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ABSTRACT
Excessively high relative humidity (RH) occurred in the greenhouses almost all year around.
Various methods of dehumidification are available for greenhouses. To find a feasible method for
greenhouse dehumidification, three methods including air-to-air heat exchangers, exhaust
ventilation system, as well as the mechanical refrigeration dehumidification were compared in a
tomato greenhouse in the cold region of Canadian Prairies. The experiment results showed that
dehumidification by the exhaust fan system was the most cost-effective method with the lowest
capital and maintenance cost. However, similar to the heat exchangers, the exhaust fan system is
only effective during cold and mild seasons, and not during warm weather conditions. Even though
the mechanical refrigeration dehumidifiers consumed the highest amount of electrical energy thus
resulting in the highest cost, they were effective in controlling the indoor moisture year-round due
to their independence from outside air conditions. Mechanical refrigeration is recommended for
summer dehumidification which is only needed at night and early morning before ventilation
cooling starts. Both methods could be used during different seasons to achieve good moisture
control year-round.
A moisture balance model for simulating the greenhouse indoor RH and air water vapor partial
pressure was developed. The model, named HumidMod, takes plant evapotranspiration as the main
moisture source of greenhouse air, which is calculated by a modified Penman-Monteith
evapotranspiration model. Condensation on the greenhouse inner cover surface as one of the
moisture sinks or sources is calculated by two statistical models developed in a Venlo-type plastic
greenhouse. Ventilation or infiltration is estimated as a function of the indoor solar radiation. In
the model, the indoor RH and water vapor partial pressure can be directly calculated as a function
of the indoor and outdoor air conditions, as well as the plant and greenhouse characteristics. The
model was validated by comparing predictions with measured data in a tomato greenhouse, which
had a commercial-grade refrigeration dehumidifier for humidity control. The mean absolute
uncertainty between the predicted and measured results was about 6.9% for both RH and water
vapor partial pressure. The coefficient of determinations were 0.59 and 0.75 for RH and water
vapor partial pressure, respectively. A good agreement was found between the predicted and
measured results with root mean square error of 5.6% for RH and 0.144 kPa for water vapor partial
pressure. This model provides a reliable tool for the estimation of dehumidification requirement
ii

inside a greenhouse to achieve a desired humidity level. Sensitivity analysis of this model to several
important input parameters was also conducted in three different seasons: cold winter (January),
mild season (April), and summer season (July). The results indicate that the input parameters
including the indoor air temperature, incoming solar radiation, air exchange rate, as well as plant
leaf area index have a significant influence on the model output so should be decided carefully.
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GENERAL INTRODUCTION
An optimum crop growth environment is essential to improve crop yield and quality. However,
high humidity can easily occur inside a greenhouse due to plant transpiration, which is the main
moisture source in greenhouses (Shrivastava et al., 1994; Wang and Li, 2008). Another main reason
is the use of single or double-polyethylene cladding for the last 50 years (Roberts and Mears, 1969),
which leads to more moisture captured inside the well-sealed greenhouses causing high relative
humidity (RH). The reason to avoid high RH inside a greenhouse is that it can lead to a loss of
plants due to fungal diseases, leaf necrosis, and calcium deficiencies thus reducing crop production
and produce quality (Bakker, 1991; Campen et al., 2003; Körner and Challa, 2003). Therefore,
dehumidification in greenhouses becomes important to ensure successful plant production.
Nowadays, many methods are explored to dehumidify a greenhouse, e.g., traditional
ventilation, chilled water condensation, hygroscopic dehumidification, air-to-air heat exchanger,
etc. The most competitive method as suggested by Campen (2009) is dehumidification by air-toair heat exchangers compared to condensation on a cold surface and an absorbing hygroscopic
material. However, there is no study to test the existing mechanical refrigeration dehumidifiers for
greenhouse humidity control. Besides, limited information exists on how to determine the
dehumidification requirement for a greenhouse.
To determine the dehumidification needs of greenhouses, a moisture balance model needs to
be developed. Plant evapotranspiration is the main moisture source for greenhouse indoor air. As
for moisture sinks, condensation on the greenhouse roof and plant leaves, air exchange by
ventilation and infiltration along with dehumidification systems are methods that remove the
moisture from the greenhouse air. There has been little research in the literature dealing with the
measurement of condensation rates in greenhouses or any other facilities. Montross et al. (2006)
designed a low-cost condensation sensing system using a commercially available leaf wetness
sensor. The experiment conducted in a greenhouse revealed that the system could accurately predict
the occurrence of condensation. However, no further experiments were performed to measure the
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amount of condensation. De Freitas and Schmekal (2003) devised a home-made condensation
sensor and used it to measure the condensation rate in a cave located in New Zealand. The
researchers concluded that the measured condensation rate correlated well with the calculated
condensation rate. This physical model can also be used to calculate the condensation rate on the
inner surface of the greenhouse covering material. However, to do the calculation, the convective
heat transfer coefficient between the indoor air and the cover surface must be known, which is
difficult to determine inside a greenhouse.
Hence, the main objectives of this study were to evaluate three dehumidification methods,
especially mechanical refrigeration dehumidifiers, for greenhouse humidity control, and to develop
and validate a moisture balance model to predict the relative humidity and water vapor partial
pressure. To achieve these goals, the following detailed objectives were pursued:
1) to monitor RH profiles of a tomato greenhouse located in a cold region over the growing
season of ten months in order to identify high RH periods and dehumidification needs, other indoor
environment conditions, including indoor air temperature, solar radiation, CO2 concentration, etc.,
will be monitored simultaneously;
2) to compare the performance of three different dehumidification methods including air-toair heat exchanger dehumidification, exhaust ventilation system dehumidification, and mechanical
refrigeration (domestic scale) dehumidification in a tomato greenhouse in cold region;
3) to evaluate the dehumidification performance of an air-to-air heat exchanger in another
tomato greenhouse, and to explore a method of estimating the dehumidification requirements for
greenhouses based on the experimental results;
4) to select a commercial-grade mechanical refrigeration dehumidifier for tomato greenhouse
humidity control, and to evaluate the performance of this dehumidifier and conduct an economic
analysis on the costs and benefits;
5) to develop a condensation measurement method for greenhouse cover inner surface
condensation quantification;
6) to quantify condensation on a greenhouse cover inner surface by applying the measurement
method developed by this study, identify the condensation profiles over the growth season, and to
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evaluate theoretical condensation models and generate regression models for condensation rate
prediction; and
7) to develop a moisture balance model to predict the indoor RH and water vapor partial
pressure in a greenhouse, to validate the model using data collected in the condensation
measurement tomato greenhouse located in a cold region, and to conduct sensitivity analysis of the
model to main important input parameters.

Organization of the Thesis
This thesis is organized in a manuscript-style. It is presented in the form of published or
prepared manuscripts. It is comprised of eight chapters. A brief introduction is added at the
beginning of each chapter to elaborate the contribution of the study and to describe the connection
of the manuscript to the context of the thesis. A general discussion chapter is also presented at the
end of the thesis.
Chapter 1 presents the comparison results of three dehumidification methods – air-to-air heat
changer dehumidification, exhaust ventilation system dehumidification, and mechanical
refrigeration dehumidification – in a tomato greenhouse based on their effectiveness, capital cost,
operating cost, durability, and ease of installation and maintenance. It is published in Applied
Engineering in Agriculture, 2015, Vol. 31(1), pp. 133-142.
Chapter 2 is the study of the dehumidification performance of an air-to-air heat exchanger in
a tomato greenhouse and it also gives the estimation of the dehumidification requirement of the
greenhouse. It is published in Applied Engineering in Agriculture, 2015, 31(2), pp. 291-300.
Chapter 3 presents the selection of a commercial-grade mechanical refrigeration dehumidifier
for a tomato greenhouse and the evaluation of the performance of this dehumidifier and economic
analysis on the costs and benefits. It is published in Transactions of the ASABE, 2016, Vol. 59(4),
pp. 933-941.
Chapter 4 presents the development of a measurement method for condensation rate on a flat
surface by using a commercially available leaf wetness sensor, which is calibrated in an
environment chamber. It is accepted for publication in Information Processing in Agriculture in
June 2018.
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Chapter 5 presents the results of applying this condensation rate measurement method in a
tomato greenhouse. It is submitted to Biosystems Engineering in April 2018.
Chapter 6 presents two statistical regression models for condensation rate estimation inside a
tomato greenhouse using the experimental data from Chapter 5. It is a prepared manuscript and
ready to submit.
Chapter 7 is on the development of a moisture balance model to simulate and predict the
greenhouse indoor RH and water vapor partial pressure. Measured data in a tomato greenhouse are
used to validate the model. It is a prepared manuscript and ready to submit.
Chapter 8 presents the results of sensitivity analysis of the moisture balance model to several
important input parameters to explore their impacts on the model simulation results. It is a prepared
manuscript and ready to submit.
The last Chapter provides a general discussions, contributions, and recommendations for
future studies of this research topic.
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CHAPTER 1
COMPARISON OF GREENHOUSE DEHUMIDIFICATION
STRATEGIES IN COLD REGIONS
(Published in Applied Engineering in Agriculture, 2015, Vol. 31(1), pp. 133-142. DOI:
https://doi.org/10.13031/aea.31.10723)
Jingjing Han, Zhu Gao, Huiqing Guo, Robert Brad, Doug Waterer

Contribution of this paper to over study
The performance of mechanical refrigeration dehumidifiers was first compared to air-to-air
heat exchangers and exhaust ventilation systems for greenhouse humidity control. The comparison
included capital cost, operating cost, durability, ease of installation and maintenance, and
effectiveness for different seasons of the year. Even though the dehumidifiers had the highest
operating cost, they were effective for humidity control year-round. Therefore, a commercial-grade
mechanical refrigeration dehumidifier was selected and tested in a tomato greenhouse for humidity
control in Chapter 3. This chapter fulfills objective 2.
The manuscript presented in this chapter has been published in Applied Engineering in
Agriculture. The data analyses and manuscript writing were performed by the first author (PhD
student – Ms Jingjing Han). The manuscript was critically reviewed by the third author (supervisor
– Prof. Huiqing Guo). The experimental testing was conducted by the second author (PhD student
– Mrs Zhu Gao) and the fourth author (Mr. Robert Brad). The fifth author (retired Prof. Doug
Waterer) provided suggestions on field measurement.
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1.1 Abstract
Two dehumidification methods, including air-to-air heat exchangers and mechanical
refrigeration dehumidifiers, were compared with dehumidification using a conventional exhaust
ventilation system. The comparisons included capital cost, operating cost, durability, ease of
installation and maintenance, and effectiveness for different seasons of the year. The heat
exchangers were more effective for moisture control during cold and mild seasons than during
humid and warm periods, while the dehumidifiers were effective in controlling the indoor moisture
year-round due to their independence from outside air conditions. While the dehumidifiers
consumed the highest amount of electrical energy thus resulting in the highest cost, they consumed
the lowest amount of total energy, defined as the sum of the electrical energy consumption and the
resultant heat loss from the greenhouse due to dehumidification. Although the heat exchanger
method consumed approximately 81% of the total energy consumed by the exhaust fan
dehumidification system due to the sensible heat recovered from the exhaust air, the total costs of
the two methods were similar due to the lower electrical energy consumption by the latter.
Considering a ten-year payback period, dehumidification by the exhaust fan system was the most
cost-effective method with the lowest capital and maintenance cost. However, it is only effective
during cold and mild seasons, and not during warm weather conditions. Mechanical refrigeration
is recommended for summer dehumidification, and both methods could be used during different
seasons to achieve good moisture control year-round. After the application of dehumidification,
the crop loss rate was reduced by 1.6% to 2.5%, which led to an annual revenue increase of $3,000
per year. Although the average dehumidification cost was approximately 10% of the annual heating
cost of the greenhouse, when considering the reduced crop loss and yield increase,
dehumidification is strongly recommended.

1.2 Nomenclature
A

greenhouse cover area, m2

ach

air changes per hour, h-1

b
CP

Fp

heat loss coefficient per meter of
perimeter, W m-1 K-1

interest rate, %

hfg

water heat of condensation, kJ kg-1

specific heat capacity of air,
J kg-1 °C-1

ho

enthalpy of the ambient air, kJ kg-1
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h1

enthalpy of the heat exchanger
supply air, kJ kg-1

ti

indoor air temperature, °C

tsky

sky temperature, °C

h2

enthalpy of the exhaust air entering
the heat exchanger, kJ kg-1

tw

temperature of the condensed
water, °C

Mex

mass flow rate of the exhaust fans,
kg s-1

U

conductance of covering materials,
W m-2 K-1

Msup

mass flow rate of the heat
exchanger supply air, kg s-1

V

volume of the greenhouse, m3

mwater

mass of the condensed water
collected by the dehumidifiers, kg

Vexh

exhaust fan ventilation rate, m3 s-1

W

humidity ratio of the air, kgw kgair-1

εc

emissivity coefficient for thermal
radiation of the polythene plastic
film

ρ

air density, kg m-3

σ

Stefan-Boltzmann constant,
W m-2 K-4

n

payback period

P

greenhouse perimeter, m

Qeo

heat output of the dehumidifiers,
kW-h

Qlatent

latent heat released by condensed
water in the dehumidifier, kW-h

Qld

heat released into the greenhouse by
the dehumidifiers, kW-h

Qlexf

Subscripts

net heat loss through the exhaust
fans, kW-h

Qlh

net heat loss through the heat
exchangers, kW-h

qc

total conduction heat loss, W

qin

heat loss due to infiltration, W

qnet

net heating requirement of the
greenhouse, W

qs

thermal radiation heat loss, W

qso

sensible heat gain from the sun, W

qv

heat loss due to exhaust ventilation
system, W

t

running time of the heat exchanger
or exhaust fans, h

i

indoor air

o

outdoor air

Abbreviations
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CRF

capital recovery factor

EVSD

exhaust ventilation system
dehumidification

HED

heat exchanger dehumidification

MRD

mechanical refrigeration
dehumidification

RH

relative humidity, %

1.3 Introduction
For the last 50 years (Roberts and Mears, 1969), single or double-polyethylene cladding has
been used in greenhouses to provide better sealing and insulation, and to reduce air infiltration and
heating costs. In these well-sealed greenhouses, high relative humidity (RH) levels are present due
to low air exchange rates and low rates of vapor condensation on the inside plastic film surface
(Reiersen and Sebesta, 1981; Mortensen, 1986; Rousse et al., 2000; Campen et al., 2003; Campen,
2009). This can lead to dew or water condensation on plant leaf surfaces, which provides an ideal
growing condition for fungal diseases. Additionally, high humidity has an impact on plant
photosynthesis and pollination, resulting in reduced crop growth and poor produce quality (Bakker,
1991; Kittas and Bartzanas, 2007). Therefore, dehumidification in greenhouses becomes essential
to ensure successful plant production.
Today, various methods of dehumidification are available for greenhouses. One method is to
reduce the moisture production, which is realized by improving the irrigation system and using
plastic film mulch, as well as maintaining a high temperature inside the greenhouse. However,
dehumidification methods have limited effect because the main moisture source in greenhouses is
plant transpiration (Shrivastava et al., 1994; Wang and Li, 2008). Some research has been carried
out on hygroscopic dehumidification for greenhouses, which involves the use of highly
concentrated salt solutions (bromides, chlorides, etc.). The installation of the system is complex
because a pump system is required between the absorbing surface located inside the greenhouse
and the re-conditioning of the salt solution outside of the greenhouse (Campen and Bot, 2001).
Additionally, the chemicals involved may lead to environmental problems if leakage occurs
(Campen and Bot, 2001). Heat pumps have also been considered as an energy-efficient heating and
cooling method (Byun et al., 2006; Tong et al., 2010); however, the experiments conducted by
Chasseriaux (1987) and Boulard et al. (1989) both revealed that this method was unable to
sufficiently meet greenhouse dehumidification requirements. Ventilation is a very fundamental and
effective way to dehumidify a greenhouse; moist inside air is replaced with relatively dry outside
air. However, when the ventilation rate for humidity control is greater than that required for
temperature control; it also causes energy loss, especially in cold regions with a long heating season
(Campen, 2003).
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Campen (2009) compared several dehumidification methods for a commercial greenhouse—
including air-to-air heat exchangers, ventilation, chilled water condensation—and suggested that
the most promising and economical method is to use heat exchangers. Gao (2012) studied four
dehumidification methods in a greenhouse located in a cold region in the Canadian Prairies, which
included the three methods in Campen’s study in addition to mechanical refrigeration for
dehumidification. Gao (2012) observed that during winter conditions the indoor RH was high
during the daytime and low at night, while under warm and mild weather, indoor conditions were
reversed with low indoor RH during the daytime and high during the nighttime. Therefore, the
main periods requiring dehumidification are nights and early mornings during the summer and mild
weather conditions, and the daytime hours in the winter. Gao (2012) concluded that the air-to-air
heat exchanger was effective almost year-round; that is, in cold and mild seasons and even during
cool nights during the summer in this region, but ineffective when the outdoor air was warm and
humid. However, mechanical dehumidification could be effective year-round, and it was the most
energy-efficient dehumidification method (Gao, 2012). Chilled water dehumidification was the
most power intensive and costly method and was not recommended (Gao, 2012).
There are also some researches have been done on testing the performance of a liquid desiccant
dehumidification system for greenhouse humidity control (Seemann, 2013; Hao, et al., 2015; Ali,
et al., 2017); however, most of those studies focuses on the greenhouse environmental conditions,
no report or data has been released yet on energy consumption by a liquid desiccant
dehumidification system for commercial greenhouse application.
The objective of this study was to explore three different dehumidification methods—air-toair heat exchanger dehumidification (HED), exhaust ventilation system dehumidification (EVSD),
and mechanical refrigeration dehumidification (MRD)—for greenhouses in a cold region based on
their effectiveness during different seasons of the year, capital cost, operating cost, durability, and
ease of installation and maintenance in order to make recommendations to greenhouse growers for
dehumidification strategies.
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1.4 Materials and Methods
1.4.1 Greenhouse specifications
A commercial greenhouse was used in this study, which was located near the city of Prince
Albert, Saskatchewan, at 53.22° latitude, 105.68° longitude, and 428 m elevation. The building
was a vaulted, steel-framed, single-span greenhouse covered by inflated double layer 6-mil
polythene plastic film. It was 9.1 m wide, 29.3 m long, and 4.2 m high at the ridge, as shown in
Figures 1.1 and 1.2. Figure 1.2 also illustrates the equipment layout in the greenhouse. Tomatoes
were planted in a bag filled with a peat-based medium and planted in six rows for a total of 612
plants, averaging a density of 2.3 plants per square meter. The greenhouse had a north entrance
door connected to a head house. Two air inlets were located on the north wall at a height of 0.8 m.
The size of the small inlet was 0.9  0.9 m and the large inlet was 1.2  1.2 m. Two exhaust fans
were situated on the south wall at a height of 1.4 m. The small one (EM36 Exhaust Fan, Munters
Italy S.p.A., Chiusavecchia, Italy) had a propeller diameter of 0.915 m and a capacity of 4.4 m3 s1

