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Thermal energy use in three Swedish greenhouses — the outdoor

temperature-dependent variation and the influence of wind speed

under no-sunlight conditions

Katarzyna Maslak, Sven Nimmermark

(Swedish University of Agricultural Sciences, Dept. of Biosystems and Technology, Alnarp, Sweden)

Abstract: Thermal energy is used in greenhouses for the temperature and humidity control. In the North of Europe, energy

expenditures have a significant share in the total greenhouse production cost. A study was performed to quantify and analyze
the use of thermal energy in three Swedish commercial greenhouses (two with tomatoes and one with ornamental plants), to test
the hypothesis that substantial amounts of heat are used at higher outdoor temperatures, and to investigate the influence of the
wind speed on the energy use under no-sunlight conditions. Hourly climate data were registered by means of Priva control
systems. The use of thermal energy was computed based on the readings from the flowmeters and the temperature of the
inlet/outlet water to/from the boilers. In the study, seven different ranges of outdoor temperatures for studying energy use at
various outdoor temperatures were considered. The use of thermal energy in Greenhouse A amounted to 793 MJ/m’
(April-October). The yearly use of thermal energy in Greenhouse B with tomatoes was 1529 MJ/m? and in Greenhouse C with
ornamental plants 873 MJ/m?. The results showed a positive relation between the wind speed and the use of thermal energy.
Under no-sunlight conditions, correlation coefficients between the wind speed and the use of thermal energy obtained for the
various outdoor temperature ranges being considered were in the range of 0.017 to 0.470. Calculations suggested that a
reduction of the wind speed, e.g. by a fence or trees, by 50% may result in a 4% to 10% decrease of thermal energy use. In
one of the greenhouses (A) the magnitude of thermal energy use at higher outdoor temperatures (15°C to 20°C) was similar to
the use in the same greenhouse at outdoor temperatures of 10°C to 15°C. It was noted that the use of thermal energy is
dependent on more factors than the wind speed and the outdoor temperature and that the importance of energy efficient

dehumidification should be studied in future work.
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1 Introduction

Efforts for introducing energy conservation measures
in greenhouses have been driven by two main factors —
the economic one, associated with the increasing energy
prices, and the environmental one, related to the targets

decided upon during the conference in Kyoto, where the
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participating parties agreed to limit their emissions of
greenhouse gases (UNFCCC, 1997).

The energy expenses, related both to the use of
electricity for lights, pumps, etc. and to heat for
climatization, directly affect the agricultural production
costs. In case of greenhouse cultivation, such energy
associated expenditures can be significant. In Italy, the
cost of energy used to condition greenhouse air accounts
for 20% to 30% of the total production cost (De Pascale
and Maggio, 2005).
the energy cost can be higher than 50% of the overall

In the Netherlands,

In the North European countries,

production cost (Greenergy, 2008).
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75% to 90% of energy used in the non-illuminated
greenhouses is for heating purposes (Kempkes et al.,
2014).

use pattern in the production of four greenhouse

Canakci and Akinci (2006) analyzed the energy

vegetables — tomatoes, cucumbers, peppers and eggplants
— in Antalya, Turkey. The result showed that the
consumption of energy for heating accounted for 54% to
62% of the total energy used in the greenhouse operation.

Thermal energy in greenhouses is used for keeping
both the indoor temperature and the humidity of the air
within the desired range. The amount of energy that is
used is influenced by a large number of factors, including
the geographical location and orientation of the
greenhouse, its design and the crop species that are
cultivated.

Depending on the location and, to some extent, on the
orientation of the greenhouse the external climatic
conditions differ. The temperature of the air, solar
radiation, humidity, precipitation and wind speed vary
between different locations. The amount of solar
radiation and the effect of wind speed can vary depending
on the greenhouse orientation.

When analyzing the influence of the greenhouse
design on the energy use, the construction type (Djevic
and Dimitrijevic, 2009), the covering materials (Zhang et
al., 1996; Cemek et al., 2006; Hemming et al., 2011;
Fabrizio, 2012; Max et al., 2012) and the usage and type
of screens (Bot et al., 2005) need to be considered.
Available covering materials have different thermal
insulation properties and are characterized by different
coefficients of transmissivity (Papadakis et al., 2000)
influencing the amount of solar radiation that can reach
the crop. Gupta and Chandra (2002) studied how the
greenhouse shape, orientation, the application of
insulation in the north wall, double-wall glazing and
thermal screens affected the heating needs of a
greenhouse located in a cold climate of northern India.
They concluded that the optimal combination of these
parameters can reduce the heating demand by 80%.

Depending on the cultivated species, requirements on
the temperature and the humidity differ. A variety of
energy conservation strategies associated with set-points

and the operational climate control in the greenhouse was

tested and described by Elings et al. (2005).

