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Caouette, P., Gauthier, L., Casault, B. and Marquis, A. 1990. Temp
erature and radiation distribution in an infrared-heated greenhouse
with a polyethylene cover. Can. Agric. Eng. 32: 111-116. The
environment produced by an infrared-heating system was compared
to environments produced by two different forced-air heating systems.
Three identical, polyethylene-covered and free-standing greenhouses
were used, one for each heating system. With the air temperature set
point 3°C lower in the infrared-heated greenhouse, leaf temperatures
in all three houses were comparable. Horizontal and vertical air temp
erature gradients were smaller in the infrared-heated house than in the
two-forced air heated houses. The use of air recirculation improved
air temperature uniformity in the infrared-heated greenhouse. Even
under cold outside conditions (—12°C), the infrared system was capable
of maintaining an adequate environment for plant growth and yield
of a tomato-crop was similar between the three houses.

INTRODUCTION

The greenhouseindustry in the province of Quebec is expanding
rapidly and growers are looking for ways to reduce their heating
costs which are very high in this severe climate. Hence, there
is considerable interest in new heating systems that can help
reduce fuel bills and provide a better climate for crops. Infrared
heating is considered to be energy efficient and capable of main
taining a favorable plant environment; however, the effect of
infrared heating on greenhouse climate and on plants when
heating loads are high has not been documented. The main
objective of this research project was to study the climate
produced by a gas-fired infrared system used in a polyethylene
greenhouse in cold climatic conditions and to compare it to that
generated by conventional forced-air systems. This was done
by gathering data on temporal and spatial variations of air and
leaf temperatures in three greenhouses equipped with different
heating systems. Plant responses under the three heatingsystems
were also measured and compared.

Infrared heating systems have been in use for about 10 yr in
both glass- and polyethylene-covered greenhouses. In most
cases, a relatively uniform air temperature distribution and sub
stantial energy savings (from 6 to 65%) are reported
(Youngsman 1978; Blom and Ingratta 1981; Hurd and Bailey
1983). In most greenhouse applications, low-intensity gas-fired
infrared units are used although experiments with electric
infraredemittersare also reported (Edwardsand Aldrich 1979).
Plant response to infrared heating is acceptable; little or no
differences were observed between infrared and conventional
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forced-air heating (Rotz and Heins 1982; Hurd and Bailey 1983;
Knies et al. 1984; Panter and Hanan 1986). Detrimental effects
were noted when combustion gases were rejected into the green
house (Reist 1984). Air temperature distribution patterns are
relatively uniform with infrared heating, the maximum differ
ences observed were less than 2°C (Blom and Ingratta 1981;
Rotz and Heins 1982; Hurd and Bailey 1983; Reist 1984; Zhao
et al. 1985; Anonymous 1987). Blom and Ingratta (1981) report
that air recirculation ("FAN-JETS") can reduce this difference
to less than 1°C while maintaining the same energy savings.
Due to radiative heat transfer, leaf temperatures are usually
higher than air temperature when infrared heating is used. For
this reason, the air temperature set-points can be reduced by
1-2°C without affecting the crop growth rate (Youngsman 1978;
Hurd and Bailey 1983).

Gas-fired infrared pipes have a common characteristic: the
pipe temperature varies along the length of the tube (Hurd and
Bailey 1983; Zhao et al 1985; Anonymous 1987). Thus, the
amount of radiation received by plants throughout the green
house is not uniform (Hurd and Bailey 1983; Knies et al. 1984;
Zhao et al. 1985; Anonymous 1987). To increase the uniformity
of the radiation distribution pattern, both Hurd and Bailey (1983)
and Knies et al. (1984) tried different heating pipe layouts but
obtained only moderate improvements in uniformity. These
authors noted that although radiation intensity varies along the
length of the emitters, air temperature distribution patterns stay
relatively uniform due to the importance of secondary convec-
tive heat transfer.