at a static pressure of 20 Pa (Munters, 2014a). The larger exhaust fan (EM50n Exhaust Fan,

Munters Italy S.p.A., Chiusavecchia, Italy) had a propeller diameter of 1.27 m and a capacity of
8.8 m3 s-1 at a static pressure of 25 Pa (Munters, 2014b). Both units were tested at standard
conditions of 20°C and 101.3 kPa. The greenhouse was heated by a hot water heating system and
the heat was distributed using two water-to-air heat exchangers and two perforated inflatable plastic

1.5

4.2

air ducts with a diameter of 0.5 m. A drip irrigation system was used for water and nutrient supply.

1.1

Plastic heating duct

Plastic heating duct

9.1

Figure 1.1. Sketch of the greenhouse cross section (dimensions in m).
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Figure 1.2. Sketch of the greenhouse layout (dimensions in m).
1.4.2 Dehumidification methods
1.4.2.1 Dehumidification requirement determination

Detailed information about the selection of the dehumidification equipment was described in
Gao’s thesis (2012). Moisture production during the daytime was due to plant transpiration and
water evaporation from the top of the growing media. An estimated 25% of solar radiation entering
the greenhouse was converted to latent heat (Albright, 1990). Moisture was removed from the
greenhouse primarily through mechanical ventilation. The design temperature was 22°C during the
daytime and 18°C at night. The RH set point was 75%. The historical meteorological data for
Prince Albert (Gao, 2012) were used to calculate the ventilation rate necessary for greenhouse
humidity control. Results showed that the required ventilation rate for greenhouse dehumidification
ranged from 0.38 to 1.71 m3 s-1 (Gao, 2012). The main purpose of the field experiment was to test
cold and mild season dehumidification since high RH was a more serious problem during these
seasons as observed by the greenhouse growers in the region. Thus, equipment was selected to
meet this requirement. Warm seasons have high dehumidification needs that were not met by the
selected equipment, but the dehumidification methods still contributed to RH control.
1.4.2.2 Heat exchanger dehumidification (HED)

In this study, two Del-Air air-to-air heat exchangers (Model RA400 and RA1000, Del-Air
Systems Ltd., Humboldt, SK, Canada) were selected. The total exhaust fan flow rate of the two
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heat exchangers was 0.532 m3 s-1, sufficient to meet the dehumidification requirements during cold
and mild weather conditions. They were installed in the south wall of the greenhouse approximately
2.5 m above the ground between two exhaust fans (Figure 1.3). Specifications are given in Table
1.1. Each heat exchanger had one supply fan and one exhaust fan. Inside moist air was exhausted
from the greenhouse by its exhaust fan, while the outside air entered the greenhouse through the
supply fan. The sensible heat of the warm exhaust air was transferred to the incoming cold air
through the core of the heat exchangers. This decreased the heat loss while the incoming air was
dehumidified. The temperatures of the air entering and leaving the two heat exchangers were
monitored by T-type thermocouples (OMEGA Engineering Inc., Laval, QC, Canada). They were
calibrated against a thermocouple simulator-calibrator (Model 1100, Ectron Corporation, San
Diego, CA, USA). They had a deviation of 0.3°C at 100°C. The RA400 heat exchanger would
operate when the inside RH exceeded 75%. When the inside RH exceeded 80%, both heat
exchangers would operate.

Figure 1.3. Heat exchangers (left, visible from the outside; center, visible from the inside)
and Model 6510E dehumidifiers setup (right).
Table 1.1. Technical parameters of the heat exchangers and dehumidifiers from the
manufacturer.
Capacity
(m³ s-1)

Equipment
Del-Air RA400 heat
exchanger
Del-Air RA1000 heat
exchanger
Dandy DDR6510E
dehumidifier

Supply air fan
Exhaust air fan
Supply air fan
Exhaust air fan

0.147
0.183
0.242
0.349

Fan speed

0.076

Moisture
Removal Rate
(L day-1)

Energy (W)

200*

235

400*

368

30.8**

668

*Both units were tested at conditions of -30°C and 95% RH outside weather conditions and 20°C and 70% RH
indoor conditions at the static pressure of 12 Pa (DEL-AIR SYSTEMS, 2014).
** Unit was tested under unspecified room condition (Danby Dehumidifiers DDR6510E, 2014).

12

1.4.2.3 Exhaust ventilation system dehumidification (EVSD)

Even though there were two exhaust fans installed on the south wall, they were sealed during
the winter, and only operated for temperature control during spring, summer, and fall when the
indoor temperature was above 22°C. During this study, the ventilation rates and electric power
consumption of the EVSD method were taken to be the same as those of the heat exchanger exhaust
fans. In fact, an exhaust fan used in EVSD with the same air flow rate as the exhaust fan in HED
would require slightly less power consumption due to the lower flow resistance, resulting in
lowered operating costs; however, this difference was not addressed in the study. The supply air
entered the greenhouse by infiltration during our study. It is important to note that, for commercial
applications, a designated air inlet should be installed to reduce drafts in the greenhouse. The indoor
RH was assumed to be controlled the same as for the HED method, which is a reasonable
assumption because the humidity of the incoming air was the same for both methods. The only
difference was that there was some sensible heat recovered by the incoming supply air with the
HED method. This amount of recoverable heat contributed little to the air temperature increase.
The greenhouse temperature was accurately controlled by the heating system. Therefore, the indoor
RH and temperature were the same for both EVSD and HED methods. For this reason, a separate
EVSD method was not necessary and was not investigated during our study.
According to the collected data, when the indoor RH exceeded 75%, the temperature
controlled ventilation fans were in operation for cooling only 3% of the time. This mainly occurred
during the summer and fall seasons. Therefore, the influence of the existing ventilation fans on the
greenhouse dehumidification was negligible.
1.4.2.4 Mechanical refrigeration dehumidification (MRD)

Due to the high capital cost of commercial-grade dehumidifiers, four identical Danby domestic
mechanical dehumidifiers (Model DDR6510E, Danby Products Ltd., Guelph, ON, Canada) were
used in the greenhouse. The main reason for choosing this model was its low cost-capacity ratio as
compared to larger commercial dehumidifiers. Two of the Danby dehumidifiers were set at the
south end of the greenhouse, and the other two were located at the north end of the greenhouse
(Figures 1.2 and 1.3). The RH set point was 75%. The condensate from the dehumidifiers was
collected in containers and the amount was recorded daily. The capacity of each dehumidifier was
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about 1.3 L h-1 under room conditions unspecified by the manufacturer. The actual water collection
record showed a 20% lower capacity since the total capacity of the four dehumidifiers was
approximately 4.2 L h-1, which was used for the calculation of the latent heat released by the
dehumidifiers during our study.
1.4.3 Experimental data collection
To compare the performance of these dehumidification systems, a cycle of six days was used:
the first three days the heat exchangers operated, and the following three days the dehumidifiers
operated. The cycle was repeated during the crop production season from 7 March to 9 December,
2010, with a total of 46 cycles. The greenhouse did not operate during January and February due
to low ambient temperature and light conditions. The greenhouse environmental parameters —
including the inside air temperature and RH, solar radiation, and CO2 concentration — were
measured by a temperature and relative humidity probe (CS500, Campbell Scientific Inc.,
Edmonton, AB, Canada), which was placed inside a radiation shield, a pyranometer sensor (LI200, LI-COR Inc., Lincoln, NE, USA), and a CO2 analyzer (Guardian Plus Infrared Gas Monitor,
Edinburgh Sensors Ltd., Hingham, MA, USA), respectively. They were all installed at the center
of the greenhouse, about 2 m above the ground. A humidity generator (Model 1200 Humidity
Generator, Thunder Scientific Corporation, Albuquerque, NM, USA), a LICOR (LI-200, LI-COR
Inc., Lincoln, NE, USA), and CO2 calibration gas (0 ppm and 2295 ppm, Bras Air Corporation,
USA) were used to calibrate these sensors. Solid state relays were used to activate the heat
exchangers and dehumidifiers when the RH set points were reached, and the total operating time
of the heat exchangers and dehumidifiers was monitored. All the environmental parameters, as well
as equipment operating times, were monitored every minute, and 10-min averages were recorded
by a data logger (CR10X, Campbell Scientific Inc., Edmonton, AB, Canada). The outside weather
conditions were monitored by a weather station installed 100 m away from the greenhouse in an
open field. The same type of sensors as used in the greenhouse were deployed to measure the
outside air temperature, RH, solar radiation, as well as wind speed and direction. All meteorological
parameters were recorded every 20 min by another data logger (CR1000, Campbell Scientific Inc.,
Edmonton, AB, Canada) due to its smaller storage capacity.
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1.4.4 Data analysis
Ten months of data (7 March to 9 December 2010) were collected for analysis. Three criteria
were applied to evaluate the performance of the dehumidification methods: RH control, energy
consumption, and cost. The operating cost, capital cost, and the payback period were taken into
consideration in the economic analysis. The annual heating cost of the greenhouse was also
estimated and compared with the cost of dehumidification.
1.4.4.1 Dehumidification energy consumption

For HED, the total energy consumption comprised the electrical energy consumption for the
supply and exhaust fans, and the heat loss through the exhaust air and the supply air that had a
higher temperature than the outside air due to heat recovery. For EVSD, the total energy
consumption comprised the electricity consumption of the heat exchanger exhaust fan(s) and the
heat loss through ventilation; that is, the heat exchanger exhaust fans exhausting air and supplying
ambient air. The heat loss of the HED and the EVSD are given by:
Qlh = [Mex h2 - Msup h1 - (Mex - Msup )ho ]× t

(1.1),

Qlexf = Mex (h2 - ho ) × t

(1.2),

where Qlh is the net heat loss to the ventilation air of the heat exchangers between the exhaust and
incoming air, in kW-h, and the make-up supply outside air coming into the greenhouse through
infiltration due to the higher exhaust air mass flow rate compared to the supply air; Qlexf is the net
heat loss through the exhaust fans, in kW-h; Mex is the mass flow rate of the exhaust air, in kg s-1;
Msup is the mass flow rate of the supply air, in kg s-1; h1 is the enthalpy of the supply air as it leaves
the heat exchanger prior to mixing with the greenhouse air, in kJ kg-1; h2 is the enthalpy of the
exhaust air entering the heat exchanger, in kJ kg-1; ho is the enthalpy of the ambient air, in kJ kg-1;
and t is the running time of the heat exchanger or exhaust fan, in h.
For the MRD dehumidifiers, the energy consumption was the electricity consumption because
there was no heat loss to the outside of the greenhouse due to dehumidification; instead it released
heat to the greenhouse. The heat released to the greenhouse included the sensible heat output of the
dehumidifier motors and the latent heat released by the condensate (Gao, 2012). The total heat
released into the greenhouse by the dehumidifiers was estimated from:
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Qld = Qeo + Qlatent = Qeo +

hfg × mwater
3600

(1.3),

where Qld is the heat released into the greenhouse by the dehumidifiers, in kW-h; Qeo is the heat
output of the dehumidifiers, which was assumed to be 90% of its electrical energy consumption to
prevent overestimation of heat release (ASHRAE, 2009), in kW-h, and is calculated using the
power consumption of the dehumidifier multiplied by the running time; Qlatent is the latent heat
released by condensed water in the dehumidifiers, in kW-h; hfg is water heat of condensation, in kJ
kg-1, which is calculated by hfg = 2501 – 2.42 × tw; tw is the temperature of the condensed water,
in °C, and it is assumed equal to the average room air temperature (Albright, 1990); and mwater is
the mass of the condensed water collected by the dehumidifiers, in kg.
The electrical cost was $0.097 kWh-1 (SaskPower, 2011). Although this greenhouse used coal
for heating, most greenhouses in this region use natural gas, so the study calculated heating cost
for both fuels. The annual average natural gas price during 2010 was $5.1 GJ-1, which was
equivalent to $0.018 kWh-1 (SaskEnergy, 2011). The efficiency of a natural gas heating system
was estimated to be 90%. The coal price was $0.016 kWh-1. The heating efficiency for the coal
boiler was assumed to be 70%. Heat loss by dehumidification was calculated only when heating
was required (i.e., when the heating system was operating and dehumidification was required).
The annual cost of using the three dehumidification methods was also calculated, which
included the capital cost, maintenance, interest, and depreciation. The capital recovery factor
method (CRF) was used to determine the interest and depreciation:
CRF =

b(1 + b)n
(1 + b)n - 1

(1.4),

where b is the interest rate, in %, set at 6%; and n is the payback period, chosen as 10 years. The
calculated CRF equals 0.136 and was used for the interest and depreciation calculations.
1.4.4.2 Annual heating cost

In order to compare the dehumidification cost with the heating cost, the annual heating cost of
the greenhouse was also calculated. For the greenhouse, the heat loss occurred through conduction
and convection, radiation heat loss, air infiltration, and ventilation. Heat gain was mainly dependent
on solar radiation and supplemental heating. The inside RH was designed to be maintained at 75%,
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and the inside temperature was set at 18°C at night and 22°C to 25°C during the daytime, depending
on the season. One half of the solar energy penetrating the greenhouse was assumed to be sensible
heat (Albright, 1990). The inside solar radiation measured during the experiment was used to
calculate heat gain to the greenhouse. The heat loss through the greenhouse envelope, infiltration,
and thermal radiation can be expressed as follows (Albright, 1990; ASABE Standards, 2006):
qc = (∑UA + Fp P)(ti - to )
qin =

(1.5),

achV[CP (ρi ti - ρo to ) + hfg (Wi - Wo )]
3600

qs = σεc (ti 4 - tsky 4 )A

(1.6),
(1.7),

where qc is the total conduction heat loss through the greenhouse structure including the cover and
perimeter, in W; qin is the heat loss due to infiltration, in W; qs is the thermal radiation heat loss
through the greenhouse cover, in W; U is the conductance of covering materials, such as double
layer polythene plastic film, and its inside and outside surface resistance to heat transfer, in W m-2
K-1, where the average calculated value equals 2.5 W m-2 K-1; A is the area of covering material, in
m2; Fp is the heat loss coefficient per meter of perimeter, in W m-1 K-1, chosen as 1.45 W m-1 K-1
(ASHRAE, 2009); P is the greenhouse perimeter, in m; ti is the indoor air temperature, in °C; tsky
is sky temperature, in °C, which is calculated by tsky = 0.0552  (to + 273.16)1.5 – 273.16 (Berroug
et al., 2011); to is the outdoor air temperature, in °C; ρi is inside air density, in kg m-3; ρo is outside
air density, in kg m-3; ach is air changes per hour, in h-1, it was 0.5 during the cold seasons of March,
November, and December, 0.6 during the mild seasons of April, May, and October, and 0.75 during
the warm seasons of June, July, August, and September (ASABE Standards, 2006); V is the volume
of the greenhouse, 876 m3; CP is specific heat capacity of air, in J kg-1 °C-1; Wi is humidity ratio of
the inside air, in kgw kgair-1; Wo is humidity ratio of the outside air, in kgw kgair-1; σ is StefanBoltzmann constant, 5.67  10-8 W m-2 K-4; and εc is emissivity coefficient for thermal radiation of
the polythene plastic film, 0.4 (Berroug et al., 2011).
Therefore, the heating requirement for the greenhouse can be determined from:
qnet = qin + qc + qv + qs - qso

(1.8),

where qnet is the net heating requirement of the greenhouse, in W; qv is the heat loss due to the
exhaust ventilation system, in W, which is calculated by qv = ρiVexh CP (ti – to); Vexh is the exhaust
17

fan ventilation rate, in m3 s-1; and qso is the sensible heat gain from the sun, in W. According to
Albright (1990), one half of the solar radiation penetrating the greenhouse can be considered
sensible heat.