A decision support tool enabling energy use
simulations was developed in the frame of the EU
research project Greenergy (Greenergy, 2008). The
impact of different factors, including the climatic
conditions (among others the wind speed), the greenhouse
construction, the climate set points and the application of
screens and lighting was evaluated. The simulations
carried out in the frame of the project showed that the
reduction of the wind speed and the following decrease of
the infiltration rate resulted in a reduced energy use
(MJ/m®) and an increased energy efficiency (kggui/MJ),
especially in case of the Northern European countries —
Denmark, Estonia and Finland (K&rner et al., 2008). In
case of Denmark, the use of energy for a tomato crop
decreased in these simulations by 4% when the
infiltration rate was lowered from 1.0/h to 0.5/h and by
14% when the infiltration was lowered from 2.0/h to
1.0/h. For Finland, the corresponding reductions were
6% and 13%.

Sanford (2011) reported that the use of windbreaks,
e.g. a fence or four-five rows of trees can reduce the wind
speed by 50% and decrease the heat losses by 5%-10%.

Bailey (1985) studied the wind dependent temperature
control, i.e. varying temperature set-points by wind speed,
and its potential for energy savings. Based on the
measurements and calculations performed, it was found
that if the wind speed is higher than the average value, the
energy requirement can be reduced through decreasing
the indoor temperature below the required average value.
After performing simulations, the same conclusion was
drawn by Bailey and Seginer (1989).
climatic conditions on the greenhouse heat losses was
studied by Zamir et al. (1984).

performed in two greenhouses located in a region of

The impact of
The measurements were
Galilee, in northern Israel. The results indicated a linear
correlation between the mean overnight heat demand and
the outdoor wind velocity. The amount of heat that had
to be supplied to the greenhouse (necessary to counteract
heat losses) was increasing together with the growing
wind speed and decreasing relative humidity.

Most of the studies concerning the wind speed that

has been done so far concentrated rather on its influence
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on the ventilation rate for cooling (Baptista et al., 1999;
Campen and Bot, 2003; Shilo et al., 2004; Khaoua et al.,

2006) than on its impact on the energy use in greenhouses.

Even though a number of studies describing the influence
of the wind speed on the use of energy for heating are
available (Bailey, 1985; Bailey and Seginer, 1989; Zamir,
1984), they are rather old.

greenhouses has changed since then — covering materials

The construction of

with different heat transfer coefficients are used, panels
of the covering materials are larger, greenhouse structures
are tighter and generally higher. In a comprehensive
review of the thermal properties of greenhouse cover
materials it is stated that estimations of U-values for
covering materials differ largely between studies and that
greenhouse U-values depend on the: 1) material type and
wet or dry conditions, 2) convection heat exchange
(inside and outside), 3) long-wave radiation exchange, 4)
air leakage, 5) cover material area, 6) structure and
geometry of the greenhouse, and 7) use of thermal
screens (Papadakis et al., 2000). Further, also the
temperature difference between the inside and the outside
of the greenhouse seems to affect the U-value (Geoola et
al., 2009).

heat transfer coefficients for specific materials and

Standard methods for the determination of

structures include a widely used hot box method using
controlled conditions. Such a method is described in the
American and German standards (Papadakis et al., 2000).
However, Papadakis et al. (2000) states that even if a
common testing method is used, values obtained from
such a method will not be of great significance for
characterizing the overall thermal behavior of a
greenhouse since, as mentioned above, heat transfer
There

is a limited knowledge of today’s energy use and thermal

mechanisms are highly complex for greenhouses.

behavior in Swedish commercial greenhouses.

The objective of this work was to quantify and
analyze the use of thermal energy in commercial Swedish
greenhouses. A hypothesis is that a considerable
amount of heat may be used, e.g. for dehumidification
also at high outdoor temperatures. Thus, the amounts of
thermal energy used in three commercial greenhouses at
different outdoor temperatures were calculated from the

measured data and studied. Furthermore, the aim of the

study was to investigate how one of the outdoor climate
parameters — the wind speed — affects the use of energy

for heating under no-sunlight conditions.
2 Materials and methods

2.1 Greenhouse facilities

The measurements for this study were carried out in
three commercial greenhouses (A, B, C) located in the
province of Scania (latitude 55 to 56° N) in the southern
part of Sweden. In Greenhouse A, tomatoes were
cultivated, in Greenhouse B, tomatoes and a small
amount of melons (see 2.1.2) and in Greenhouse C,
ornamental plants with Kalanchoe being the main species.
All greenhouse constructions where measurements took
place were of the Venlo-type. The studied greenhouses
differed in terms of their size, layout, covering materials
used, shading and the type of heating system being
operated.
2.1.1 Greenhouse A

The total floor area of the greenhouse — 80 000 m” —
was  distributed between eight equally sized
compartments (Figure 1).

and had the roof with the slope of 26°.

