiments of this invention may be
presented in a range format. It should be understood that the description in range
format is merely for convenience and brevity and should not be construed as an
inflexible limitation on the scope of the invention. Accordingly, the description of a
range should be considered to have specifically disclosed all the possible subranges as
well as individual numerical values within that range. For example, description of a

range such as from 1 to 6 should be considered to have specifically disclosed

subranges such as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from
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3 to 6 etc., as well as individual numbers within that range, for example, 1, 2, 3, 4, 5,

and 6. This applies regardless of the breadth of the range.

Whenever a numerical range is indicated herein, it is meant to include any
cited numeral (fractional or integral) within the indicated range. The phrases
“ranging/ranges between” a first indicate number and a second indicate number and
“ranging/ranges from” a first indicate number “t0” a second indicate number are used
herein interchangeably and are meant to include the first and second indicated

numbers and all the fractional and integral numerals therebetween.

It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provided iIn
combination in a single embodiment. Conversely, various features of the invention,
which are, for brevity, described in the context of a single embodiment, may also be
provided separately or in any suitable subcombination or as suitable in any other
described embodiment of the invention. Certain features described in the context of
various embodiments are not to be considered essential features of those embodiments,

unless the embodiment is inoperative without those elements.

Various embodiments and aspects of the present invention as delineated
hereinabove and as claimed in the claims section below find support in the following

examples.

EXAMPLE
Reference is now made to the following examples, which together with the
above descriptions illustrate some embodiments of the invention in a non limiting

fashion.

Economic calculations for embodiments in which the enclosure 1s a greenhouse
were performed by the present Inventor based on the following assumptions:

One apparatus per 1000 m” of greenhouse area.

Desired conditions in a greenhouse, about 18 °C and relative humidity ot about
80 %.

Plant transpiration flow: about 40 o/m* per hour.

Fuel cost: about USD 600 per ton.



10

15

20

GALI182-1CA

Power cost: about USD 0.1 per kWh.

CA 02704813 2013-11-07

20

Coetficient of Performance (COP) of the dehumidifying cycle: about 6.

The avoidance of air replacement to remove excess humidity, in accordance with

preferred embodiments of the present invention, is equivalent to about 6 1/h per 1000 m” of

greenhouse, which 1s about 8.7 tons of fuel per season (1440 hours) under semi-arid

conditions, by electrical energy investment of 14,400 kWh, which is equivalent to additional

heating input of 1.5 ton of fuel.

The annual number of heating hours may vary around the world, within the range of
1000 (hot areas) to 3000 (cold areas).

In addition, 1n some embodiments of the present invention, there 1s significant decrease

in greenhouse gas (CO;) emissions: for every ton of fuel saved the emission of 3 tons of

greenhouse gases is prevented.

The contribution of the technique according to some embodiments of the present

invention, has been estimated, for Israeli conditions, by comparison between a control

greenhouse in which the desired conditions (without wetting) are maintained by means of

night-time heating and ventilation, and a greenhouse in which the technique of the present

embodiments is employed. The estimate was made for two thermal screens that enable energy

saving of 40 and 60 % (referred to hereinafter as assembly I and assembly II, respectively).

The results are summarized in Table 1.

Table 1

—h

Fuel consumption | Additional electricity | Fuel consumption
(tons per season) | consumption (%)
(kWh per season)
Control | 20-24 K 100 )
Asemblyl |69 [ 14400 N
Assembly II 3.5-5 14000 15-25

Although the invention has been described in conjunction with specific embodiments

thereof, it is evident that many alternatives, modifications and variations will be apparent to

those skilled in the art.
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Citation or identification of any reference in this application shall not be construed as
an admission that such reference is available as prior art to the present invention. To the extent

that section headings are used, they should not be construed as necessarily limiting.
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WHAT IS CLAIMED IS:
l. A method of controlling the conditions of air in an intertor of a

greenhouse enclosure for growing plants, comprising;:

collecting air from a lower part of the interior, dehumidifying said collected
air, releasing said dehumidified air in an upper part of the interior, and

releasing and circulating said dehumidified air within the greenhouse enclosure
in the vicinity of the foliage of the plants, wherein while said dehumidified air passes
at the foliage, said dehumidified air collects water vapor and is cooled off by
supplying sensible heat,

wherein the greenhouse enclosure has an interior which is generally thermally

1solated from the environment during the execution of the method.