1.5 Results and Discussion
1.5.1 RH control
The monthly percentages of time when the indoor RH exceeded 75%, 80%, and 85% are
presented in Table 1.2. The table also shows the monthly average indoor RH. There were no data
recorded due to instrument problems from: 27 August, 11:20 h to 28 August, 05:50 h; 1 September,
07:50 h, 08:20 h, and 08:50 h to 11:50 h; 3 September, 16:20 h to 4 September, 05:50 h. The data
analysis is based on all available data collected. The weather conditions were classified into three
groups: the cold season or winter season (January, February, March, November, and December),
the mild season (April, May, and October), and the summer season (June, July, August, and
September).
The percent of time the RH exceeded 75% from April to November for both methods was
above 30%, while during June to October, the percentages were greater than 50%. During March
and December, the inside RH was much lower than that during other months, which was caused
by low plant transpiration rate during March with small plants and high condensation rates on the
inner surface of the cladding during December.
Although an RH of 75% was the set point for the dehumidifiers and the small heat exchanger,
the set point allowed dehumidification to start earlier to prevent higher levels of RH. Hence,
effectiveness of the dehumidification system for RH control should be evaluated using the amount
of time the RH exceeded 80%. As presented in Table 1.2, both methods controlled the RH level
satisfactorily most of the time during the winter and mild seasons with the RH exceeding 80% from
0% to 18.8% of the time for HED, and from 0% to 27.6% for MRD. The former system
outperformed the latter most of the time. For both methods, during the summer period, an RH
exceeding 80% occurred 26.6% to 52.6% of the time. The selection of the dehumidification
capacity was originally based on moisture removal rates during the cold and mild periods, not
during the summer. The methods were observed to meet the original objective satisfactorily during
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the winter and mild seasons; however, higher dehumidification capacity was required during the
summer months.
Table 1.2. Percent of time (%) of high RH in the greenhouse with the two dehumidification
methods.
Month

Ave RHi (%)
HED
MRD

RHi ≥ 75%
HED MRD

RHi ≥ 80%
HED MRD

RHi ≥ 85%
HED MRD

Mar

65.2

66.1

6.7

3.2

0

0

0

0

Apr

71.4

70.6

33.4

35.3

12.3

8.8

1.3

1.3

May

68.8

69.7

31.9

35.1

15.0

13.1

1.7

2.7

Jun

72.8

72.1

50.0

56.1

36.7

35.6

21.5

15.4

Jul

75.5

74.7

60.7

59.5

52.6

52.5

38.4

26.6

Aug

78.5

76.4

71.8

61.7

50.1

51.1

35.1

32.0

Sep

76.4

77.2

56.2

62.8

26.6

37.2

5.9

10.1

Oct

76.7

76.9

65.4

63.2

18.8

27.6

1.1

4.9

Nov

74.0

75.0

42.2

54.5

11.2

19.6

0.6

1.9

Dec

70.5

71.0

17.6

31.0

0.5

14.4

0

0

Average 73.0

73.0

43.6

46.2

22.4

26.0

10.6

9.5

Achieving performance that meets the 75% RH at all times during the cold and mild seasons
would require a significant increase in the dehumidification capacity, which would be costly and
unnecessary. This is because most of the peak RH periods occurred during late morning to
afternoon during the cold season when transpiration moisture had accumulated, yet the ventilation
was at a minimum because the inside temperature was lower than the set point for cooling. During
this period, the inner surface temperature of the greenhouse cover was likely higher than the dew
point due to the solar radiation so little condensation occurred. Once the ventilation operated to
cool, the RH would reduce rapidly. During the mild season, most of the peak RH periods occurred
during the night and early morning due to the lower ventilation rate. However, there was less
condensation on the inner surface of the greenhouse cover because of the relatively high outside
air temperature. Since the main purpose of greenhouse dehumidification is to reduce the occurrence
of surface condensation, it may not be necessary to increase the dehumidification capacity to
prevent all of these high RH occurrences.
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The heat exchangers worked effectively during the cold and mild seasons with the RH
exceeding 80% for up to 18.8% of the time; however, it was not effective during the summer. When
only the small heat exchanger was working, it would only meet winter dehumidification
requirement with an RH set point of 75%.
Table 1.2 indicates that the percentages of the time the RH exceeded 75% and 80% was lower
when using HED than when using MRD, while it was the opposite for an RH exceeding 85% during
the summer; that is, the occurrence of an RH exceeding 85% under MRD control was lower than
that under HED control. Figure 1.4 shows the percent of the time that the RH exceeded 80% and
85% with the HED and MRD methods. The dehumidifiers were more effective for high RH control
than the heat exchangers during summer conditions. In comparison, the heat exchangers performed
better during the colder months because of the dry and cold outside air, while they were not as
effective during summer months due to the lower humidity ratio difference with the outside air. In
fact, the dehumidifiers’ performance was not affected by the outdoor weather condition and only
depended on the inside air condition.

(a)
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(b)
Figure 1.4. Monthly average indoor high RH occurrence percentages with the use of the
heat exchangers and dehumidifiers: (a) percentage of the time the RH exceeded 80%; (b)
percent of the time the RH exceeded 85%; ∙∙∙∙∙∙, heat exchanger; -----, dehumidifier.
1.5.2 Economic analysis of the dehumidification system
Table 1.3 shows the energy consumption of the three dehumidification methods. The heat loss
caused by the MRD was negative (i.e., providing heat instead of losing heat) due to the heat released
to the greenhouse by the motors and the condensate. Because of the low heating requirement during
the summer months, the calculated heat loss due to the dehumidification system was assumed to
be zero. Two reasons can account for the low values for March and December: one reason was that
the indoor RH was very low, and the second reason was that the data was only collected for 14
days and 9 days during March and December, respectively.
The electrical energy consumed by the EVSD and HED were 0.80 × 10-3 GWh and 1.41 × 103

GWh, respectively. The MRD method consumed the most electrical energy of 0.010 GWh, which

was 7.3 times that of the HED, and 12.9 times that of the EVSD. However, the total energy
consumption of 4.39 × 10-3 GWh by using the MRD method was the lowest because of the latent
heat of the condensate released to the greenhouse, compared with 0.014 GWh by the EVSD and
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0.011 GWh by the HED. As well, most of the electrical energy used by the dehumidifiers was
converted to sensible heat released to the greenhouse. The EVSD method had the highest energy
consumption due to high heat loss but lowest power consumption. The HED method consumed 81%
of the total energy consumption of the EVSD method due to the sensible heat recovered from the
exhaust air.
As for the total cost, although the HED method consumed less energy than the EVSD method,
its electricity consumption was much higher, which resulted in a slightly higher total cost of $298
for the HED compared to $292 for the EVSD. Due to the high electrical energy consumption of the
dehumidifier, the annual cost by the MRD was around $908 if coal was using as the heating source,
which was about three times the cost of the other two methods. If natural gas was used as the
heating fuel, which was more expensive than coal, the annual cost using MRD was reduced to $882,
which was 2.5 and 2.6 times of those of the EVSD and HED methods, respectively. Table 1.3
illustrates how the HED method is slightly more economical than the EVSD method when the
heating fuel is more costly.
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Table 1.3. Dehumidification energy consumption using coal (or natural gas as given in the brackets in the last row) as the
heating fuel.
EVSD

HED

0.01

Heat
Loss
(×10-3
GWh)
0.26

Total
Energy
(×10-3
GWh)
0.27

Apr

0.06

1.81

May

0.06

Jun

MRD
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0.01

Heat
Loss
(×10-3
GWh)
0.19

Total
Energy
(×10-3
GWh)
0.20

0.09

Heat
Loss
(×10-3
GWh)
-0.09

Total
Energy
(×10-3
GWh)
0.00

34.6

0.10

1.36

31.7

0.91

-0.43

0.47

81.3

1.88

34.6

0.10

1.47

31.5

0.99

-0.48

0.52

88.6

0.00

0.12

11.2

0.00

0.20

19.5

1.18

0.00

1.18

115.0

0.15

0.00

0.15

0.25

0.00

0.25

24.5

1.14

0.00

1.14

110.7

Aug

0.15

0.00

14.3

0.26

0.00

0.26

24.9

1.23

0.00

1.23

119.2

Sep

0.10

1.67

35.0

0.18

1.31

1.49

38.3

1.37

-0.64

0.72

122.5

Oct

2.93

3.02

55.8

0.16

2.28

2.44

52.3

1.43

-1.51

-0.08

114.7

0.06

3.20

3.26

57.0

0.11

2.29

2.40

47.1

1.33

-1.48

-0.15

105.7

Dec

0.02

1.81

1.83

0.035

1.30

1.33

-1.30

-0.64

0.80

13.40

14.21

1.41

10.08

11.49

24.1
298*
(343**)

0.66

Total

30.8
292*
(353**)

10.32

-5.93

4.34

43.2
908*
(882**)

Month

Elec
(×10-3
GWh)

Mar

Cost
(Coal, $)

Elec
(×10-3
GWh)

Cost
(Coal, $)

Elec
(×10-3
GWh)

4.9

4.4

1.87

1.46

1.82

1.37

0.12

0.20

Jul

14.1

0.15

1.57

0.09

Nov

*using coal heating, **using natural gas heating

Cost
(Coal, $)
7.3

Figure 1.5 summarizes the percentage of heat exchanger and dehumidifier operating time when
heating was required in the greenhouse. About one quarter of the dehumidifier’s operating time
contributed to the greenhouse heating in April, May, and September, while it was over half of its
operating time in March, October, November, and December. However, during the remaining time
when the greenhouse was in cooling mode, the heat released by the dehumidifiers increased the
greenhouse cooling load. Most of the heat exchanger operating time (except September) occurred
when heating was required, so it recovered some of the heat as compared to the EVSD method, but
lost more heat as compared to that of the MRD method. There was still about 28% to 60% of the
heat exchanger operating time when heating was not required from March to November (i.e., the
greenhouse was in cooling mode and heat recovery was unnecessary).

Figure 1.5. Percentage of heat exchanger and dehumidifier operating time when heating
was required; ∙∙∙∙∙∙, heat exchanger; - - -, dehumidifier.
Table 1.4 summarizes the annual cost results for the three dehumidification methods, taking
into account the capital cost of the equipment, the depreciation and interest, and the cost for
maintenance. Natural gas is used for heating in this analysis and the large heat exchanger was used
in this calculation since it would meet the dehumidification requirements during the cold and mild
seasons. The cost of repair and maintenance for the HED was assumed to be $50 year-1 and $200
year-1 for the MRD. The maintenance cost was estimated to be $20 year-1 for the EVSD.
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Table 1.4. Annual costs of the three dehumidification methods.
EVSD

HED

MRD (four units)

Capital cost ($)
Annual fixed and
operating costs
Depreciation & interest
Repair and maintenance
Energy cost

750

3000

1200

102
20
353

408
50
343

163
200
882

Total annual cost ($)

475

801

1245

The total annual cost by the EVSD and HED were $475 and $801, respectively. It was $1245
by the MRD method, which was the most costly dehumidification method mainly due to its highest
electricity consumption. The EVSD was the most economical method due to its low capital and
maintenance cost; thus, it is the recommended method for greenhouse dehumidification. However,
similar to HED, it is not effective during warm and humid weather. During such conditions, the
MRD method is recommended.
1.5.3 Greenhouse annual heating cost
The greenhouse annual heating requirement without any dehumidification was estimated in
order to compare the heat loss and cost increase due to dehumidification with the regular
greenhouse heating energy requirement. Details are given in Table 1.5.
As shown in Table 1.5, the total greenhouse net heating requirement was 0.31 GWh. The heat
loss using the EVSD and HED methods were 0.013 GWh and 0.010 kWh, which was only 4.3%
and 3.2% of the total greenhouse net heating requirement, respectively. In fact, the dehumidifier
released 5.9 × 10-3 GWh sensible heat into the greenhouse. Hence, even though there may be some
heat loss through dehumidification, it has no significant influence on the greenhouse total net
heating requirement. If coal is used as the heating fuel, the heating cost for ten months (March to
December) is approximately $4,029. The dehumidification cost would only be 7.2%, 7.4%, and
22.5% of the annual heating cost for the EVSD, HED, and MRD methods, respectively. If using
natural gas, it would only cost 6.9%, 6.7%, and 17.2% for the EVSD, HED and MRD methods,
respectively.
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Table 1.5. Comparison of dehumidification heat loss and greenhouse annual heating
requirement without dehumidification.
Month
(2010)

Ti
(°C)

RHi
(%)

Heat Loss
(×10-3
GWh)

Mar

22

75

49.22

Solar
Gain
(×10-3
GWh)
7.26

Apr

24

75

60.11

May

24

75

Jun

25

Jul

Net Heat
Requirement
(×10-3 GWh)

Dehumidification Heat Loss
(×10-3 GWh)
EVSD

HED

MRD

33.71

0.26

0.19

-0.09

9.42

19.68

1.81

1.36

-0.43

62.77

12.08

16.08

1.82

1.37

-0.48

75

57.07

14.00

7.14

0.00

0.00

0.00

25

75

45.57

15.37

7.50

0.00

0.00

0.00

Aug

25

75

54.52

11.38

9.47

0.00

0.00

0.00

Sep

24

75

61.96

6.42

15.75

1.57

1.31

-0.64

Oct

24

75

59.35

5.03

22.79

2.93

2.28

-1.51

Nov

22

75

59.05

1.95

50.58

3.20

2.29

-1.48

Dec

22

75

70.04

1.49

68.55

1.81

1.30

-1.30

720.39

115.26

311.83

13.40

10.08

-5.93

Total

There was no dehumidification in place before this study was conducted; and 10 to 15 tomato
plants were lost each year due to high RH, around 1.6% to 2.5% of the total plants. After the heat
exchangers and dehumidifiers were installed, no plant loss occurred. The average sale price of the
tomatoes was approximately $6.6/kg, and the average yield was 30 kg per plant; therefore, the
annual revenue increases by $3,000. This is approximately 3.4 to 8.7 times the total annual cost of
the three different dehumidification methods. Hence, dehumidification is strongly recommended
for greenhouse humidity control.