It was 5 m high to the gutter
The walls and
the roof of the greenhouse were covered by single glass.
The glass sheets used in the walls were of the size 1.5 x
0.8 m each. The lowest part of the walls (up to the
Glass

sheets of the southern wall were sprayed with lime up to

height of 1.5 m) was additionally insulated.

the height of 3 m. All compartments were equipped
with thermal screens.

The thermal energy came from burning natural gas.
In the heating system, hot water was delivered to the
greenhouse by two separate circuits - one provided the
water to compartments 2, 4, 6 and 8 and another one to
compartments 1, 3, 5 and 7. During the study, the
average temperature of the inlet water in circuit 1 was
82°C and of the outlet water 37°C.
water had the average temperature of 82°C and the outlet
water of 38°C.

pipes were located both below the crop beds and above

In circuit 2, the inlet
In each of the compartments, heating
the plant canopy. During the study (April-October), the

total floor area under cultivation was heated (A =

2
Aheated, m )
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Environmental conditions in the greenhouse were
monitored and controlled by means of a Priva Intégro
system (v. 724).  Priva sensors (thermistors and
aspirated psychrometers) registering the temperature and
the relative humidity were placed in each of the
could be
compartments 1-6 and four sensors were in compartments
7-8) (Figure 1).
measuring boxes at the height of 1.8 m.  The

compartments (two sensors found in

The pairs of sensors were placed in

temperature set-point was 21°C during the day and 17°C
during the night (April-October).

T/RH
X X X X
Compartment 7 Compartment 8
A =10000 m’ A =10000 m’
A
X X X X
N
X X
Compartment 5 Compartment 6
1 ﬁ ™ A=10000m’ A=10000 m’
X X
2 z‘
X X
Compartment 3 | Compartment 4
"N A=10000m’ | A=10000m’
X X
Flow meters
| Heating circuit
X X
X Teml.)erature{ X Compartment 1 Compartment 2
relative humidity S A= 10000 m’ A=10000m> -
sensors (T/RH)
— . X 7¢
--——- Direction of ridges

Figure 1 The layout of Greenhouse A showing the distribution of
compartments, heating circuits, flow meters and sensors for air

temperature and relative humidity

2.1.2  Greenhouse B

The greenhouse consisted of six compartments having
the total floor area of 13,700 m” (Figure 2). Tomatoes
were grown in all compartments except for compartment
5 where at the area of 425 m” melons were cultivated.
The height of the greenhouse was 3.75 m to the gutter
except for compartment 3 which was 4.20 m high. The
walls and the roof of the greenhouse were covered by
single glass apart from the walls of compartment 4, which
were covered by double-wall acrylic panels.
Compartments 2 and 3 were equipped with thermal
screens.

The thermal energy came from burning natural gas

Hot water
In this

and woodchips (with the share 50% each).
was delivered to the greenhouse by one circuit.
study, the average temperature of the inlet water was
67°C and of the outlet water 51°C. The location of the
heating pipes differed between compartments — in
compartments 1 and 4 there were three levels of heating
(pipes were located below the benches, inside the plant
canopy and at the gutter height), in compartment 2 pipes
were below the benches and inside the canopy (at two
different levels), in compartment 3 — below the benches,
inside the plant canopy (at two levels) and at the gutter
height, and, in compartment 5 — under the tables and
below the roof at the height of the gutter. During the
study (January-October), in January not all compartments
were heated. Thus, the heated area for that month was
lower than the total floor area.

A Priva Intégro system (v. 724) was utilized to
monitor and to control the climatic conditions. Priva
sensors measuring the temperature (thermistors) and
relative humidity (aspirated psychrometers) were located
in each compartment (Figure 2) at the height of 1.7 m.
The temperature set-point for the heated compartments
was 20°C during the day and 17°C during the night
(January-October).

Compartment 1 gr Compartment 2
A=3072m’ g E A=3072 m’
b= Q)
N X s 9 X
T/RH g
Q <
74 i 8
X
Compartmgrit i3]
Flow meter A=425m"
—— Heating circuit a
X Temperature/ Compartment 3 Compartment 4
relative humidity A=3456 m’ A=2880 m’
sensors (T/RH) X X
| | | Direction of ridges
¥ | AN

g

Figure 2 The layout of Greenhouse B showing the distribution of
compartments, the heating circuit, the flow meter and sensors for air

temperature and relative humidity

2.1.3  Greenhouse C
The greenhouse consisted of eight different sections
(Figure 3).

6,500 m® was under cultivation, whereas between weeks

Between weeks 12 and 42 the whole area of

43 and 11, compartment 1 was excluded from the use.
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The height of compartments no. 1 and 8 was 4.5 m, no. 2,
3,4and 5-3.5m, no. 6 —4 mand no. 7 — 2.5 mto the
gutter. In compartment 1 the walls consisted of two
air-inflated layers of PE plastic film and the roof of
double-wall polycarbonate panels. In compartments 2, 3
and 7 the walls and the roof were covered by double-wall
acrylic panels. In compartments 4 and 5 walls and the
roof were covered by glass. In compartment 6 walls
were covered by double-wall polycarbonate panels and
the roof by single glass and in compartment 8 walls were
covered by double-wall acrylic panels and the roof by
single glass. Compartments 2-8 were equipped with
screens. For supplemental lighting high-pressure sodium
lamps with an irradiance level of 30-40 W/m’ were used
in order to keep the desired number of light-hours for the

plants at their varying development stages.