MATERIALS AND METHODS

The research wasconducted in three thermally independent green
houses locatedon the Laval University campus in Quebec City.
Each greenhouse was 6.5 m wide and 24.4 m long (158.6 m2).
The height from the ground to the trusses was 3.24 m and the
overall height was 4.96 m. The greenhouses were east-west
oriented and 3.1 m apart. The three structures were covered with
two polyethylene films (0.1 mm) on the roof and on the north and
southwalls. The eastand westextremities werecovered withpoly
carbonate (6 mm). The distance between the two films was
500 mm at the middle height of the wall. All three greenhouses
had an identical ventilation system consisting of a 6.5 m X 0.91 m
air inlet locatedon the west side and two extraction fens (900-mm
diam.) located on the east side. The latter werecontrolledby ther
mostats located at the center of the greenhouse. An injection fen
(250-mm diam) controlled by a thermostat during the day and
a timer during the nightwas used to supply fresh air to the burners.
A cross section of the greenhouses is shown in Fig. 1.
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Figure 1. Cross section of the experimental greenhouses.

One house (IR) was heated by gas-fired, low-intensity infrared
emitters and the other two by forced air, which, in one house
(FA-1), was heated by hot water, and in the other (FA-2) by a unit
heater. Data were collected for all three greenhouses, but more
detail was given to the IR and FA-1 houses. The IR greenhouse
was equipped with both an infrared heating system and a forced-
air system as a backup. The infrared system consisted of two
22-kW and two 29-kW REVERBERAY units. Each unit was com

posed of a gas burner, an inlet fan, a black painted aluminum
pipe (100-mm diam.) and a reflector. The emitters were placed
at a height of 2.76 m and 4.59 m apart (Fig. 1).The backup system
for the infrared-heated greenhouse consisted of a gas-fired unit
heater (MODINE, 70 kW) connected to a polyethylene tube
(600-mm diam.) which was used for air recirculation in a
ventilator-only mode. The FA-1 greenhouse was heated by two
flue gas condensing boilers (WEIL McLAIN, 50 kW) supplying
hot water to a heat exchanger connected to a polyethylene tube.
The FA-2 greenhouse was equipped with a gas-fired unit heater
(MODINE, 105 kW) connected to a polyethylene tube. All three
heating systems were regulated by an aspirated thermostat in an
ON/OFF mode. Thermostats were set at 15°C during the night
and 17°C during the day in the IR greenhouse and at 18°C and
20°C in the two forced-air heated greenhouses. Tomatoes were
grownin the north-east halvesof the houses while the south-west
portions were used to grow potted plants.

In the IR and FA-1 greenhouses, air temperature was measured
using T-type thermocouples at 18 points throughout the house.
In the FA-2 house, air temperature was measured at nine points
using the same type of thermocouple. In all three greenhouses,
in order to measure true air temperatures, the thermocouple junc
tionswere placed in uprightT-shaped, shieldsmade of white PVC
plastic. This arrangement was designed to enhance natural con
vection around the tips of the thermocouples. In the IR green
house, the thermocouple wires were coveredwith aluminum foil
to shield them from radiation. Leaf temperatures were measured
in the canopy with T-type micro-thermocouples (30-gauge)
inserted in the main rib and on the inner side of the leaf. Sub
strate temperatures were also measured using the same micro-
thermocouples inserted in the middle of the peat moss bag. Ver
tical airtemperature patterns were measuredwith a portable device
consisting of eight aspirated T-type micro-thermocouples attached
to a horizontal boom which could be moved either vertically or
horizontally. Thermal radiation (between 0.3 m and 60 m) inten
sity anddistribution patterns were measured in the IR greenhouse
using a pyrradiometer (model 3040-A, WEATHERTRONICS).
Relativehumidity was measured with a custom-made psychrom-
eter locatedat the center of the greenhouse. Air temperature, rela
tive humidities and thermal radiation values were read at least
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Figure 2. Vertical air temperature distribution observed during a night
period in (A) the infrared greenhouse with Fan-Jet (B) the infrared green
house without Fan-Jet, and (C) the first forced air heated greenhouse.
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every 15 min by a data acquisition system (Sciemetrics) installed
in the greenhouses. Horizontal radiationdistributionpatternswere
recorded on different occasions in the IR greenhouse. A com
plete set of measurements could be completed in 30 min. The
vertical air temperatureprofileswere also recorded separately with
a portable data acquisition system (Campbell Scientific). A set
of measurementsconsisting of three vertical profiles taken in each
of the IR and FA-1 houses could be completed within 45 min.
Outside climatic parameters (temperature, relative humidity, wind
speed and direction) were recorded independently at intervals of
15 min.