1.6 Conclusions
From the study the following conclusions were drawn.
1) The experimental results showed that the heat exchangers controlled RH satisfactorily
during the cold and mild seasons, but were not effective during humid and warm weather conditions.
Mechanical refrigeration dehumidification was effective for controlling indoor moisture yearround.
2) Mechanical refrigeration dehumidifiers had the lowest energy consumption, followed by
the heat exchangers and the exhaust ventilation system dehumidification. However, regarding total
26

cost, mechanical refrigeration dehumidification was the most costly method due to high electricity
consumption, while the exhaust ventilation system dehumidification was the cheapest way of
dehumidifying.
3) From the annual cost analysis considering a 10-year payback period - including the capital
cost of the equipment, the depreciation and interest, and the cost for repair and maintenance - the
exhaust ventilation system dehumidification is the most economical method due to its low capital
and maintenance cost; hence, it is recommended for greenhouse dehumidification in cold and mild
seasons.
4) During the summer season, mechanical refrigeration dehumidification is recommended for
humidity control. A combination of the exhaust ventilation system dehumidification and the
mechanical refrigeration dehumidification would provide the most effective and economical way
of humidity control year-round. A low-cost, high-efficiency, high-capacity and durable
dehumidification method should be explored for the summer weather conditions in the future.
5) After the application of dehumidification, the crop loss rate was reduced by 1.6% to 2.5%.
The annual revenue was also increased by $3,000 per year. Although the average dehumidification
cost was approximately 10% of the annual heating cost of the greenhouse, when considering the
reduced crop loss and yield increase, dehumidification is strongly recommended.
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CHAPTER 2
DEHUMIDIFICATION REQUIREMENT FOR A GREENHOUSE
LOCATED IN A COLD REGION
(Published in Applied Engineering in Agriculture, 2015, Vol. 31(2), pp. 291-300. DOI:
https://doi.org/10.13031/aea.31.10844)
Jingjing Han, Huiqing Guo, Robert Brad, Zhu Gao, Doug Waterer

Contribution of this paper to overall study
This paper presented an experimental method for greenhouse dehumidification requirement
determination based on the performance of an air-to-air heat exchanger. The greenhouse
experienced high RH even though there was an air-to-air heat exchanger installed inside for
dehumidification. That was because the heat exchanger was less effective and insufficient for
humidity control during the nights and early mornings in warm season. The estimated
dehumidification requirement of the greenhouse was used to determine the capacity of a
commercial-grade mechanical refrigeration dehumidifier in Chapter 3. This chapter fulfills
objective 3.
The manuscript presented in this chapter has been published in Applied Engineering in
Agriculture. The first author (PhD student – Ms Jingjing Han) conducted the experiment, collected
and analyzed the experimental data and wrote the manuscript. The second author (Prof. Huiqing
Guo) reviewed the manuscript. The third author (PhD student – Mrs Zhu Gao) and the fourth author
(Mr. Robert Brad) helped with the experimental setup. The fifth author (retired Prof. Doug Waterer)
provided suggestions on field measurements.
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2.1 Abstract
High levels of relative humidity (RH) commonly occur inside greenhouses, which lead to
condensation on plant leaf surfaces. In addition, condensation on interior building surfaces occurs,
resulting in water dripping on plants, providing an ideal growing condition for fungal diseases, and
also contributing to the deterioration of equipment and building materials. Limited information
exists on how to determine dehumidification requirements within greenhouses. In this study, an
air-to-air heat exchanger was used to provide dehumidification for a commercial greenhouse under
cold weather conditions, and the data were used to estimate the dehumidification requirements of
the greenhouse. The experiment was conducted over a seven-month period during which the
greenhouse environmental parameters were monitored. The results showed that the heat exchanger
controlled the RH well during cold and mild seasons, although it did not meet the peak capacity
requirement. It was found to be less effective and insufficient during the nights and early mornings
of summer. Based on the experimental data, the dehumidification requirement for satisfactory
control of humidity was estimated to be 14.8 L h-1 or 0.018 L h-1 per square meter of greenhouse
floor area; this dehumidification capacity could control RH at 75% during nights and early
mornings in cold and mild weather conditions but can result in higher RH during the daytime. This
dehumidification level could also reduce the occurrence of high RH during the summer season
early in the morning and at night. The percentage of time the RH exceeded 75% could be reduced
to 26% during the warm season, and 12% during the cold and mild seasons. Meeting the peak
requirement would require a 58.8% increase of dehumidification capacity, which would be
expensive.

2.2 Nomenclature
ExtraRate extra moisture removal rate for
the greenhouse, L h-1
Mexh

volumetric flow rate of the heat
exchanger exhaust air, m3 s-1

MRA

actual amount of moisture
removed by the heat exchanger,
L h-1

t

time, h
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V

volume of the greenhouse, m3

Wd

design air humidity ratio at 75%
RH set point and the actual
inside air temperature,
kgw kgair-1

Wi

inside air humidity ratio,
kgw kgair-1

Wo

ρ

outside air humidity ratio,
kgw kgair-1

inside air density, kg m-3

2.3 Introduction
High relative humidity (RH) in greenhouses results in condensation on plant leaf surfaces.
Additionally, condensation on interior building surfaces can cause dripping onto plants, floors, and
workers. Moisture on building or plant surfaces can lead to increased occurrences of fungal
diseases and may also create a hazard to workers. Additionally, high humidity can impact plant
photosynthesis and pollination, resulting in crop growth reduction and poor produce quality
(Bakker, 1991; Campen et al., 2003; Kittas and Bartzanas, 2007). Hence, dehumidification is
crucial for the greenhouse plant environment.
Generally, the inner surface of a building removes a significant amount of water vapor and can
play an important role in reducing RH. During the last 50 years, there has been an increase in
double polyethylene cladding in greenhouse compared to the traditional single-pane glass in an
effort to reduce heating costs (Roberts and Mears, 1969). However, higher levels were the result,
because less condensation occurred on the greenhouse glazing and lower air exchange (Reiersen
and Sebesta, 1981; Mortensen, 1986; Rousse et al., 2000), thereby requiring additional
dehumidification requirement.
Although there are a number of studies related to greenhouse dehumidification, limited
information exists on how to determine the dehumidification requirement of a greenhouse.
Chasseriaux (1987) and Boulard et al. (1989) pointed out that systems using heat pumps for
greenhouse dehumidification cannot meet dehumidification requirements or sufficiently improve
greenhouse humidity conditions. An experiment carried out by Seginer and Zlochin (1997) showed
that lower wind speed and high ambient humidity ratios lead to high dehumidification requirements.
Campen et al. (2003) compared several dehumidification methods, including condensation on a
cold surface, forced ventilation combined with an air-to-air heat exchanger, and an absorbing
hygroscopic dehumidifier with the use of a traditional exhaust ventilation system to dehumidify
the greenhouse. They suggest that a heat exchanger is the most promising and economical method
for greenhouse humidity control. HORTITRANS, developed by Jolliet (1994), is a mathematical
model for estimating condensation, ventilation, as well as plant transpiration. The model is able to
predict water and heat production within a greenhouse and the resultant humidity; however, there
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is no research or experimental data to validate this model, thus limiting its application for
quantifying dehumidification requirements. Even though Campen et al. (2003) applied the
simulation model KASPRO as developed by De Zwart (1996) to calculate dehumidification needs,
soil evaporation, assumed to be one of the main moisture sources in a greenhouse, was not
considered.
Greenhouses on the Canadian Prairies, a cold region, can experience conditions of excessive
RH almost year-round, especially from April to November; thus, some degree of dehumidification
is required for most of the year (Gao et al., 2010). Dehumidification through the use of the
traditional exhaust ventilation would result in significant heat loss. Therefore, the air-to-air heat
exchanger is a promising dehumidification method for this cold region.
The objective of this study was to evaluate the dehumidification performance of an air-to-air
heat exchanger in a tomato greenhouse in Saskatchewan, Canada, and to explore a method of
estimating the dehumidification requirements for greenhouses based on the experimental results.
The energy savings and the heating cost data related to the use of the heat exchanger are not
included in this paper.

2.4 Materials and Methods
2.4.1 Greenhouse specifications
A commercial greenhouse was used in this study. It is located in Grandora, Saskatchewan, 23
km west of Saskatoon, at 52.09° latitude, -107.03° longitude, and 504 m elevation. It is a threespan greenhouse covered by a double layer 6-mil polyethylene plastic film on the roof and
polycarbonate panels on the side walls, except for the north wall, which was an insulated woodframe wall. The greenhouse is 19.2 m wide and 43.9 m long. The eave height is 4.3 m and the ridge
height is 6.7 m (Figure 2.1). Tomato plants were planted in peat-based growing medium bags in
11 rows with a total of 2,125 plants, averaging 2.5 plants per square meter. The greenhouse was
heated with hot water pipes located above ground between the rows of plants. Three natural gas
boilers were used to heat the hot water, which were all put in the headhouse. The greenhouse had
three exhaust fans (FC050-4E exhaust fan, ZIEHL-ABEGG, Sainte-Claire, QC, Canada) placed in
the east wall at a height of 3.8 m and roof vents for cooling. These fans were turned on only when
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the indoor temperature was above 24°C and turned off when the temperature was reduced to 22°C
during the spring, summer, and fall seasons, and they were sealed during the winter period. Each
exhaust fan had a diameter of 0.548 m and a capacity of 2.1 m3 s-1 at a static pressure of 20 Pa
(Axial Fans, 2012). A drip irrigation system was used to supply water and nutrients. The floor was
covered by landscaping fabric, with soil underneath.

Figure 2.1. Sketch of the greenhouse cross section (dimensions in m).
2.4.2 Dehumidification method
An air-to-air heat exchanger (vanEE HRV12LC, Venmar Ventilation Inc., Drummondville,
Quebec, Canada) was installed in the east wall of the greenhouse at a height of 3.5 m, as shown in
Figure 2.2. The heat exchanger had one supply fan and one exhaust fan. It operated at two speeds.
At the high speed setting, the ambient air entered the greenhouse through the supply fan at a speed
of 0.40 m3 s-1, and the inside air is discharged from the greenhouse through the exhaust fan at a
speed of 0.58 m3 s-1. At the low speed setting, the flow rates of the supply and exhaust fans were
0.32 m3 s-1 and 0.50 m3 s-1, respectively. The recommended RH range for tomatoes is 60% to 70%
(Snyder, 2001). However, since the main purpose of greenhouse dehumidification was to reduce
the occurrence of condensation on plant surfaces or on the greenhouse’s interior surface, an RH of
70% was chosen as the set point for the low speed of the heat exchanger and 75% RH for the high
speed. Even though the set point for the high speed represents a 5% higher setting than the optimum
range, it was still considered an acceptable level for tomato plants. It must be pointed out that the
size of the heat exchanger was selected to control humidity during the fall, winter, and spring
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seasons, which was from September to May, but not necessarily during the summer months from
June to August.

Figure 2.2. Heat exchanger installation.
A type T thermocouple (OMEGA Engineering Inc., QC, Canada) was used to measure the air
temperature leaving the supply fan before it entered the greenhouse. Another one was used to
measure the exhaust air temperature existing through the exhaust fan, as shown in Figure 2.3. The
incoming air temperature of the exhaust stream was assumed to be the same as the inside
greenhouse air temperature, while the incoming air from the intake fan was assumed to be the same
as the outdoor ambient air temperature. The thermocouples had an accuracy of 0.3°C at 100°C and
were calibrated against a thermocouple simulator-calibrator (Model 1100, Ectron Corporation, San
Diego, CA, USA.) before the experiment. There were six horizontal airflow fans with two at each
span, and they were running continuously.
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Figure 2.3. Heat exchanger air flow diagram.
2.4.3 Experimental data collection
The greenhouse was shut down during the coldest months of December, January, and February.
The tomato plants are transplanted in the greenhouse in early March, and pulled out in early
December 2011. During the early part of the growing season from March to April, the plants were
very small, resulting in low transpiration rates and an acceptable RH. Therefore, the heat exchanger
was not operated until May. Hence, data collected from May to November 2011 were used to
evaluate the performance of the heat exchanger for humidity control and to estimate the
dehumidification requirements of the greenhouse. The indoor air temperature and RH were
measured with a CS500 temperature and relative humidity probe (Campbell Scientific Inc.,
Edmonton, AB, Canada) that was placed inside a radiation shield and installed in the center of the
greenhouse, 1.8 m above the ground. The probe had an accuracy of ±0.2 to ±1.4°C over the
temperature measurement range of -40°C to 60°C, and ±3% over the range of 10% to 90% and ±6%
in the range of 90% to 100% with RH measurement. The humidity measurements were calibrated
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using a humidity generator (Model 1200 Humidity Generator, Thunder Scientific Corporation,
Albuquerque, NM, USA) before the experiment.
A CR 10X data logger (Campbell Scientific Inc., Edmonton, AB, Canada) was installed near
the east wall of the greenhouse. The inside temperature and RH values, the heat exchanger
operation (on/off), and the incoming and outgoing air temperatures of the heat exchanger were all
monitored every minute with 10-min averages recorded. The ventilation and heating equipment
were all controlled by the greenhouse ventilation control system based on temperature, and the
sensor was installed in the middle of the greenhouse at a height of 1.5 m. The ambient weather
conditions (temperature and RH) were obtained from the Environment Canada website for
Saskatoon (Environment Canada, 2011), because the distance between the weather station and the
experimental greenhouse was only 23 km. The equipment locations and sensor placements are
illustrated in Figure 2.4.

Figure 2.4. Sketch of the greenhouse layout and measurement position (dimensions in m).
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2.4.4 Data analysis
In order to evaluate the performance of the heat exchanger, the actual amount of moisture
removed per hour from the greenhouse by the heat exchanger, which is the net difference of the
moisture vented from the greenhouse by the exhaust fan and the moisture gain from the incoming
ambient air through the intake fan of the heat exchanger and infiltration (the sum of the total
ambient supply air mass flow rate equals the exhaust air mass flow rate when the ventilation system
is not in operation during cold and mild seasons), can be calculated from:
MRA = 3600ρMexh (Wi - Wo )

(2.1),

where MRA is the actual amount of moisture removed by the heat exchanger, in L h-1; Mexh is
volumetric flow rate of the exhaust air of the heat exchanger, in m3 s-1; ρ is inside air density, in kg
m-3; Wi is inside air humidity ratio, in kgw kgair-1; and Wo is outside air humidity ratio, in kgw kgair1

.
Since the heat exchanger could not maintain the RH at or below its set point at all times, there

were some periods when the indoor RH was higher than 75%, especially during nights and early
mornings during the warm season, and during the daytime for mild and cold weather conditions.
During these periods, the heat exchanger could not meet the greenhouse dehumidification
requirement and additional moisture needed to be removed to keep the inside RH at or below the
set point. This additional removal rate, when the inside RH was higher than 75%, can be estimated
as follows:
ExtraRate =

Vρ(Wi - Wd )
t

(2.2),

where ExtraRate is extra moisture removal rate for the greenhouse, in L h-1; V is volume of the
greenhouse, in m3; Wd is design air humidity ratio at 75% RH set point and the actual inside air
temperature, in kgw kgair-1; and t is time that it takes for the dehumidification device to remove the
extra amount of moisture from the greenhouse, in h.
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2.5 Results and Discussion
2.5.1 RH control
The percentages of total time when the indoor RH exceeded 75%, 80%, and 85% during each
month are shown in Figure 2.5. Figure 2.6 gives the monthly average indoor and outdoor
environmental conditions.
As shown in Figure 2.5, the percentages of the time the RH exceeded 75% were all above 55%
from May to August. This resulted from the warm and humid outdoor weather conditions. A total
of 48% of the time, the inside RH was greater than 80% during May, June, and July. However, the
situation was much better from September to November, as there was less than 5% of the time that
the inside RH was higher than 85%, which means that the heat exchanger controlled the indoor RH
very well during mild and cold seasons, while it was less effective under warm weather conditions.
As mentioned previously, the heat exchanger was selected to control RH for cold and mild seasons
rather than summer conditions. Therefore, the high RH during the summer months was not
unexpected, especially since the summer in which the experiment was conducted was more humid
than average (average RH for June to August of 70.1% compared to the historical average of 67.5%
in the years 1981-2010 (Environment Canada, 2014)).

Figure 2.5. Monthly average indoor high RH occurrence percentages.
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Figure 2.6. Monthly average climatic conditions.
The general trend of the RH diurnal profile during October and November was the indoor RH
being higher during daytime and lower during nighttime, while just the opposite occurred from
May to September with the inside RH being lower during the daytime and higher during the
nighttime. The reason for this is that, during the cold season, the ventilation system is shut down
and the air exchange relies on infiltration, which is assumed to be very low for this type of wellsealed greenhouse, yet the high rate of transpiration and evaporation during daytime releases high
amounts of moisture into the air causing a high RH. During the night period, the outside air
temperature drops, causing low temperatures on the interior surface of the cladding material, which
is lower than the dew point temperature of the indoor air; furthermore, the indoor set point
temperature also decreases from 22°C to 19°C, thus reducing the air’s moisture-holding capacity.
These two factors cause high condensation rates on the internal surfaces of covering materials and
also on the floor surface, removing moisture from the air and causing indoor RH reduction. Figure
2.7 displays such typical indoor climatic conditions during the cold season. The last diurnal RH
peak was caused by the indoor temperature switching from day to night; that is from 22°C to 19°C.
The heat exchanger only needed to run during the daytime and was able to control the RH during
the cold season.
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Figure 2.7. Indoor conditions and the heat exchanger operating frequency on November 8-10, 2012.
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Figure 2.8. Indoor conditions and the heat exchanger operating frequency on July 15-17, 2012.