Compartment 7
T/RH A=960m* 3
N A
Compartment 6
\ A=696m’
Compartn?lé nt5s
X A =460 m’
o0
i 5 Compartm7eL t 4
g 2 A=552m’
S =
=
S < .
Compartment 3 =
A=984m’ —ﬁ— S
X 5
L 5+
2
Flow meter =
—— Heating circuit Compaément 2
X Temperature/ A=552m"
relative humidity
sensors (T/RH) Compartment 1
A=1150 m’
_ Direction of ridges X

Figure 3 The layout of Greenhouse C showing the distribution of
compartments, the heating circuit, the flow meter and sensors for

air temperature and relative humidity

Three ground water heat pumps, backed up by an
electric boiler and two oil boilers were used for supplying
heat to the greenhouse. During this study, the inlet
water had the average temperature of 43°C and the outlet
water of 33°C.

with fan coils was utilized.

In compartment 1 an air-heating system
In compartments 2, 4, 5, 6
and 8, the heating pipes were located below the benches

at which the plants were grown, below the roof at the

gutter height and along the walls, in compartment 3 —
below the benches and at the gutter height and in
compartment 7 — at the gutter height and along the walls.
During the study (January-October), compartment 1 was
not heated thus the heated area was lower than the total
area under cultivation.

The indoor climate parameters were monitored and
controlled by means of a Priva Intégro system (v. 724).
Both the temperature and the relative humidity were
measured by Priva sensors (thermistors and aspirated
psychrometers, correspondingly) situated in each
compartment at the height of 1.4 m (Figure 3). The
temperature set-point was 21°C during the day and 20°C
during the night (January-October).

2.2 Climate and thermal energy use

Hourly data on the outdoor climate (temperature,
wind speed and solar radiation), on the indoor
temperature, relative humidity and on the heating system
(temperature of inlet and outlet water to/from the boiler
and readings from the flow meter) were recorded for each
of the greenhouses. The outdoor temperature and wind
speed were registered by the sensors included in the Priva
meteorological station mounted on the roof of each
greenhouse. The amount of solar radiation was measured
by Kipp & Zonen solarimeters. Priva sensors placed in
the measuring boxes were used to register the indoor
temperature and relative humidity. The temperature was
measured with the accuracy of 0.3°C in the range of 15°C
to 35°C and the relative humidity with the accuracy of
3% in the range of 10% to 100% RH (15°C to 35°C).
The use of thermal energy in each greenhouse was
calculated from the measured temperature of water
entering and leaving the boiler and from the pulses
registered by flow meters.

was registered using SVM TCF Pt100 sensors. The

The temperature of water

flow meters used were of the following

types:
Hydrometer WP-XKA model 457 with the nominal
diameter 200 mm and the pulse rate 250 pulses/liter
(Greenhouse A), Hydrometer WP-XKA model 457 with
the nominal diameter 150 mm and the pulse rate 100
pulses/liter (Greenhouse B) and Hydrometer WP-XKA
model 456 with the nominal diameter 100 mm and the

pulse rate 25 pulses/liter (Greenhouse C).
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The use of thermal energy (Q, kJ) during each hour

was determined by means of the following formula:
O=V-ATpVyu (1)

where: V' is the water flow calculated from pulses from
the flow meter, m3; AT, denotes the difference between
the inlet and the return temperature of water (water
leaving/entering the boiler), °C; p is the density of water
(calculated on the side of the flow meter), kg/m3; Coavis
the average specific heat capacity (calculated based on
the temperature of inlet and return water) (kJ kg °C™).

The total monthly and for two greenhouses (B and C)
yearly use of energy per square meter of the total floor
area (MJ/mzwtal area) Was calculated.
2.3 Data sets under no-sunlight conditions

A set consisting of 5136 hourly values (April-October)
was obtained for Greenhouse A and of 7296 hourly
values (January-October) for both Greenhouses B and C.
In case of all greenhouses the choice of the period was
conditioned by the availability of data. Out of the
primary data sets, the data on temperature, wind and
energy under no-sunlight conditions (s < 5 W m™)
were chosen for further analysis. These new data sets
included 2075, 3390 and 3501 hourly values for
Greenhouses A, B and C, respectively. The selected
values were subsequently grouped depending on the
outdoor temperature (7,,). Seven outdoor temperature
ranges were considered: 7o,<0° C, 0=T,,<5° C, 58Tou<
10° C, 10=T,<15° C, 155T,4<20° C, 20=T,,<25° C and
Tou>25° C.  The use of thermal energy (MJ/mzwtal area) 1N
all intervals was calculated and the number of hours in
each outdoor temperature range was determined.
2.4 Data processing
24.1