Severalnights in February, March and April 1988were selected
for more detailed studies. The experiments were conducted during
night periods to avoid solar radiation effects. Collected data con
sistedof vertical and horizontal air temperatures and for two nights
(25 Feb. and 5 Apr. 1988), the radiation distribution pattern was
recorded. Leaf temperatures were measured in each greenhouse
for similar night conditions. To assess the effect of incident radi
ation on leaf temperature, measurements were taken on several
leaves, each with a different orientation with respect to the heat
source.

RESULTS AND DISCUSSION

Vertical air temperature gradients for the IR and FA-1 greenhouses
are shownin Fig. 2. Values represent the averageof readings taken
in three vertical planes located at equidistant points along the lon
gitudinal axis of the greenhouses. The maximum gradient meas
ured in the IR greenhouse was approximately 1°C with
recirculation and 3.5°C without recirculation (Fig. 2). In both
cases, the temperature of the air surrounding the leaves was about
14°C. It seems that the use of a Fan Jet in the infrared-heated

house increased the uniformity of vertical air temperatures by
preventing excessive hot air accumulation in the top of the house
and by circulatingwarm air towardsobjects or areas less exposed
to radiation.

In the FA-1 greenhouse, the measured vertical gradient was
higher than in the IR house, reaching 4.8°C despite continued
air recirculation. This difference can be explained by the fact that,
whenusing infraredemitters, the air is heated in the bottom part
of the housethroughsecondary convection occurring around the
plants. Thus, in the IR house the warm air would move from the
bottomto the top through natural convectioncurrents. With forced-
air systems such as those installed in the two other houses, the
warmair wasdistributedat the top of the house and forceddown
wards through the FanJet openings. Due to the height of the struc
tures, very little warm air would reach the bottom of the houses.

The horizontal air temperaturegradients for both greenhouses
are presented in Figure 3. The values represent averages of
readings recorded over a 6-h period extending from 18:00 h to
24:00 h. The maximumgradient in the IR greenhouse was 2.4°C
with an average of 13.6°C (setpointof 13°C). In the FA-1 green
house, a 3.6°C gradient wasmeasured with an average of 17.8°C
(set point of 18°C). In both houses, the coldest areas were located
in theNorth-East sections. Thisis probably due to the proximity
of the injection fan. A tomato crop was being grown in these
sections.

In Fig. 4, the vertical air temperature gradients for the two
houses are presented as functions of outside air temperature. This
indicates that the temperature inside the IR greenhouse is less
sensitive to externaltemperaturevariationsthan in the FA-1 house.
The horizontal radiationdistribution pattern for the IR house is
shown inFigure 5.Themeasurements were taken during a period
of continued operation of the infrared units. The radiation values
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Figure 3. Averagehorizontal air temperatures in (A) the infrared heated
greenhouse and (B) the first forced air heated greenhouse.

shown in Fig. 5A were recorded during the night of 16 Feb. 1988
when the plants were about 0.3 m high and the outside tempera
ture was around -U°C. The values shown in Fig. 5B were
recorded on 5 Apr. 1988 when tomato plants were 2.5 m high
and the outside temperature was around 1°C. All readings were
taken with the instrument located 1 m above ground level. Spa
tial variations in radiation intensities can be attributed to the fact
that pipe temperatures varied considerably along their length.
Measurements (madewithJ-rype thermocouples fixed to the pipe
wall) showed temperatures as high as 500°C near the burner and
as low as 200°C at the end of the pipe. The increase in net radia
tion intensities recordedon 5 Apr. with respect to the ones meas
uredon 5 Feb. can be attributed to thepresence of greateramounts
of condensation on the polyethylene (which tend to block infrared
radiation) and to warmer sky conditions for the latter of the two
nights. Condensation increased as the growing seasonprogressed
due to an increase in the rate of evapotranspiration. The
phenomenon was not as obvious in the North-East halves of the
houses since the instrument used to measure radiation was partly
shaded by the tomato plant canopy.