During the mild and warm seasons, the high ventilation rate required by temperature control
brought drier air from outside to replace the moist indoor air during the daytime, causing a lower
RH during the daytime as shown in Figure 2.8. The heat exchanger was operating at high speed for
most of the time during the warm season, yet it was not effective in controlling the RH during the
night due to high ambient RH. The peak RH occurred between 07:00 and 10:00h before the
temperature exceeded the set point for temperature control with the cooling fans. Once the
ventilation system was in operation, the RH in the greenhouse reduced quickly unless the outside
air was humid, which is infrequent in this region (semi-arid region with a hot and dry summer).
During the nighttime, the exhaust fans were operating at low speed or shut down due to the low
outside temperature, but the outside temperature was not always low enough to cause the interior
surface of the cladding material’s temperature to be below the dew point, so most of the moisture
in the air was kept inside, causing high RH. The experimental results indicate that the heat
exchanger was not effective for humidity control during warm humid weather conditions as
expected. The persistently high RH also indicates that the soil moisture evaporation is another
contribution for greenhouse moisture, considering the relatively low plant transpiration rate at night
and the moisture removed by the heat exchanger, the ventilation system, and the condensation.
Additionally, the drip irrigation system did not operate during the nighttime and the growing
medium evaporation was considered part of soil evaporation.
2.5.2 Heat exchanger moisture removal rate
Using the indoor and outdoor air temperature and RH values, the monthly average amount of
moisture removed by the heat exchanger, (i.e., moisture removal rate over the periods when the
RH was at or above the RH set point) is shown in Figure 2.9. The heat exchanger had higher
removal rates during cold and mild weather conditions than during the warm season, confirming
that the performance of the heat exchanger depends on the differential humidity ratio between
inside and outside.
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Figure 2.9. Average hourly moisture removal rate (L h-1 m-2) by the heat exchanger in each
month from May to November.
To determine the peak dehumidification requirement, the experimental period was separated
into two sub-periods according to ambient temperature. May to August is the warm summer period
with average ambient temperatures above 12.6°C, while September to November is a cool period
with average monthly ambient temperatures below 12.6°C. Figure 2.10 gives the comparison of
these two periods regarding diurnal hourly average moisture removal rates of the heat exchanger,
as well as the indoor RH and indoor and ambient humidity ratio. During the warm period, the heat
exchanger had a higher hourly average moisture removal rate during the daytime from 07:00 to
18:00h. The maximum value was 0.019 L h-1 per square meter of greenhouse floor area or 16.1 L
h-1 for the whole greenhouse. During the cool period, the values were 0.002 to 0.009 L h-1 m-2
higher than that during the warm season, when the maximum rate was 0.025 L h-1 m-2 (greenhouse
total volume of 20.7 L h-1). The hourly average moisture removal rates of the heat exchanger during
the warm and cool periods were 0.016 and 0.020 L h-1 m-2, respectively. The total amount of
moisture removed from the greenhouse by the heat exchanger was 13.6 and 16.9 L h-1 during the
warm and cool periods, respectively. This indicates better performance during the cool period.
During the warm period, the indoor humidity ratio typically peaked at 14:00h, while during the
cool period it peaked at 13:00h. The difference between the RH peak period and the humidity ratio
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peak period was because during the humidity ratio peak period, the indoor temperature was high
due to high solar radiation combined with high crop transpiration, thereby resulting in a high
humidity ratio. The average humidity ratio differences between the inside and outside air were
0.006 and 0.008 kgw kgair-1 during the warm and cool periods, respectively. The diurnal RH values
indicated that the indoor RH was high from 22:00h and peaked at 08:00h during warm weather
conditions, while during the cool period the RH values began to increase from 08:00h and peaked
at 09:00h. This level was maintained until the peak at 17:00h, which was due to the set point
temperature switching from day to night, and consequently started decreasing. The mean RH values
during the warm and cool periods were 82.6% and 75.1%, respectively. The highest RH value
during the warm period was 87.7%, which was 10% higher than that during the cool period.

Figure 2.10. Diurnal hourly average relative humidity (RH), temperature (T), humidity
ratio difference (Wdiff) and heat exchanger moisture removal rates.
The mean moisture removal rate of the heat exchanger during the seven-month period is
approximately 14.8 L h-1 or 0.018 L h-1 per square meter of greenhouse floor area. Overall, the heat
exchanger controlled the indoor RH very well during cold and mild seasons, but it was not effective
for humidity control and not economic efficient during the summer time.
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2.5.3 Additional moisture removal rate
The additional moisture removal rate is the difference between that required to control RH at
75% and the amount that the heat exchanger removed. Table 2.1 shows moisture removal rates in
addition to that removed by the heat exchanger based on a set point RH of 75%. Negative values
of additional moisture removal rates indicate that the actual moisture removal rate of the heat
exchanger was greater than the dehumidification requirement (for an RH target of 75%). The three
distinct diurnal periods were grouped based on a similar moisture removal rate within each period.
During the warm period, 22:00 to 06:00h is the nighttime period, 07:00 to 09:00h is the morning
peak period, and 10:00 to 21:00h is the daytime period. For the cool period, 18:00 to 08:00h is the
nighttime period, 09:00 to 14:00h is the daytime with stable RH and moisture removal requirement,
and then it peaked from 15:00 to 17:00h.
Table 2.1. Heat exchanger and additional moisture removal rate.[a]
Time
(h)

Warm Period (May – Aug)
Removal Rate Additional Total
(L h-1 m-2)
(L h-1 m-2) (L h-1 m-2)

Time
(h)

Cool Period (Sep – Nov)
Removal Rate Additional Total
(L h-1 m-2)
(L h-1 m-2) (L h-1m-2)

7-9

0.018 (0.006) 0.012
(n = 295)
(0.006)

0.029
(0.010)

9 - 14

0.023 (0.006)
(n = 325)

0.006
(0.004)

0.024
(0.010)

10 - 21

0.017 (0.006) 0.005
(n = 808)
(0.003)

0.022
(0.011)

15 - 17

0.024 (0.006)
(n = 157)

0.006
(0.004)

0.027
(0.000)

22 - 6

0.015 (0.004) 0.010
(n = 835)
(0.005)

0.025
(0.007)

18 - 8

0.018 (0.006)
(n = 1133)

-0.002
(0.003)

0.017
(0.008)

Average

0.016
(0.006)

0.025
(0.001)

0.022
(0.006)

0.001
(0.004)

0.023
(0.005)

[a]Numbers

0.009
(0.006)

in the parentheses are the standard deviations and n is the number of measurements.

The general trend of the rate of additional moisture removal was that, during the warm season,
it was high during nighttime and early morning, and low during daytime, which followed the same
trend as the indoor RH. During the cool period, the opposite trend occurred with high values during
the daytime and low values during the nighttime. The additional moisture removal rate during the
warm season was quite stable from 10:00 to 21:00h with an average value of 0.005 L h-1 m-2. It
started to increase to an average value of 0.010 L h-1 m-2 from 22:00h and peaked at 08:00h, with
the peak value of 0.014 L h-1 m-2. The lowest value was 0.003 L h-1 m-2, which occurred at 16:00h.
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During the cool period, there was no need for additional moisture removal from 20:00 to 07:00h.
The only period that required additional moisture removal was during the daytime from 08:00 until
19:00h. The peak value was only 0.003 L h-1 m-2, which was much less than during the warm
season. From 10:00 to 17:00h, the total moisture removal rate required during the cool period was
greater than 0.024 L h-1 m-2 and higher than during the warm period. From 18:00 until 9:00h, the
value was less than 0.023 L h-1 m-2 and it was lower than during the warm season. Under warm
weather conditions, the total moisture removal rate was higher than 0.024 L h-1 m-2 from 22:00
until 09:00h, with a peak value of 0.033 L h-1 m-2. Both the hourly average of additional moisture
removal rate and total moisture removal rate were higher during the warm period than during the
cool period.
2.5.4 Dehumidification requirements
The main purpose of greenhouse dehumidification in this study is to control the indoor RH at
an acceptable level during the cool seasons from September to November and from March to April.
Considering the actual moisture removal rates of the heat exchanger and its humidity control
performance, the average moisture removal rate during the seven-month period (i.e., 14.8 L h-1 or
0.018 L h-1 m-2) could be considered the greenhouse dehumidification requirement. There are two
reasons for using this value.
The first reason is that the indoor RH must be maintained at an acceptable level to decrease
the occurrence of condensation on the inner surfaces of the building, which is one of the main sinks
for greenhouse moisture removal, especially during the nighttime of the cool period. Compared
with the total moisture removal requirement as shown in Table 2.1, the moisture removal rate of
0.018 L h-1 m-2 is equal to or higher than that of the total rate required for nighttime and early
morning, which means the heat exchanger can meet the dehumidification requirement during the
nights and early mornings of the cool period. Although this rate may be less than that of the total
rate required for daytime in both the cool and warm periods, solar radiation becomes a significant
contributor for the temperature of the inside surface of the building to be high enough to prevent
that high RH, thereby not allowing much condensation on the indoor surfaces. The second reason
is that, during the cooling period in warm and mild seasons when the cooling exhaust fans are in
operation and the indoor temperature is above the set point, the indoor RH drops rapidly; thus, the
cooling exhaust fans are the main moisture removal equipment for these periods.
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Table 2.2 shows the theoretical time that the inside RH exceeds 75% when 0.018 L h-1 m-2 of
moisture removal rate is provided. In this table, “Required Removal Rate” is the total moisture
removal rate calculated in Table 2.1. “Occurrence frequency” is the ratio of the moisture removal
difference of “Required Removal Rate” and the provided rate of 0.018 L h-1 m-2 to the “Required
Removal Rate.” The time with the inside RH exceeding 75% in each hour is also given. The results
indicate that, during the warm period, there would be around 6 hours per day where the inside RH
would be greater than 75%, relative to the previous 16 hours experienced in the greenhouse. The
period with an RH exceeding 75% would mainly occur during nights and early mornings. During
the cool period, it would be only 12.2% of the time per hour where the inside RH would exceed
75%, which only occurs during the daytime. RH would not exceed 75% during the nighttime or
early morning. For 2.9 hours per day, the inside RH would be higher than 75%. With the 0.018 L
h-1 m-2 of moisture removal rate, the situation of high RH occurrences during nights and early
mornings in the summertime, and during the daytime in the mild and cold seasons, would be greatly
reduced. The occurrence of high RH during the nighttime in the cool period would also be
prevented.
Table 2.2. Occurrence frequency of inside RH exceeding 75% under dehumidification
capacity of 0.018 L h-1 m-2.
Time
(h)

Warm Period
Required Percentage
Removal of the time
Rate
(RH ≥ 75%)
(L h-1 m-2) (%)

Time
(h)

Cool Period
Required
Removal
Rate
(L h-1 m-2)

Time when
RH over
75%
(min h-1)

Percentage Time when
of the Time RH over
(RH ≥ 75%) 75%
(min h-1)
(%)

7-9

0.029

36.1

21.7

9-14

0.024

25.4

15.2

10-21

0.022

21.6

13.0

15-17

0.027

29.7

17.8

22-6

0.025

27.7

16.6

18-8

0.017

0.0

0.0

Average/
Sum

0.025

25.7

6 (h day-1)

0.023

12.2

2.9 (h day-1)

Overall, as shown in Table 2.2, with the capacity of 0.018 L h-1 m-2 or so, the greenhouse
dehumidification requirement during cold and mild seasons can be met if combined with the
greenhouse exhaust ventilation system. Additionally, this would help control the indoor RH better
during the summer time. There would be less than 25.7% and 12.2% of the time in the warm period
and cold and mild periods where the inside RH exceeds 75%, respectively.
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2.6 Conclusions
During the experimental period, the heat exchanger controlled the indoor RH well with less
than 20% of the time that an RH of 80% was exceeded from September to November; however, it
was less effective during the summertime. The moisture removal rate of the heat exchanger is high
with cool outside air. The greenhouse dehumidification requirement is estimated to be 14.8 L h-1
or 0.018 L h-1 per square meter of greenhouse floor area for the cool period when combined with
the exhaust ventilation system. With this removal rate, there would theoretically be less than 12.2%
of the time where the inside RH is greater than 75% during the cool period. A high RH would
mainly occur during the daytime, and the RH would be well controlled during nights and early
mornings. During the summertime, with this removal rate, the percentage of RH exceeding 75%
would be reduced from the previous 68% to 25.7%; that is, reduced from 16 hours to 6 hours per
day with the RH exceeding 75%. The percentages of RH over 80% or more would be much less.
Meeting the peak requirement would require a 58.8% increase of dehumidification capacity, which
is expensive and unnecessary. Further research and experimental data are required to verify the
results.
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CHAPTER 3
MECHANICAL REFRIGERATION DEHUMIDIFIER
PERFORMANCE EVALUATION IN A TOMATO GREENHOUSE
IN COLD REGIONS
(Published in Transactions of the ASABE, 2016, Vol. 59(4), pp. 933-941. DOI:
https://doi.org/10.13031/trans.59.11662)
Jingjing Han, Huiqing Guo, Robert Brad, Doug Waterer

Contribution of this paper to overall study
Based on the experimental results in Chapter 2, a commercial-grade mechanical refrigeration
dehumidifier was selected for greenhouse dehumidification. The performance of the unit including
humidity control effectiveness, the operating cost, as well as the plant loss rate and the greenhouse
annual revenue, were analyzed in this chapter. Besides the normal electricity energy factor, a heat
energy factor was also used to evaluate the unit performance considering the condensation process
also contributes to greenhouse heating. This chapter fulfills the objectives 1 and 4.
The manuscript included in this chapter has been published in Transactions of the ASABE. The
experimental setup, data collection and analyses, and manuscript writing were performed by the
first author (PhD student – Ms Jingjing Han). The manuscript was critically reviewed by the second
author (supervisor – Prof. Huiqing Guo). The third author (Mr. Robert Brad) helped with the
experimental setup. The fourth author (Prof. Doug Waterer) provided suggestions on field
measurement.
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3.1 Abstract
A commercial-grade mechanical refrigeration dehumidifier was installed in a tomato
greenhouse for humidity control, and relative humidity was monitored for one year. The results
indicated that the indoor RH condition was controlled much better by the dehumidifier than by the
previous air-to-air heat exchanger. Considering a 10-year payback period, the annual cost of the
dehumidifier was about $4,000 in 2013. Even though the capital cost and annual cost of the
dehumidifier were high, the plant loss rate due to high relative humidity was dramatically reduced
from 43.3% prior to 2012 without dehumidification to 0.9% in 2013. The annual revenue was also
increased by about 10% in 2012, compared with that in 2009 to 2011. The increased revenue
indicated that the equipment payback period was within one year. Considering all the benefits,
dehumidification is strongly recommended for greenhouse humidity control in cold regions.

3.2 Nomenclature
b

interest rate, %

Qe

electrical energy consumption by the
dehumidifier, kW-h

CRF

capital recovery factor

EFe

electricity energy factor, L kWh-1

Qeo

heat output of the dehumidifiers,
kW-h

EFh

heat energy factor, L kWh-1

hfg

water heat of condensation, kJ kg-1

Qlatent

latent heat released by condensed
water in the dehumidifier, kW-h

mwater

mass of the condensed water
collected by the dehumidifiers, kg

Qld

heat released into the greenhouse by
the dehumidifiers, kW-h

n

payback period

RH

relative humidity, %

3.3 Introduction
Nowadays, humidity control draws more and more attention from greenhouse producers. The
main reason is that high relative humidity (RH) causes fungal diseases, which reduce yields and
impair produce quality (Campen et al., 2003). The methods used for greenhouse dehumidification
include improving the irrigation system, exhaust ventilation based on humidity control, chilled
water condensation dehumidification, chemical dehumidification, air-to-air heat exchangers,
mechanical refrigeration dehumidifiers, etc. For commercial greenhouses in cold regions, the most
suitable and economical methods for dehumidification are ventilation with heat recovery and
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condensation on a cold surface, as suggested by Campen (2009). Gao (2012) and Han et al. (2011)
found that chilled water dehumidification was the most energy-intensive and costly method. An
air-to-air heat exchanger could control the humidity well in cold and mild seasons but was not
effective in humid and warm weather conditions. Mechanical dehumidification was recommended
for year-round humidity control.
Han et al. (2015b) used an air-to-air heat exchanger in a commercial greenhouse for humidity
control. The results revealed that the capacity of the heat exchanger could not meet the
dehumidification requirement of the greenhouse, especially during summer. The dehumidification
requirement of the greenhouse was estimated to be about 14.8 L h-1 based on analysis of the amount
of water removed by the heat exchanger. Based on this calculation, a commercial-grade mechanical
dehumidifier was selected and installed inside the same greenhouse in September 2012.
The objective of this study was to evaluate the performance of a commercial-grade
dehumidifier in a greenhouse and conduct an economic analysis on the costs and benefits.