The statistical software Minitab version 16.2.4 was
By the help of Minitab

calculations, the energy use per square meter of heated

Statistical evaluation
used to perform the analyses.

greenhouse area was determined (kJ/mzhea[ed aa)- A
number of correlations were done in order to investigate
the impact of wind speed on the energy used for heating
and to determine the degree of linear relationship between
these two parameters. Regression analyses with the
thermal energy use as a response variable and with the

outdoor temperature and the wind speed as predictor

variables were performed. Regression equations were
utilized to estimate how the reduction of the wind speed
affected the use of thermal energy. It was done in the
following way: the influence of reduced wind speed on
thermal energy use was estimated by the help of
calculations where the measured values of wind speed for
each hour were decreased by 5%, 10%, 15%, 25%, 50%
and 75% and substituted into equations obtained from
regression analyses. The decrease in the thermal energy
use was compared to the actual thermal energy use in the
period of April to October for Greenhouse A and in the
period of January to October for Greenhouses B and C,
under no-sunlight conditions.
2.4.2 Heat loss coefficient per square meter floor area
The relationship between the energy used for heating
and the difference between the indoor and the outdoor
temperatures (AT = Tin — Toy) Were determined in order to
estimate thermal insulation properties of the greenhouses.
For Greenhouse A, values corresponding to April-
October and for Greenhouses B and C to January-October
were calculated. When calculating heat transfer (W/m?)
through e.g. a wall, the heat transfer coefficient (U-value,
W/m’-°C) for the wall was multiplied by the difference in
temperature (A7, °C) between the indoor and outdoor
climate giving an expected heat loss (W/m”) being
proportional to the temperature difference. Further, no
heat transfer can be expected when AT is zero. Using
the regression analysis of the measured thermal energy
loss (W/m?) versus AT (°C) and its trendline with the
intercept (0.0), a heat transfer coefficient Uil 10ss PET
square meter of the floor area (W/mzhea[ed arca C) Wwas
estimated for Greenhouses A, B and C. The linear
regression between thermal energy loss and AT with an
intercept at (0, 0) gives a trendline of the type y = ax,
where: y is thermal energy loss (W/m?), x is AT (°C), and
a is a coefficient showing the slope, i.e. the U-value. A
function of Usoa 10ss can be used to express the heat loss

from a greenhouse.
3 Results and discussion

3.1 Thermal energy use in greenhouses
The amount of thermal energy used for Greenhouse A

during the period April-October was 793 MJ/m?oal arca-
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The yearly use of thermal energy in Greenhouse B
amounted to 1,529 MJ/mztma] area aNd in Greenhouse C to
873 MJ/Mtotal arca- Figure 4 presents the use of thermal
energy in consecutive months. The values calculated in
this study are comparable with the statistics presented by
the Swedish Board of Agriculture (Jordbruksverket,
2012).

indoor

In Table 1, the average monthly values of the
temperature, of the temperature difference
between the indoor and the outdoor climate and of the
wind speed measured for each of the greenhouses are
presented. The average indoor temperature corresponds
to the total greenhouse area (not just to the heated area).
Although the

Greenhouse B (18.6°C) was lower than the temperature in

average indoor temperature in
Greenhouse C (20.8°C), its consumption of thermal
energy per square meter was larger (January-October).
Due to the type of crop cultivated in Greenhouse C
(ornamental plants) the usage of lighting was higher and
thus the temperature could be increased even though less
heat from the heating system was supplied. The average
values of relative humidity were normal, though higher in
Greenhouse B (amounting to 78%) than in Greenhouse C

(equal to 73%), indicating an expected higher need for

Table 1

dehumidification and increased heat losses due to this.

220
200
180
160 |
140 |
120
100
80
60 |
40
20

Greenhouse A

Thermal energy use/MJ m™

4 5 6 7 8 9 10
Months

220 Greenhouse B

Thermal energy use/MJ m”

1 2 3 4 B 6 7 8 9 10 11 12
Months

200 + Greenhouse C

Thermal energy use/MJ m™

1 2 3 4 5 6 7 8 9 100 11 12
Months

Figure 4 Monthly thermal energy use per square meter of the total

floor area (MJ/m’ 1 area) in the three greenhouses in the study

Average monthly values of the indoor temperature (7;,), the difference between the indoor and the outdoor temperature

(A7) and the wind. The average indoor temperatures were calculated for the total floor area (not just for the heated area)

Average values (SD)

Month Greenhouse A Greenhouse B Greenhouse C
Tin, °C AT, °C Wind speed, m/s Tin, °C AT, °C Wind speed, m/s Tin, °C AT, °C Wind speed, m/s