Curves representing the evolution of leaf and substrate temp
eratures forbothgreenhouses are shown in Fig. 6. Readings were
taken for similar weather conditions (1 and 3 March 1988). Leaf
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Figure 4. Vertical air temperature gradients as a function of outside temperature for the infrared green
housewith Fan-Jet (IR FJ ON), without Fan-Jet (IR FJ OFF), andthe first forced airheated house (FA-1).
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Figure 5. Radiation distribution pattern for two different nights in the
infrared heated greenhouse (A) 25 Feb. 1988 and (B) 5 Apr. 1988.
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temperatures seem to be influenced by their orientation and loca
tion in the greenhouse i.e., leaves neara wallwere generally the
coldest. This trend was observed in both the IR and FA-1 green
houses but was more pronounced in the IR house. This can be
explained by the feet that outside leaves were more exposed than
inside leaves to radiation from the heater and to outside surfaces.
Hence, during infrared emitter operation, the temperature of the
outside leaves would increase beyond that of the inside leaves but
when the emitter cycled off, they would lose heat more rapidly
than other leaves. The use of a standard polyethylene covering
(rather than thermal plastic or glass) probably penalizes the
infrared heated house more (in terms of energy losses) than it
does the other systems since this type of covering is transparent
to infrared radiation.

In Figure 7, leaf temperatures for the IR and FA-2 houses
are reported. Data were collected for a period of 26 h on 22
and 23 March 1988. The readings for the period between
18:00 h and 21:00 h of 22 March are missing due to the failure
of the data-logging apparatus. Day and night air-temperature
set points were at 17°C and 15°C in the IR house and at 20°C
and 18°C in the FA-2 house. Daytime cycles coincide with the
operation of the ventilation system. The fact that canopy temp
eratures are often lower than air temperatures even in the IR
house suggests that a polyethylene greenhouse would benefit
gready from the use of thermal screensand/or of covering which
is opaque to infrared radiation. Thermal screens could also lead
to a more uniform climate. These results also suggest that
heating strategies for IR houses could be based on canopy temp
eratures rather than on air temperatures. Such an approach
would possibly yield further savings as well as better plant
growth rates but more work has to be done in order (1) to deter
mine the environmental conditions which are most favorable

to plants, (2) measure the effect of infrared on leaf temperatures,
and (3) find a reliable method to measure leaf temperatures.
A satisfactory answer to these questions would allow a better
use of infrared heating.
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Figure 6. Leafandsubstrate temperatures as a function of time(A)infrared greenhouse (B) first forced
air greenhouse.

A tomato crop was grown from 22 Feb to 25 July 1988.
Harvest beganon 22 Apr. and lasteduntil 25 July. Crop yields
for all three greenhouses were compared but no significant
differences wereobserved. Meanfruit weight washigherin the
IR house than in the two forced-air greenhouses but the total
number of fruits producedwas lower (Table I). For the potted
plants, the flowering date was roughly the same in all houses
but germination was earlier in the IR house. This was attributed
to warmer soil temperatures in the infrared-heated greenhouse.

CONCLUSIONS

The main conclusions that can be drawn from the work
reported above are that:
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(1) The uniformity of the climate produced by the infrared
radiant heating system was good even under cold outside
temperatures.

(2) No plant damage from the use of infrared heating was
observed and crop yields were comparable under all heating
systems.

(3) Since leaf temperatures closely follow air temperatures
in an infrared-heated greenhouse, it is possible to lower the
thermostat set points by 3°C during the night and still maintain
leaf temperatures which are comparable to those measured in
a forced air heated house.

(4) The use of air recirculation in an infrared-heated green
house improves the uniformity of the climateproduced by the
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Figure 7. Leaf temperatures in the infrared and second forced air (FA-2) heated greenhouses as a function
of time.

Table I. Impact of the heating system
weight and the total yield of a tomato

on the number, the mean
crop (spring production)

Heating system

Number of

fruit

(units)

Mean

weight

(g)

Total

yield
(g/plant)

Infrared

Forced air no. 1

Forced air no. 2

282.4

296.1

303.2

171.1

166.6

162.9

9605.3

9695.8

9792.5

Source: Centre de specialisation des cultures abritees (1988). Tech
nologic gaziere en serre, rapport de recherche. Faculte des Sciences
de 1'Agriculture et de 1'Alimentation, Universite Laval, Quebec.

radiant heating system by reducing vertical air temperature
gradients.
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