3.4 Materials and Methods
3.4.1 Greenhouse specifications
A commercial greenhouse was used in this study, which was located in Grandora,
Saskatchewan, 25 km west of Saskatoon, at 52.11° N latitude, 106.98° W longitude, and 504 m
elevation. It was a three-span greenhouse covered by inflated double-layer 6-mil polythene plastic
film on the roof and polyethylene panels on the sidewalls, except the north wall, which was an
insulated wooden wall. The thickness of the north wall was 11.4 cm, and its thermal conductivity
was 0.23 W m-2 K-1. The greenhouse was 19.2 m wide and 43.9 m long. The eave height was 4.3
m, and the ridge height was 6.7 m. Tomato plants were planted in bags filled with general-purpose
peat-based growing medium and planted in 11 rows with a total of 2,125 plants, averaging a density
of 2.5 plants m-2. The greenhouse was heated by black iron hot water pipes located above ground
between the rows of tomato plants. Four natural gas boilers were used to heat the hot water. The
greenhouse had three exhaust fans (FC050-4E, Ziehl-Abegg, Sainte-Claire, QC, Canada) on the
east wall at a height of 3.8 m and roof vents for cooling. The exhaust fans, with an impeller diameter
of 0.548 m, had a capacity of 2.1 m3 s-1 at a static pressure of 20 Pa (Ziehl-Abegg, 2012). A drip
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irrigation system was used for water and nutrient supply. In March 2013, the grower started to
build a fourth span, which was attached to the third span. By the end of May 2013, small cucumber
plants were planted in the fourth span. There was only a small opening between the fourth span
and the third span. The sidewall between them was not removed until the end of the year.
3.4.2 Dehumidification method
Before 30 August 2012, an air-to-air heat exchanger (vanEE HRV12LC, Venmar Ventilation,
Inc., Drummondville, QC, Canada) was used inside the greenhouse for dehumidification. The RH
set points were 70% for the low speed of the heat exchanger and 75% for the high speed. The
average moisture removal rate of the heat exchanger from May to November in 2011 was 14.8 L
h-1, or 0.018 L h-1 m-2 of greenhouse ground area (Han et al., 2015b). However, its effectiveness
was influenced by the indoor and outdoor air conditions, and it was not effective in RH control,
especially during the humid and warm season. In addition, it required frequent maintenance.
Therefore, the air-to-air heat exchanger was shut down, and a commercial dehumidifier
(DCA3000T, Dehumidifier Corporation of America, Cedarburg, WI, USA) was installed inside the
greenhouse, as shown in Figure 3.1. This unit was selected for its large dehumidification capacity
(14.7 L h-1 at 75% relative humidity and 21°C air temperature). The airflow rate of the dehumidifier
was 1.42 m3 s-1. A small room was built at the east end of the greenhouse to house the dehumidifier.
To distribute the drier and warmer exhaust air from the dehumidifier, a metal discharge duct was
installed along the east wall of the greenhouse, and multiple perforated plastic film ducts running
east-west along the tomato rows above ground were installed to distribute air evenly inside the
greenhouse. A tank with the total volume of 670 L was placed inside the small room to collect the
water condensed by the dehumidifier. To monitor the power consumption of the dehumidifier, a
current sensor (AT50 B10, LEM, Inc., Milwaukee, WI, USA) was used. The accuracy of the sensor
was less than 1.5% of its measurement range. A type-T thermocouple (Omega Engineering, Inc.,
QC, Canada) and a humidity sensor (HM1500LF, Measurement Specialties, Inc., Toulouse, France)
were used to measure the temperature and RH of the exhaust air from the dehumidifier. The
thermocouples had an accuracy of 0.3°C at 100°C and were calibrated against a thermocouple
simulator-calibrator (model 1100, Ectron Corp., San Diego, CA, USA). The humidity sensor had
an accuracy of 3% in the RH measurement range of 10% to 90%. A humidity generator (model
1200, Thunder Scientific Corp., Albuquerque, NM, USA) was used to calibrate the sensor. Both
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sensors were placed inside the metal duct near the outlet of the dehumidifier. The dehumidifier had
its own humidity control sensor, which was located at the center of the greenhouse with the other
environmental monitoring sensors.

(a)

(b)
Figure 3.1. (a) Dehumidifier and water tank and (b) discharge duct.
Initially, the RH set point of the dehumidifier was set at 63% to determine if the equipment
was working appropriately. The set point was then changed to 68% on 6 September 2012 to control
the indoor RH at about 75%. However, the indoor RH was greater than 75% for more than 45% of
the time in September and October 2012. Therefore, the RH set point of the dehumidifier was set
to 63% in 2013. The unit started running on 15 April and was used until the greenhouse was shut
down on 10 December 2013.
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3.4.3 Experimental data collection
The indoor air temperature and RH were measured with a temperature and relative humidity
probe (CS500, Campbell Scientific, Edmonton, Alberta, Canada) that was placed inside a radiation
shield and installed at the center of the greenhouse, 1.8 m above the ground. The probe had a
temperature accuracy of 0.2°C to 1.4°C over a measurement range of -40°C to 60°C and RH
accuracies of 3% over a range of 10% to 90% RH and 6% over a range of 90% to 100% RH.
The same humidity generator (model 1200, Thunder Scientific Corp., Albuquerque, NM, USA)
was used to calibrate the sensor. A pyranometer sensor (LI-200, Li-Cor, Lincoln, NE, USA) was
installed inside the greenhouse at the ridge height to measure the inside solar radiation. The sensor
was calibrated by the manufacturer against an Eppley precision spectral pyranometer (PSP) (LiCor, 2012). The indoor CO2 concentration was measured with a K-30 sensor (CO2Meter, Inc.,
Ormond Beach, Fla.) that was installed inside the greenhouse above the plants. The sensor had an
accuracy of 30 ppm plus 3% of the measured value. It was calibrated per the manufacturer’s
instructions (CO2Meter, 2012).
A data logger (CR10X, Campbell Scientific, Edmonton, AB, Canada) was installed near the
east wall of the greenhouse. All the environmental parameters as well as the operating times of the
exhaust fans and dehumidifier and their power consumption were monitored every minute, with 10
min averages recorded by the data logger. The other pieces of ventilation and heating equipment
were controlled based on temperature by the greenhouse ventilation control system, which was
installed in the header house north of the greenhouse. Ambient weather conditions (temperature
and RH) were obtained from Environment Canada. The equipment locations and sensor placement
are shown in Figure 3.2.
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Figure 3.2. Greenhouse layout and sensor locations (dimensions in m).
3.4.4 Data analysis
In 2012, experimental data were collected for seven months from 3 May to 23 November,
when the greenhouse was shut down. In 2013, the greenhouse started in February, and data were
collected for nine months from 14 March to 30 November. Before August 2012, the heat exchanger
was used for dehumidification; the dehumidifier was used after that. All data collected in 2012 and
2013 were used for data analysis. The performance of the dehumidifier was evaluated based on the
indoor RH, energy consumption, energy factor, and greenhouse revenue increase.
3.4.4.1 Dehumidifier energy consumption

For the dehumidifier, the total energy consumption was the sum of the electrical energy
consumption and the heat released to the greenhouse. The heat released to the greenhouse included
the sensible heat output of the dehumidifier motor and the latent heat released by the condensate.
The total heat released into the greenhouse by the dehumidifier was given by (Han et al., 2015a):
Qld = Qeo + Qlatent = Qeo +

hfg × mwater
3600
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(3.1),

where Qld is heat released into the greenhouse by the dehumidifier, in kW-h; Qeo is heat output of
the dehumidifier, which was assumed to be 90% of its electrical energy consumption to prevent
overestimation of heat release (ASHRAE, 2009), in kW-h, and is calculated using the power
consumption of the dehumidifier multiplied by the operating time; Qlatent is latent heat released by
condensate from the dehumidifier, in kW-h; hfg is vaporization heat of water, in kJ kg-1, which is
calculated by hfg = 2501 − 2.42 × tw; tw is the temperature of the condensed water, in °C, and it is
assumed equal to the room air temperature (Albright, 1990); mwater is mass of the condensate
collected by the dehumidifiers, in kg.
The electricity cost was $0.1108 kWh-1 in 2012 and $0.1162 kWh-1 in 2013 (Saskatoon, 2013).
The greenhouse used natural gas for heating. The annual average natural gas price during 2012 and
2013 was $5.28 GJ-1, which was equivalent to $0.0211 kWh-1 (SaskEnergy, 2013). The efficiency
of the natural gas heating system was estimated to be 90%.
3.4.4.2 Dehumidifier energy factor

An important factor that is normally used to evaluate the performance of dehumidifiers is the
energy factor (EF), which is defined as the total amount of water (in L) removed per kWh of
electricity consumed by the dehumidifier at standard test conditions of 26.7°C air temperature and
60% RH at sea level (Hong Kong, 2008). In this study, the energy factor was called the electricity
energy factor (EFe) and was determined from:
EFe =

mwater
Qe

(3.2),

where EFe is electricity energy factor, in L kWh-1; and Qe is electrical energy consumption by the
dehumidifier, in kW-h.
According to Canada’s energy efficiency regulations for household appliances, the minimum
EFe for dehumidifiers is 2.5 L kWh-1 if the water removal capacity of the unit is greater than 35.5
L d-1 (NRC, 2015). However, there is no such standard for commercial dehumidifiers, which might
be due to their high water removal capacity and power consumption.
Considering the weather conditions in cold regions, where the heating season is long, the
sensible heat output of the dehumidifier and the latent heat released during the condensation
process also contribute to greenhouse heating. Therefore, another energy factor, the heat energy
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factor (EFh), was used in this study to evaluate the heating contribution of the dehumidifier. EFh is
defined as the ratio between the amount of water condensed by the dehumidifier and the total heat
released into the greenhouse by the unit. Because the water removal capacity and power
consumption of commercial dehumidifiers are greater than those of domestic dehumidifiers, the
heat released into the greenhouse cannot be ignored due to its contribution to the heating of the
greenhouse. Equation 3.3 was used to calculate EFh:
EFh =

mwater
Qld

(3.3),

where EFh is the heat energy factor, in L kWh-1.
EFh should be considered only during the heating season, not during cooling periods. In cold
regions such as the Canadian Prairies, the heating season is long and includes some summer nights
and even days. During cooling periods, the heat released to the greenhouse would increase the
cooling load and is therefore undesirable. However, the amount of heat released should be
negligible compared to the total cooling requirement of the greenhouse and thus was not considered
in the energy and cost analysis.
3.4.4.3 Dehumidifier annual cost

The annual cost of using the dehumidifier was also calculated, which included the capital cost,
maintenance, interest, and depreciation. The capital recovery factor (CRF) (Lindeburg, 1992) was
used to calculate the interest and depreciation, given as follows:
b(1 + b)n
CRF =
(1 + b)n − 1

(3.4),

where b is the interest rate, in %, set at 6%; and n is the payback period, chosen as 10 years. The
calculated CRF was 0.136 and was used for the interest and depreciation calculation.

3.5 Results and Discussion
3.5.1 RH control effect
Table 3.1 lists the monthly percentages of time when the indoor RH exceeded 75%, 80%, and
85% in 2012 and 2013. It also shows the monthly average indoor RH. The weather is classified
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into three groups: cold season (January, February, March, November, and December), mild season
(April and October), and warm season (May, June, July, August, and September). As shown in
Table 3.1, the percentages of time when the inside RH exceeded 75%, 80%, and 85% were all
lower in 2013 than in 2012, especially when the size of the greenhouse was increased by 33% in
2013. They were reduced by more than 30% from June to September in 2013 compared with that
period in 2012. The monthly average indoor RH was lower than 75% all the time in 2013, while it
was above 75% during the summer in 2012. There were two reasons for the lower RH in 2013 than
2012. One reason was that the weather in 2013 was slightly drier and colder than in 2012, as shown
in Figure 3.3. The other reason, which should be the main reason, was that the heat exchanger was
ineffective in humid and warm weather, while the dehumidifier’s performance was not affected by
these weather conditions. The dehumidification capacity of the dehumidifier was much larger than
that of the heat exchanger during the warm season. Even though the dehumidifier was not operating
at the capacity stated by the manufacturer, all the data reveal that the dehumidifier controlled the
indoor RH very well year-round, compared with the heat exchanger, especially during summer and
fall nights, meeting most of the dehumidification requirement for the greenhouse.
Table 3.1. Percentages of time of high RH in the greenhouse.
Month
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
[a]

Average RH (%)

RH ≥ 75%

RH ≥ 80%

RH ≥ 85%

2012
73.8[a]
76.9[a]
82.4[a]
83.5[a]
76.0
74.3
62.3

2012
57.5[a]
70.9[a]
78.1[a]
81.5[a]
63.9
45.7
8.8

2012
33.6[a]
56.3[a]
68.4[a]
69.3[a]
42.9
18.4
1.2

2012
7.7[a]
29.9[a]
50.5[a]
55.3[a]
17.9
3.2
0.0

2013
71.5
76.2
70.3
70.7
73.6
71.7
67.7
71.5
65.0

2013
32.9
59.0
40.4
38.2
47.9
38.6
16.3
26.2
9.9

2013
9.4
26.9
24.4
11.3
23.7
11.0
1.3
6.7
2.0

2013
0.2
6.8
14.3
0.8
5.7
2.4
0.0
0.6
0.3

Heat exchanger dehumidification was applied from May to August in 2012, and the dehumidifier was used after that.
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(a)

(b)
Figure 3.3. Monthly average temperature (T), relative humidity (RH), and humidity ratio
(W) in 2012 and 2013: (a) ambient and (b) inside.
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3.5.2 Dehumidifier performance
3.5.2.1 Dehumidifier operation condition

Generally, in mild and summer seasons, the dehumidifier was running most of the time during
the night due to the high indoor RH. During the day, the indoor RH was lower than the set point
due to ventilation by the exhaust fans and roof vents. Ventilation brought cooler and drier outside
air into the greenhouse and replaced the hot and humid indoor air. During the winter, the indoor
RH was high during the day due to plant transpiration and limited ventilation (mostly by infiltration)
and low at night due to low moisture production and condensation. Hence, the dehumidifier was in
operation mostly during the day and stopped during the night.
Figure 3.4 shows typical greenhouse indoor RH conditions in the summer of 2013 with
operation of the dehumidifier. When the dehumidifier started running, the indoor RH started to
drop. Although the dehumidifier was not able to control the RH to 63%, setting the set point at
such a low value delayed and shortened the high RH (>80%) periods. As shown in Figure 3.4,
during the day from 15 to 16 August, the dehumidifier did not run even though the indoor RH was
above the set point. The unit may have been shut down by the grower due to the high indoor air
temperature, which also occurred during other warm periods. The dehumidifier was effective for
humidity control, as the RH was above 80% only 11% to 23.7% of the time in summer. The high
RH (>80%) periods occurred mainly after sunrise due to high transpiration and low ventilation and
did not last long. Higher temperature of the plastic film after sunrise limited or prevented
condensation on the inner surface of the plastic film; therefore, little or no adverse effect was
observed on the plants. Figure 3.4 also shows the daily amount of water collected by the
dehumidifier. The dehumidifier collected more water during the night than during the day because
the dehumidifier was in operation longer at night due to the high RH.
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Figure 3.4. Greenhouse indoor relative humidity (RH) conditions on August 14-17, 2013.
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Figure 3.5. Greenhouse indoor relative humidity (RH) conditions and dehumidifier performance on October 12-15, 2012.