2. The method according to claim 1, further comprising heating said

dehumidified air prior to said release of said air in said upper part of the interior.

3. The method according to claim [ or claim 2, wherein said
dehumidifying comprises using a dehumidifying unit circulating a refrigerant fluid
therein, said unit having an evaporator at which said refrigerant fluid 1s evaporated and
a condenser at which said refrigerant fluid is condensed, wherein said air is cooled and

dehumidified by said evaporator and heated by said condenser.

4. The method according to any one of claims 1-3, wherein said air 1s
collected and released so as to maintain, at all times, an average temperature which 1s

lower at said lower part than at said upper part.

5. The method of claim 3, wherein said dehumidifying unit s a heating
and dehumidifying unit which comprises a heat exchanger for heating satd

dehumidified air prior to said release of said air in said upper part of the interior.
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6. The method of claim 5, wherein said air 1s circulated in the intertor of
the greenhouse enclosure through said heating and dehumidifying unit by means of a

tan positioned in said unit.

7. The method of claim 5. wherein said dehumidified air is mixed with air
from the greenhouse enclosure to provide a mixture, and wherein said mixture 1s

heated by said heat exchanger.

8. The method according to claim 1 or claim 2, wherein said
dehumidifying comprises using a dehumidifying unit circulating a refrigerant fluid
therein, said unit having an evaporator at which said refrigerant fluid 1s evaporated and
a condenser at which said refrigerant fluid 1s condensed, wherein said air is cooled and
dehumidified by said evaporator and heated by said condenser, and wheremn said
dehumidifying unit comprises a fan and 1s housed in a housing which comprises an
outwardly-flaring inlet, an outwardly-flaring outlet, and an interconnecting relatively
narrow throat, said outwardly-flaring inlet housing said evaporator and said condenser,

and said narrow throat housing said fan.

9. The method of claim 3, wherein a refrigerant fluid exiting said

condenser is further cooled by air between said evaporator and said condenser.

10. The method of claim 3, wherein air from the greenhouse enclosure
entering said evaporator is pre-cooled by air between said evaporator and said

condenser.

I, The method of any one of claims 1-10, further comprising reducing or
preventing transport of thermal energy through an overhead wall of the greenhouse

enclosure.

12, The method of claim 11, further comprising reflecting thermal radiation

oft a thermal screen overlaying said interior beneath said overhead wall.
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13. The method according to any one of claims 1-12, wherein said
circulation 1s such as to establish motion of hot air mainly along the horizontal
direction at said upper part and cold air mainly along said horizontal direction at said

lower part.

14, A system for growing plants, comprising:

a greenhouse enclosure having an interior being generally thermally isolated
from the environment; and

apparatus positioned within said interior and configured for controlling the
conditions of air in said interior while said exchange is substantially prevented, said
apparatus comprising;

an air inlet constituted for collecting air from a lower part of the interior,

a dehumidifying unit for dehumidifying said collected air, and

an air outlet constituted for releasing said dehumidified air in an upper part of
the interior and circulating said dehumidified air within the greenhouse enclosure in
the vicinity of the foliage of the plants, wherein while said dehumidified air passes at
the foliage, said dehumidified air collects water vapor and is cooled off by supplying

sensible heat.

15. The system according to claim 14, comprising a plurality of apparatus
for controlling the conditions of air in said interior, wherein said apparatus are

deployed within said interior.

[6. The system according to any one of claims 14 and 15, wherein said
greenhouse enclosure comprises a thermal screen overlaying said greenhouse

enclosure and being constituted for reducing or preventing transport of thermal energy

through said thermal screen.

[7. The system of claim 16, wherein said thermal screen is thermally

reflective so as to reflect thermal radiation.
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18. The system according to any one of claims 14-17, wherein said
dehumidifying unit circulates a refrigerant fluid therein and comprises an evaporator at
which said refrigerant fluid 1s evaporated and a condenser at which said refrigerant
fluid i1s condensed, wherein said collected air i1s dehumidified and cooled by said

evaporator, and wherein said dehumidified and cooled air 1s heated by said condenser.
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