Jan N.A. N.A. N.A. 10.8 (2.4) 6.54.1) 4.6 (2.0) 17.5(1.1) 13.6 (3.6) 3.7 2.0)
Feb N.A. N.A. N.A. 15.5(1.7) 14.0 (2.6) 3.42.0) 17.3 (0.8) 16.5(2.3) 23(1.7)
Mar N.A. N.A. N.A. 16.6 (2.4) 10.7 (2.0) 3.2(19) 17.9(1.7) 122 (2.4) 2.52.0)
Apr 19.4 (2.5) 11.2(2.5) 4.0 2.1) 18.1(2.8) 9.6 (2.6) 2.8(1.8) 18.7 (2.4) 10.5(2.9) 2.124)
May 19.9 (2.8) 83129 3.3(15) 18.8 (2.6) 7.0 2.7) 2.6(1.3) 199 2.9 7.6 (2.7) 1.1(1.5)
June 199 (3.3) 3.7(1.8) 3.4 (1.6) 193 (2.9 3521 23(1.4) 22.2(3.6) 5.4(1.7) 1.4 (1.3)
July 19.7 (2.7) 3.8(1.7) 3.8(1.6) 19.9 (2.7) 3.5(1.7) 29 (1.4) 214 (2.4) 5.6 (1.6) 2.5(1.5)
Aug 20.3(3.2) 3.1(1.6) 3.8(1.6) 20.3 (3.0) 2.8(1.8) 2.7(14) 22.1(2.7) 5222 2.1(1.4)
Sept 183 (2.4) 5.3(2.0) 43 (1.9) 18.1(2.3) 49 2.4) 32(1.7) 20.5 (1.6) 8.1(1.9) 2.5(1.5)
Oct 18.1(2.2) 9.12.7) 3.0(1.5) 174 (2.3) 8.7(3.3) 1.9(1.5) 18.7(1.9) 10.8 (2.4) 1.4 (1.3)
Nov N.A. N.A. N.A. 8.6 (4.1) 3.42.5) 3.2(1.7) 17.7 (1.4) 13.8(2.8) 2.3(1.6)
Dec N.A. N.A. N.A. 6.6 (2.1) 2.8(1.8) 3.22.0) 17.8 (0.9) 14.8 (2.4) 2.5(1.4)

Note: N.A. — not applicable.

3.2 The impact of wind and outdoor temperature on
energy use
In all investigated cases — in all greenhouses and in

each outdoor temperature interval — Pearson correlation

coefficients for the thermal energy use versus the wind
speed were positive (Table 2). The use of thermal
energy was increasing together with the growing wind

speed. The values of Pearson correlation coefficients
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were rather low indicating a large variation of data points
around the line of best fit. This was probably caused by
the fact that the use of thermal energy was affected by
more factors than just the wind speed, for example by
relative humidity or by the process of condensation. A
large number of the influencing factors are due to large
data sets, especially in case of the total range of outdoor

temperatures.

Table 2 Correlations between the thermal energy use
(kJ/mzhemd area) aNd the wind speed (m/s) and the
corresponding p-values for each of the greenhouses and for
different temperature ranges under no-sunlight conditions

Pearson correlations

Outdoor
temp ‘Eéat“re’ Measure Greenhouse Greenhouse Greenhouse
A B C
T<0 Correlation coefficient n.a. 0.165 0.297
P-value n.a. 0.018 0.000
Correlation coefficient 0.280 0.104 0.227
0<T<5

P-value 0.001 0.005 0.000
Correlation coefficient 0.232 0.184 0.470

5<T<10
P-value 0.000 0.000 0.000
Correlation coefficient 0.017 0.183 0.272

10<T<15
P-value 0.618 0.000 0.000
Correlation coefficient 0.128 0.309 0.182

15<T<20
P-value 0.011 0.000 0.001
Correlation coefficient 0.132 0.031 0.371

20<T<25
P-value 0.915 0.943 0.467
AILT Correlation coefficient 0.052 0.205 0.280
P-value 0.018 0.000 0.000

Note: n.a. — not applicable.

The p-values shown in Table 2 being low in most of
cases demonstrate a good relationship between wind
speed and thermal energy use. Higher p-values obtained
for the highest outdoor temperature range — between
20°C and 25°C — are related to very small data sets —
under no-sunlight conditions only few values of wind
speed and thermal energy were registered.

Equations and coefficients of determination
(R*-values) obtained from the regression analyses for the
thermal energy as a function of the outdoor temperature
and the wind speed can be seen in Table 3. To get the
equations presented in the table, all values of wind speed
under no-sunlight conditions were used. Regression
analyses allowed for determining how precisely the
consumption of thermal energy can be estimated
(compared to the measured values).  Rather low
R*-values obtained for Greenhouses A and B are due to

the fact that more parameters than the outdoor

temperature and the wind speed (e.g. relative humidity,
indoor temperature set-points) influence the use of

thermal energy.