Figure 3.5 shows the greenhouse indoor RH conditions in the mild season from 12 to 15
October 2012. During this period, the roof was not open for long periods during the day due to the
cool ambient weather conditions. The indoor RH was higher than the dehumidifier RH set point;
therefore, the dehumidifier was running most of the time and collected more water than during the
warm season. However, higher condensation on the greenhouse cover material played an important
role in reducing the indoor RH, resulting in lower inside RH than during summer.
Overall, the commercial dehumidifier showed effective control of the indoor RH and could
maintain the indoor RH at an acceptable level year-round, not only during the cold and mild seasons
but also in summer. High RH periods occurred at night or early morning in summer and during the
day in mild and cold seasons when the dehumidifier’s capacity was not large enough to keep the
RH below 80%. If two hours were needed to remove the extra moisture from the greenhouse to
keep the indoor RH at or below 80%, then this would require an increase in the dehumidifier’s
capacity of as much as 88% from April to August and about 10% from September to November.
The capital cost of the dehumidification system would almost double, and the power consumption
and operating cost would also double. Therefore, this increase in capacity would not be costeffective. Instead, it is recommended that the ventilation system should be activated for short
periods to remove the excess moisture, or an exhaust fan should be installed to control RH when
the RH is greater than 80% during mild and cold seasons.
3.5.2.2 Energy consumption and cost

Table 3.2 lists the estimated total energy consumption and energy cost of the dehumidifier.
The dehumidifier was started on 15 April 2013. However, there was no water collection record due
to freezing of the pump and the ground in the room that housed the dehumidifier. The underground
electrical cable to the greenhouse failed on 6 May, and the dehumidifier stopped running for ten
days until 16 May. Therefore, the amount of water condensed by the dehumidifier in April and
May in 2013 is only an estimate based on observations by the grower.
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Table 3.2. Dehumidifier energy consumption and energy cost (heat release was calculated
only when greenhouse heating was on).
Year

2012

2013

Month
Sep
Oct
Nov
Total
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Total

Collected
Water
(L)
2353
2679
305
5337
400
700
1610
1409
1937
2083
1719
1040
10898

Energy Consumption (×10-3 GW-h)
Heat
Total
Electricity
Release Energy
1.52
0.73
0.79
1.94
1.34
0.59
0.68
0.28
0.35
4.13
2.35
1.73
1.53
0.33
1.20
1.41
0.48
0.92
3.03
0.09
2.94
2.72
0.41
2.32
2.90
0.12
2.78
2.82
0.36
2.46
3.26
0.86
2.40
1.85
0.57
1.28
19.52
3.22
16.31

Dehumidification Cost ($)
Heat
Total
Electricity
Release Cost
161
-11
150
205
-21
184
72
-4
63
438
--36
402
178
-7
171
163
-10
153
353
-2
351
317
-9
308
337
-2
335
328
-8
320
378
-18
360
215
-12
203
2269
-68
2201

The electricity consumption by the dehumidifier, as shown in Table 3.2, was the total power
consumption of the unit. The dehumidifier’s exhaust fan was designed to run all the time, even
when dehumidification was not needed, resulting in higher power consumption. In 2012, when
dehumidification was not used, the power consumption by the dehumidifier’s exhaust fan was 10%,
17%, and 76% of the total power consumption of the dehumidifier in September, October, and
November, respectively. In 2013, the power consumption of the exhaust fan was about 3.5% of the
total power consumption from June to October, while it was 19.5% of the total power consumption
in November. The heat release, as shown in Table 3.2, was calculated only when the greenhouse
heating system was on. The inside air temperature set point for the heating system was 20°C at
night and 22°C during the day. A negative value of heat release indicates that the heat release by
dehumidification was higher than the power consumption of the dehumidifier; thus, the
dehumidifier released energy as heat into the greenhouse.
As shown in Table 3.2, the dehumidifier condensed more water during mild and cold seasons
than during warm seasons, when the dehumidifier was running for shorter periods due to operation
of the ventilation fans and roof vents. The dehumidifier ran mostly during the night in warm
seasons. In cold seasons, the dehumidifier ran mostly during the day because of the high RH levels
during the day and low RH levels at night. During mild seasons, even though the indoor RH was
not very high, it was higher than the dehumidifier RH set point; therefore, the dehumidifier ran
almost all day long and condensed more water.
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The capital cost of the DCA3000T dehumidifier is $11,365. The estimated annual energy cost
of the unit is $2,201, as shown in Table 3.2. The cost of repair and maintenance of the dehumidifier
is estimated as $250 year-1. Considering a 10-year payback period, the interest and depreciation are
$1,545 year-1. Therefore, the total annual cost is about $3,996. The annual cost of dehumidification
was $4.7 m-2, while the energy cost was $2.6 m-2.
3.5.2.3 Energy factors

Table 3.3 lists the electricity energy factor (EFe) and heat energy factor (EFh) for the
dehumidifier. The EFe and EFh were calculated only when dehumidification was used. The power
consumed by the dehumidifier’s exhaust fan when dehumidification was not used was excluded
from the total power consumption. As shown in Table 3.3, the average energy factors of EFe and
EFh were 2.06 and 0.82 in 2012, which were higher than in 2013. This means that the dehumidifier
performed more efficiently in 2012 compared with its performance in 2013, which is also reflected
in Table 3.2, as the dehumidifier collected more water in 2012 than in 2013. The main reason was
that the performance of the dehumidifier was influenced by the indoor RH level: the higher the
indoor RH level, the higher the water removal capacity. According to Table 3.1, the monthly
average indoor RH was higher in 2012 than in 2013. As a result, the values of EFe and EFh were
larger at night than during the day, and therefore more water was collected during the night.
Table 3.3. Dehumidifier energy factors during the day and at night.
Year
(RH set point)
2012 (68%)

2013 (63%)
[a]

Season
Cold
Mild
Warm
Average
Cold
Mild
Warm
Average

EFe
Day
1.16
1.01
2.28
1.47
0.83
0.49
0.91
0.78

Night
0.00[a]
3.22
2.27
2.81
1.75
0.92
1.00
1.08

Average
1.16
2.02
2.27
2.06
1.26
0.68
0.97
0.95

EFh
Day
0.67
0.59
0.86
0.70
0.53
0.37
0.57
0.51

Night
1.32
0.98
0.92
0.97
0.72
0.59
0.61
0.62

Average
0.80
0.77
0.89
0.82
0.62
0.47
0.60
0.57

There was no water collection by the dehumidifier at night in November 2012; hence, EFe at night was zero.

Figure 3.6 shows the diurnal profiles of EFe, EFh, and indoor RH for the dehumidifier over a
three-day period in 2013. The general trend of EFe and EFh was that they were high at night and
low during the day, which followed the same trend as indoor RH. Overall, the DCA3000T
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dehumidifier has higher water removal capacity and higher efficiency with higher indoor RH levels.
This is also correlated with its higher energy factor at high RH. As shown in Table 3.3 and Figure
3.6, EFe and EFh had the same trend. In other words, they had a positive relationship with each
other.

Figure 3.6. Dehumidifier energy factors during August 31 to September 03, 2013.
The cost of removing 1 L of water from the greenhouse was calculated based on the energy
factors. Table 3.4 lists the electricity cost per liter of water removed from the greenhouse and the
amount of heating cost saved due to the dehumidification heat release to the greenhouse when
natural gas is used as the heating fuel. The last column in Table 3.4 is the ratio of the heating
savings to the total electricity cost. In another word, 47.8% and 30.3% of the electricity cost in
2012 and 2013, respectively, were recovered by the heat released to the greenhouse.
Table 3.4. Energy cost and savings during the dehumidifying process.
Year
(RH set point)

2012 (68%)

2013 (63%)

EFe
Season
Cold
Mild
Warm
Average
Cold
Mild
Warm
Average

Average
1.16
2.02
2.27
2.06
1.26
0.68
0.97
0.95

EFh
Cost
($/L)
0.096
0.055
0.049
0.054
0.092
0.171
0.119
0.122
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Average
0.80
0.77
0.89
0.82
0.62
0.47
0.60
0.57

Savings
($/L)
0.026
0.027
0.024
0.026
0.034
0.045
0.035
0.037

Saving
(%)
27.6
50.0
48.6
47.8
36.9
26.3
29.7
30.3

3.5.3 Dehumidification benefits
As observed by the grower, before using the heat exchanger for dehumidification in 2011,
more than 20% of the plants died each year due to high humidity, and this loss was as high as 45.1%
in 2010. After the heat exchanger was installed in 2011, the loss rate was reduced to 7.2% in 2011.
After installation of the DCA3000T dehumidifier in August 2012, only 0.9% and 3.2% of the plants
died in 2012 and 2013, respectively.
Due to the low plant loss, the annual revenue in 2012 was increased by 12.5%, 14.6%, and
8.5% compared with that in 2009, 2010, and 2011, respectively. Even though the estimated annual
cost of the dehumidifier is as high as $3,996, it was only about 2.6% of the total annual revenue in
2012. Compared with the annual revenue in 2009 to 2011, the increased revenue in 2012 was higher
than the capital cost of the dehumidifier, which means that growers could achieve payback within
one year. Therefore, commercial-grade dehumidifiers are recommended for humidity control in
large greenhouses.

3.6 Conclusions
A commercial-grade dehumidifier was selected and installed in a northern greenhouse for
humidity control. The experimental results showed that the dehumidifier controlled the indoor RH
better than the previous heat exchanger due to its larger water removal capacity and year-round
effectiveness, whereas the heat exchanger was not effective during warm seasons. The heating cost
savings due to heat released by the dehumidifier accounted for 30.3% to 47.8% of the electricity
cost of the dehumidifier; thus, the net electricity cost due to the implementation of the dehumidifier
was significantly reduced. Considering a 10-year payback period, the annual cost of the
dehumidifier is estimated at about $4,000. Even though the capital cost and annual cost of the
dehumidifier were high, the plant loss rate was dramatically reduced from 43.3% in 2007 to 0.9%
in 2013. The annual revenue in 2012 was also increased by 12.5%, 14.6%, and 8.5% compared
with that in the previous three years when there was no dehumidification. The grower achieved
equipment payback within one year.
The commercial dehumidifier controlled the greenhouse RH very well. The capital cost is one
of the concerns when selecting an appropriate commercial dehumidifier for greenhouse humidity
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control. High values of the electricity energy factor and heat energy factor are two critical factors,
especially in cold regions where the heating season is long and the heating cost is high. Geared
dehumidifiers or geared heat pump driers have higher moisture removal capacity. However, no
geared commercial dehumidifier is available in the market yet. The application of a geared
dehumidification system in greenhouses could be studied in the future.
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CHAPTER 4
DEVELOPMENT OF A METHOD FOR CONDENSATION RATE
MEASUREMENT ON FLAT SURFACES
(Accepted in Information Processing in Agriculture in June 2018).
Jingjing Han, Huiqing Guo

Contribution of this paper to overall study
A method was developed for measurement of condensation rate on flat surfaces such as the
inner surface of greenhouse covers. A commercially available leaf wetness sensor was calibrated
in an environment chamber under different room temperature and RH conditions. A linear
regression relationship was found between the sensor voltage output and the amount of condensate
on the sensor surface, so this regression model can be used to convert the sensor voltage to
condensation rate. This method was used to measure condensation rate on a greenhouse inner cover
surface in Chapter 5. This chapter fulfills objective 5.
The manuscript presented in this chapter was accepted to publish in Information Processing
in Agriculture. The experimental method development, lab measurement, data analyses, and
manuscript writing were performed by the first author (PhD student - Ms Jingjing Han), and the
manuscript was reviewed by the second author (supervisor – Prof. Huiqing Guo).
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4.1 Abstract
Condensation on greenhouse interior surfaces plays an important role in reducing indoor air
humidity. There is no standard method to measure condensation rate in greenhouses or in any other
buildings. In this study, a commercially available leaf wetness sensor was calibrated in an
environment chamber under different room temperature and RH conditions, which included five
temperatures of 18, 20, 22, 24, and 26°C, and five RH levels of 40, 55, 65, 75, and 85%. The sensor
surface temperature was maintained the same as the room temperature. Room temperature water
was sprayed on the sensor surface, simulating condensate. The voltage output of the sensor changed
due to varying amounts of condensate on the sensor surface. The amount of condensate on the
sensor surface was divided into five groups from 0 to 0.5 g (or 0 to 0.015 g cm-2 of sensor surface
area) with an interval of 0.1 g. The statistical analysis showed that both sensor temperature and
indoor RH had no significant effect on the sensor voltage output. The voltage output was positively
correlated to the amount of condensate. A linear regression model was developed between the
voltage output and the amount of condensate. This tool is considered as a breakthrough of
technology for condensation rate measurement on greenhouse interior surfaces, or on any other
surfaces with condensation. Anyone can use this sensor and the development relationship for
measuring condensation rate as the sensor is not pricy and the method is easy to use, thus the
method should be widely used as a standard method.

4.2 Nomenclature
C

amount of condensate, g
-2

T

temperature, °C

CR

condensation rate, mg cm

Ts

sensor surface temperature, °C

LWS

leaf wetness sensor

V

voltage output, mV

R2

coefficient of determination

Subscripts

RH

relative humidity, %

i

indoor

RHi

room relative humidity, %

s

sensor surface

S.D.

standard deviation
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4.3 Introduction
Greenhouses provide a suitable environment to ensure crop yield and quality. However,
relative humidity (RH) can easily reach a high level due to high plant transpiration and evaporation
rates (Pieters et al., 1994). Dehumidification is often needed to keep the RH level in a suitable
range. In order to determine dehumidification needs of greenhouses, we need to identify the two
major moisture sinks. The first is condensation on the interior surface of a greenhouse, especially
during the cold season, while the second is moisture removed by ventilation. The rate of moisture
removal by condensation needs to be quantified in order to quantify requirements for mechanical
dehumidifiers or other forced dehumidification measures.
There has been little research in the literature dealing with the measurement of condensation
rates in greenhouses or any other facilities. Most of the relevant literature discussed the
measurement of dew occurrence on plant surfaces and used devices such as mini-lysimeters
(Richards, 1999), absorbent paper (Richards, 1999), and filter paper (Barradas and Glez-Medellín,
1999). However, there does not appear to be any information relating to estimating condensation
rate.
Mini-gutter is a widely used method for condensation rate measurement in a greenhouse,
which is located at the lower part of the greenhouse. However, the experiments conducted by
Granados et al. (2011), and Seginer and Kantz (1986) reveal that too much work is involved in this
method if accurate condensation rate measurement is required, which includes collecting roof water
as well as wiping off the thin water film attached to the cover surface. The study conducted by
Cemek and Demir (2005) had a similar problem, which used a stereobinoculer microscope to take
photographs of the greenhouse sidewall and roof to determine the condensate characteristics,
including area, volume, diameters, and the number of drops. Besides, the subject error exists when
calculating the volume and counting the number of drops, which limits its application in
greenhouses.
Besides the methods mentioned above, an electrical impedance grid was first introduced to
measure dew duration in a study conducted by Pedro and Gillespie (1981). A very similar
condensation sensor was made by placing parallel copper tracks on a horizontal plastic support as
used by Rodríguez et al. (2008). The sensor was only used to predict the occurrence of condensation.
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Montross et al. (2006) designed a low-cost condensation sensing system using a commercially
available leaf wetness sensor. The experiment conducted in a greenhouse revealed that the system
could accurately predict the occurrence of condensation. However, no further experiments were
performed to measure the amount of condensation. De Freitas and Schmekal (2003) devised a
home-made condensation sensor and used it to measure the condensation rate in a cave located in
New Zealand. The sensor was made on a circuit board that consisted of copper wires. The action
of the sensors considered the resistance changes when condensation occurred on the sensor surface,
and then the relationship between the signal output and the weight of water on the board was then
obtained to estimate the condensation rate. The researchers concluded that the measured
condensation rate correlated well with the calculated condensation rate, which was defined as the
humidity ratio difference between the cave air and the condensation surface multiplied by the
combined convective water vapor transfer coefficient. This physical model can also be used to
calculate the condensation rate on the inner surface of the greenhouse covering material. However,
to do the calculation, the convection heat transfer coefficient between the indoor air and the cover
surface must be known, which is difficult to determine inside a greenhouse. Due to the difficulty
of determining the convection heat transfer coefficient in the physical model, this study focuses on
the experiment measurement.
Inspired by De Freitas and Schmekal (2003) and Montross et al. (2006), the objective of this
study was to find an easy way to measure the condensation rate on a surface by using a
commercially available leaf wetness sensor (LWS). This sensor was calibrated in an environment
chamber to establish the relationship between the sensor voltage output and the amount of
condensate on the sensor surface, which can then be used to measure the condensation rate on any
surface, including the target use in greenhouses.

4.4 Condensation Measurement
4.4.1 Leaf wetness sensor and experiment setup
An electronic leaf wetness sensor (Decagon Devices Inc., Pullman, WA, USA) has recently
been widely used to detect dew duration on plant leaf surfaces. This sensor is 11.2 cm long, 5.8 cm
wide, 0.65 mm thick, and is leaf-shaped, as illustrated in Figure 4.1. The surface area is 34 cm2.
The sensor has a wide operating temperature range between -20 to 60℃ and requires very little
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power (2.5 V @ 2mA to 5.0 V @7 mA). It is made of fiberglass and can detect tiny amounts of
water/ice on the sensor surface. It is covered in a white coating with a hydrophobic, waxy cuticle.
In this way, moisture is detected once there is any present on the sensor surface.