Table 3 Regression equations and R’-values obtained for
three greenhouses using all available data under no-sunlight

conditions
Greenhouse Regression equation R2-value
Energy use (kJ/mheaed area) = 302 — 10.1 Ty (°C) +5.3 .
A Wind speed (m/s) 19.9 (%)
Energy use (KJ/MCheaed aea) = 347 — 16.4 Ty (°C) +20.7 .
B Wind speed (m/s) 17.0 (%)
C Energy use (kJ/mzhemed arca) =194 -11.4 T, (OC) +8.3 737 (%)

Wind speed (m/s)

Using the equations from Table 3, it was calculated
how the use of thermal energy changes with the wind
speed.
conditions was 3.1, 2.7 and 1.8 m/s for Greenhouses A, B

The average wind speed under no-sunlight
and C, respectively. It was found that a reduction of
wind speed by 50% decreased the use of thermal energy
by 4%-10% (Table 4).
with Sanford (2011).

wind speed could be reduced even more, by 75%, the

These results are in accordance

The calculations suggest that if the

thermal energy savings could be as high as 15.5%. For
the periods with no sunlight, the reduction of wind speeds
by 75% corresponds to average wind speeds of 0.8, 0.7
and 0.4 m/s for Greenhouses A, B and C, respectively.
Those lower values of the wind speed could be achieved
at the planning stage, i.e. while choosing a greenhouse
location, a site with a smaller exposure to wind is
preferable, e.g. in a small valley. Significant differences
of average wind speeds between the greenhouses indicate
a possibility to decrease heat losses by choosing, as
already mentioned, a good location of the greenhouse and
maybe also by introducing windbreaks.
Table 4 Thermal energy savings obtained in three

greenhouses from the calculations for reduced wind speed by 5,
10, 15, 25, 50 and 75%

1 0,
Reduction of the Energy saving, %

wind speed, %

Greenhouse A Greenhouse B Greenhouse C

5 0.4 1.0 0.6
10 0.8 2.1 1.2
15 1.2 3.1 1.8
25 2.0 52 3.0
50 4.0 10.3 6.0
75 6.1 15.5 9.0

Note: For Greenhouse A, energy savings were calculated for months

April-October and for Greenhouses B and C for months January-October.
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Increased energy use by increased wind speed occurs
because of the higher heat transfer through the
greenhouse cover due to higher convection losses from
the surface and increased infiltration.

The results concerning the impact of the wind speed
on the use of thermal energy obtained in this study are in
accordance with Bailey (1985), Bailey and Seginer
(1989), Greenergy (2008) and Zamir et al. (1984).
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3.3 The use of thermal energy in different outdoor
temperature ranges

The consumption of thermal energy (MJ/mztotal area) 10
different outdoor temperature intervals and the number of
hours with the average outdoor temperature within a
specific temperature range are shown in Figure 5. Only
hours with the average solar radiation ggopar < 5 W/m? are

included.

1400 Greenhouse A
1200
1000 + 909
800
600 -
400 |
200

0

T

627
396

Number of hours

+9 /5 N A5 N o) fove)
§ L8 P2 S, S, S, o 17
Q & We oF e

Outdoor temperature/ ‘C

Greenhouse B

1146

1400
1200
1000 928
%00 | 745

600 F
400 b

357

Number of hours

206

29 /5 N A5 N o) foje)
1 S S, . b z 7
© \ 20

Outdoor temperature/ ‘C

Greenhouse C
1194

1400
1200
1000
800
600
400
200

Number of hours

A 25

A0 \> 0 1 70
L e SIS S, S, S €4
5 N\ A5~ O\

Outdoor temperature/ ‘C

Note: For Greenhouse A, energy used between April and October is depicted; for Greenhouse B and Greenhouse C, energy used between January and October is

presented.

Figure 5 Thermal energy use per square meter total floor area (MJ/mzma] area) 10 different outdoor temperature intervals under no-sunlight

conditions (Gsopar < 5 W/mz) and the number of hours in the data set within each temperature interval

In Greenhouse A, the amount of thermal energy used
per hour at outdoor temperatures between 10°C and 15°C
was almost of the same magnitude as for the outdoor
temperatures between 15°C and 20°C (178 versus 167
kI m* h™"). In Greenhouse B, the corresponding values

amounted to 178 and 83 kJ m” h”', whereas in

Greenhouse C the values were 49 and 22 kJ m” h™'. A
considerable use of thermal energy at higher outdoor
temperatures (15-20°C), especially in Greenhouse A, may
be caused by the process of dehumidification and the
operation of heating system while vents are open.

Another explanation may be the type of the heating
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system used — water pipes have rather large thermal
inertia, especially when compared with ducts used in air
heating systems (Teitel et al., 1999). Large thermal
inertia in the heating system results in a slower change of
released amounts of thermal energy to the greenhouse
interior which may increase heat losses.
3.4 Thermal energy use versus the indoor and the
outdoor temperature difference

In Figure 6 the relation between the use of thermal
energy (kJ m'zheated area h']) and the difference between the
indoor and the outdoor temperature (AT = Ti, — Tou, °C)

under no-sunlight conditions is presented.
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Note: For Greenhouse A, data sets for the months of April-October and for
Greenhouses B and C data for the months of January-October are included.
Figure 6 Energy use per square meter of the heated greenhouse
area (kJ M eated arca h™") versus difference between the indoor and
the outdoor temperature (AT = T, — Toy, °C) under no-sunlight

conditions

In Greenhouse B, a number of thermal energy values
registered for AT between 10°C and 15°C were much
higher than the majority of points measured in the same
interval. The reason for that was malfunction of the
heating system (a furnace with wood chips with
occasional problems) and maybe sometimes also
problems with the climate control system. After the
exclusion of those values, the trendline equation of
y=19.606x+83.385 and the R’-value of 53.5% were
obtained.  Furthermore, a new regression equation:
Energy use (kJ/mzheated area) = 346 — 15.4 Ty, (°C) + 8.56
Wind speed (m/s) with its corresponding R*-value of
44.9% were obtained (compare with the equation and the
R*-value shown in Table 3).

For two of the greenhouses (A and B) with walls
and roofs covered by glass, the calculated values of heat
loss coefficients, Ul 10ss, Obtained when the trendline
has the intercept point (0.0), were equal to 7.8 and
85 W M’heaed aea °C

Greenhouse B, respectively. The Ul 10ss PEr square

for Greenhouse A and

meter is an indicator of the insulation properties of the
greenhouse cover. The corresponding values of heat
loss coefficients related to the total area of the greenhouse
cover (the area of walls and the area of roof) were equal
to 6.5 and 6.4 W m”cuer °C.

made for

The calculations were
Under

circumstances screens were closed. Data suggested a

no-sunlight conditions. such
significantly lower value of the heat loss coefficient
(Usotal_1oss) for Greenhouse C (2.9 W m'zheated area °C'])
where another crop (ornamental plants) was grown and
much of the greenhouse cover material consisted of
double plastic sheets of polycarbonate and acrylic.
However, in this house, also lighting was used when
needed, providing extra thermal energy to the greenhouse
and lowering the heat supply from the heating system and
also lowering the calculated Uil 10s5» Which in these
calculations represented only the heat coming from the

heating system.
4 Conclusions

Thermal energy use in greenhouses varies due to a
large number of climate parameters and also due to

management practices making analyses of the influence
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Thus

conclusions can be made in the study. Based on the

of single parameters complicated. limited
conducted study, the following was concluded:

1) A significantly lower amount of thermal energy
was used in the greenhouse with ornamental plants
compared to the use in the two greenhouses with
tomatoes for which the use was similar. Supplemental
lighting in the greenhouse with ornamental plants and the
use of double-wall plastic cover materials are two reasons
for that. However, also a lower need for
dehumidification at higher temperatures is a likely cause.

2) Data revealed that much thermal energy may be
used in greenhouses with tomatoes also when outdoor
temperatures are higher. However, the heat use at
higher temperatures in such greenhouses seems to vary to
a large extent between different greenhouses. The
amount of thermal energy used per area unit and hour in
Greenhouse A at the higher outdoor temperatures of 15°C
to 20°C was almost of the same magnitude as the use at
10-15°C, while for Greenhouse B the thermal energy use
at higher temperatures (15-20°C) was just about half of
that in Greenhouse A.

3) The study indicated a significant increase of
thermal energy use by increased wind speed suggesting
that thermal energy use in a greenhouse can be decreased
significantly when choosing a location with lower
Also,

a decreased heat demand.

average wind speeds. an application of

windbreaks allows for
Calculations based on collected data showed that a
reduction of the wind speed by 50% decreased the
demand for thermal energy by 4% to 10%.

The use of thermal energy is influenced by many
more factors than the wind speed and the outdoor

temperature.  The impact of other climate factors,

including relative humidity and different levels of
insolation as well as the impact of various types of energy
efficient dehumidification, should be investigated in
future work.
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Nomenclature

Aheated — heated greenhouse area (M heated arca)

Aol — total greenhouse floor area (mzwtal arca)

C, av — specific heat capacity of water (kJ kg'°Cc™)

gsolar — Intensity of solar radiation (W/mz)

Q — thermal energy use (kJ)

P — heat transfer rate (W)

Tin — indoor temperature (°C)

Tout — outdoor temperature (°C)

Utotal_10ss — heat transfer coefficient per square meter of the
greenhouse floor area (W m-zheated area OC-])

V — flow of water (m’)

AT — difference between the indoor and the outdoor
temperature (°C)

AT,, — difference between the temperature of water
leaving and entering the boiler (°C)

p — density of water (kg/m’)
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