Figure 4.1. Leaf wetness sensor.
This sensor was calibrated in an environment control chamber. The initially chilled sensor
surface was considered to simulate a lower surface temperature than the room temperature. It was
abandoned due to two reasons. One was that it was very difficult to achieve and maintain a specific
low sensor surface temperature for the test. The other reason was that the sensor voltage output at
a specific time should be only determined by the amount of water on the sensor surface and the
temperature of the water on the sensor surface. Over a period of time, the impact of heat and
moisture exchange between the sensor and water with the surrounding environment such as air
velocity, thermal radiation, the evaporation of water on the sensor surface will be reflected on the
variation of the voltage output. Thus, in application in a greenhouse or any other places, the
condensate and sensor surface temperature should determine the sensor voltage output,whereas the
other factors’ impact on the condensation and sensor voltage will be reflected by varying sensor
temperature and voltage output measured. Because of these reasons, a simplified method was
adopted by maintaining the sensor and a bottle of distilled water in the chamber to achieve the
room temperature. The water sprayed on the sensor surface to mimic condensate, the sensor voltage
output and the amount of condensate were then measured, and the relationship of these two
parameters was finally analyzed. The impact of sensor surface temperature and indoor RH on the
sensor voltage output were tested.
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In the laboratory, the sensor was connected to a multimeter to measure the voltage output in
millivolts (mV) (Figure 4.2). A scale (Adventurer Pro AV812, Chaus Corporation, Pine Brook, NJ,
USA) with a resolution of 0.01 g and an accuracy of ±0.02 g was used to measure the mass of the
sensor before and after water was sprayed on its surface. To begin, the sensor was dry. Very fine
drops of water were sprayed on the sensor surface with an atomizer. When the water was sprayed
on the sensor surface, the voltage output changed. Both the net mass of the water and the voltage
output were recorded. Before spraying water again for the next measurement, the sensor surface
was wiped dry. This process was repeated several times. Each time, more water was sprayed on
the sensor until there were water droplets dripping from its surface.

Figure 4.2. Equipment setup for the leaf wetness sensor calibration.
The sensor surface temperature and the temperature of the water used to spray on the sensor
surface were the same as the chamber room temperature as they were placed in the chamber till
they reach the room temperature. The amount of water sprayed on the surface was considered to
have no effect on the sensor surface temperature as the measurement after each spray was taken
place immediately so the evaporation could be neglected as well as the evaporation caused cooling.
Besides room temperature and RH, there are other factors may affect condensation and sensor
reading such as thermal radiation, air movement, and dust on the sensor surface. There was no
thermal radiation source other than the fluorescent lights and their impact on the sensor surface
was negligible. There was no active air movement in the chamber during the measurement,
therefore, the influence of the air velocity on the sensor surface was also negligible. This applies
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to most residential and commercial buildings where indoor thermal radiation and air velocity are
both low; however, if the sensor is used in rooms with significant thermal radiation or air movement,
the effects of air velocity and solar radiation on condensation rates should be taken into
consideration. For example, in greenhouses during cold seasons when condensation occurs, the
greenhouse cover surface air speed is very low thus the results of this study can be used. Once the
greenhouse is in ventilation cooling mode, then the indoor air velocity impact may not be negligible.
Including air velocity impact on condensation will be future research work.
Preliminary testing was conducted to see the effects of dust on the sensor surface in the
laboratory, which showed that voltage output would decrease if there was any dust on the sensor
surface. The sensor surface was cleaned to make sure there was no dust before each test so the
sensitivity of the sensor to surface dust accumulation was excluded in this study. However, when
applying the sensor in field measurement, the sensor surface may need to be cleaned periodically
to make sure no visible dust on the surface.
4.4.2 Experiment design
4.4.2.1 Angle impact test

To simplify the experiment, the impact of the sensor angle was first tested inside the
environment control chamber with the room temperature varying from 18 to 28°C and RH varying
from 35 to 85%. The air temperature and RH inside the chamber were measured with a CS500
temperature and relative humidity probe (Campbell Scientific Inc., Edmonton, AB, Canada). The
probe had an accuracy of ±0.2 to ±1.4°C with the temperature measurement range of -40 to 60°C,
and ±3% over the range of 10% to 90% and ±6% in the range of 90% to 100% with RH
measurement.
Three different angles between the sensor and the horizontal surface of 30°, 60°, and 90° were
tested. To do so, the sensor was glued on a metal plate to form the desired angle with the sensor
surface facing down (Figure 4.3). The sensor was tested under four room temperatures of 18, 21.5,
25, and 28.5 °C, and four levels of room RH of 40%, 55%, 65% and 80%. For each angle, the
condensate amount was ranged from 0 to 0.50 g before dripping occurred. The condensate amount
was grouped into 5 levels, with an interval of 0.1 g. For each condensate amount group under each
angle, the measurement was repeated at least twice. Based on the measurement results, the software
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SPSS 22 (Statistical Package for the Social Sciences, SPSS Inc. and IBM Company, Chicago, IL,
USA) was used to do the statistical analysis.

Figure 4.3. Test of the leaf wetness sensor at different angles.
As shown in Figure 4.4, the relationship between the voltage output and the amount of
condensate on the sensor surface were plotted under different angles. The voltage output had a
significant linear relationship with the amount of condensate on the sensor surface with high R2
values (greater than 0.87) under all three sensor angles.
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Figure 4.4. Condensate results at different room temperature and relative humidity (the
sensor surface facing down with angles of 90°, 60°, and 30°).
Table 4.1 also compares voltage outputs and the amount of condensate at the angles. As the
sensor angle was increased from 30° to 60°, there was no significant difference in voltage output
or in condensate (P > 0.05). Figure 4.4 also shows the same results with the three plotted lines
almost overlapping. There was also no significant difference in voltage output or in the amount of
condensate when the sensor angle was increased from 30° to 90° or 60° to 90° (P > 0.05).
Table 4.1. Multiple comparisons for voltage output (V) at three different sensor angles (30°,
60°, and 90°).
Dependent

(I)
Angle

(J)
Angle

Mean Difference
(I-J)

Std. Error

P

60

-2.4

10.4

0.972

90

6.8

10.2

0.781

90

9.2

10.4

0.652

60

-0.09

0.21

0.907

90

0.12

0.21

0.819

90

0.21

0.21

0.572

30
Voltage (V)
60

Condensate
(C)

30
60

Table 4.2 shows the one-way ANOVA analysis results when the sensor angle was set as the
only independent factor. The voltage output and the amount of condensate on the sensor surface
were both set as dependent variables. As shown in Table 4.2, the sensor angle had no significant
impact either on the voltage output or on the amount of condensate (both P > 0.05).
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Table 4.2. One-way ANOVA results of voltage output (V) and amount of condensate (C) as
affected by the sensor angles.

Between group

Sum of
Squares
3060

Within group

718685

200

Total

721745

202

Between group

1.5

2

0.76

Within group

294.2

200

1.47

Total

295.7

202

Dependent

Voltage (V)

Condensate
(C)

df

Mean Square

F

P

2

1530

0.426

0.654

3593
0.517

0.597

In summary, the sensor angle had no significant influence either on voltage output or on the
amount of condensate on the sensor surface if no dripping occurred; therefore, the following
calibration procedure of the LWS only considers the variables of indoor air temperature (i.e. sensor
surface temperature) and RH.
4.4.2.2 Calibration design

Considering the main application of this sensor will be in greenhouses to measure the
condensation rate on the inner cover surface, even though the sensor surface temperature would
reach up to higher than 30°C, there would be no condensation occurrence at such high temperature.
Considering the normal temperature and RH ranges of greenhouses, the sensor was calibrated under
five different surface temperature levels of 18, 20, 22, 24, and 26°C, which was taken the same as
the room air temperature, and five different RH levels of 40, 55, 65, 75, and 85%. The amount of
water manually sprayed on the sensor surface was not easy to control, although efforts were made
to try to spray the same amount of water on the sensor surface for replication purpose at a specific
condensation rate, the amount of water sprayed still varied around the target level. Additionally,
the interaction effect among the variables on the voltage output needed to be tested via the ANOVA
analysis. Therefore, the amount of condensate on the sensor surface was divided into five groups
or levels from 0 to 0.5 g (i.e. 0 to 0.015 g per square centimeter of sensor surface area), with an
interval of 0.1 g. All tests were conducted in the same environment control chamber and each
treatment was repeated three to five times.
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4.5 Results and Discussion
4.5.1 Calibration results
Figure 4.5 shows the results of the voltage output under each condition. Each data point in the
graph represents the mean value for each condensation group under the test temperature and RH
condition. The more condensate on the sensor surface, the higher the voltage output at the same
surface temperature and RH. The relationship between the voltage output and the amount of
condensate on the sensor surface was positively correlated. With the same indoor RH and
condensate level, the voltage output as affected by room temperature did not show any pattern as
shown in Figure 4.5, but it had the highest values at the sensor temperature of 20°C for most of the
conditions.

Figure 4.5. Voltage outputs under different room conditions and condensate levels.
Figure 4.6 gives the average voltage output for each condensate level under the same sensor
temperature (Figure 4.6.a) and indoor RH (Figure 4.6.b), respectively. The voltage output increased
as the amount of condensate on the sensor surface increased either at the same sensor temperature
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or at the same indoor RH. When the sensor temperature was at 20°C, the voltage output had the
highest value for each condensate level amongst all other temperatures if the condensate was
greater than 0.2 g as shown in Figure 4.6.a. Besides 20°C, there was no pattern of voltage change
affected by temperature. Figure 4.6.b illustrates that the voltage output was the highest at 55% RH
when the amount of condensate was greater than 0.1 g, while the lowest voltage output occurred at
higher RH levels of 75% and 85%.

(a)

79

(b)
Figure 4.6. Average voltage output values: (a) at the same temperature (°C); (b) at the same
relative humidity (%).
Table 4.3 shows the average voltage output and standard deviation at each condensate level
under all testing temperatures or RH levels. There was not a substantial fluctuation among the
voltage outputs at different temperature and RH levels; the standard deviation values were very
low compared with the average voltage output values.
Table 4.3. Average voltage output (V) and standard deviation.
Condensate
Group (g)

Temperature

RH

0 – 0.099

V
(mV)
291.8

S.D.
(mV)
2.7

V
(mV)
291.8

S.D.
(mV)
6.5

0.1 – 0.199

350.4

10.0

350.4

10.0

0.2 – 0.299

392.4

3.9

392.4

3.3

0.3 – 0.399

426.1

5.4

426.1

7.0

0.4 – 0.5

462.4

10.4

462.4

7.6

Note: S.D. means standard deviation.
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4.5.2 Statistical analysis and modeling
Three parameters (i.e., sensor temperature, room RH, and the amount of condensate on the
sensor surface) were tested in the lab and a three-way ANOVA was used to determine whether
there was any interaction effect among the three variables on voltage output. Table 4.4 shows the
ANOVA results. Only the amount of condensate on the sensor surface had a significant effect on
sensor voltage output (P < 0.05). Room RH and sensor temperature did not have significant impact
on sensor voltage output (P > 0.05) and there was no significant interaction effect among the three
variables on voltage output (P > 0.05). This result means the voltage is solely determined by the
condensate mass on the sensor surface while the condensate mass is determined by the sensor
surface temperature and air RH.
Table 4.4. Three-way ANOVA results for voltage as affected by the three variables
(temperature - Ts, RH, and condensate mass - C).
4

MS
500

F
1.189

P
0.315

Room RH (RHi)

4

772

1.834

0.122

Condensate (C)

4

263457

625.683

0.000

Ts × C

16

332

0.789

0.698

RHi × C

15

219

0.520

0.930

Ts × RHi
Ts × RHi × C
Error
Total

16
52
326
438

496

1.179

0.283

301
421

0.715

0.929

Source of Variation

df

Sensor temperature (Ts)

Both a multiple linear regression and second-order polynomial regression were conducted to
model the relationship between the independent variables and the voltage output. Even though the
R2 value of the polynomial regression model of 0.926 was slightly higher than that for the linear
regression model of 0.908 (voltage vs. condensate), to reduce the complexity of the model, the
linear regression model was selected for statistical modeling. Table 4.5 gives the regression results,
which used all the original data. Future data can be used to verify this model.
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Table 4.5. Linear regression results for statistical modeling (P values in brackets).
Dependent Variable

Model

R2

Constant

1

0.910

301.4 (0.000)

2

0.908

283.8 (0.000)

Voltage Output (mV)

Coefficients (P value)
C (g)
403.3
(0.000)
402.9
(0.000)

Ts (°C)
-0.794
(0.005)
N/A

The room RH was excluded from the regression models due to its insignificant effect on
voltage output. Model 1 includes both sensor temperature and condensate and the R2 value for the
prediction model is 0.910. Model 2 only includes the variable of condensate with R2 being 0.908,
almost the same as in Model 1. Thus, Model 2 was selected for use in application of this method.
As discussed previously, this final model does not directly include surface temperature and room
RH but their effects are indirectly involved as the quantity of the condensate is determined by the
surface temperature and room RH. Hence, only voltage needs to be measured and there is no need
to use these two parameters and other parameters in calculating CR. The coefficient value indicates
that the amount of condensate on the sensor surface positively correlates to voltage output. Model
2 for the voltage output V (mV) can be calculated by condensate C (g) as:
V = 283.8 + 402.9 × C

(4.1).

The data recorded inside the greenhouse is the LWS sensor voltage output. As the amount of
water condensing on the sensor is what the experiment tried to measure, Equation 4.2 was obtained
from Equation 4.1 to predict the amount of water condensing on the sensor surface with a known
voltage output. Equation 4.3 was obtained from Equation 4.2 to predict condensation rate (CR) in
mg cm-2 of the sensor surface.
C = 0.0025 × V - 0.70

(4.2),

CR = 0.073 × V - 20.72

(4.3).

Equations 4.2 and 4.3 will be used in the field experiment to measure the amount of condensate
on the greenhouse inner covering materials and can be used for any other applications or similar
experiments as well.
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4.6 Conclusions
A commercial leaf wetness sensor was calibrated in an environment chamber in order to
measure the condensation rate inside a greenhouse. Three different angles between the sensor and
a horizontal surface of 30°, 60°, and 90° were tested. It was concluded that the sensor angle had no
significant effect on the voltage; therefore, it was removed from the list of variables impacting
voltage. The sensor was then tested under various conditions, which included: five different surface
temperatures of 18, 20, 22, 24, and 26°C (which was taken the same as the air temperature), and
five different RH levels of 40, 55, 65, 75, and 85%. The amount of condensate on the sensor surface
was also divided into five groups from 0 to 0.5 g (0 to 0.015 g cm-2) with an interval of 0.1 g.
The measured results showed that the voltage output was positively correlated to the amount
of condensate no matter what the room RH or the sensor temperature was. Based on the statistical
analysis, there was no significant effect of sensor temperature or RH on sensor voltage, and there
were no interaction effects from the sensor temperature, RH, and the amount of condensate on the
voltage. Only the amount of condensate proved to have a significant influence on voltage output.
A positive relationship exists between the voltage output and the amount of condensate on the
sensor surface. A linear regression model to predict the condensation rate using only sensor voltage
was developed (R2 = 0.908). This calibrated leaf wetness sensor can be used to measure any surface
condensation rate. For future work, a wider sensor surface temperature and room conditions should
be explored to mimic a cold surface condensation in a room conditions as the greenhouse cover
surface temperature may go much lower than the room temperature. In future studies, the leaf
wetness sensor will be installed inside a tomato greenhouse and the linear regression model will be
applied to estimate the condensation rate on the inner covering surface.
This study is considered as a breakthrough of technology for quantifying condensate,
providing a critical tool in quantifying condensation rate on greenhouse inner surface cover which
is the major moisture sink in greenhouse. With this tool, the development of greenhouse air
moisture balance model and water balance model will be possible. This will allow accurate
calculation of dehumidification capacity determination for greenhouse moisture control. Anyone
can use this sensor and the development relationship for measuring condensation rate as the sensor
is not pricy and the method is easy to use, thus the method should be widely used as a standard
method.
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CHAPTER 5
MEASUREMENT AND MODELLING OF CONDENSATION ON
GREENHOUSE COVER: PART I CONDENSATION
MEASUREMENT
(Submitted to Biosystems Engineering in April 2018)
Jingjing Han, Huiqing Guo, Robert Brad

Contribution of this paper to overall study
Very little research has been reported on quantifying condensation rate on greenhouse inner
covers. In this Chapter, the method developed in Chapter 4 for measuring condensation rates in a
building like a greenhouse was applied to measure condensation rate in a tomato greenhouse for
one growing season of eight months. Three leaf wetness sensors were installed in the greenhouse.
By monitoring the voltage output of the sensors, the condensation rate was calculated based on the
linear regression model developed in Chapter 4. The results indicated that condensation mainly
occurred during the nighttime and early morning. The cover surface mainly acted as a moisture
sink during the nighttime and a moisture source during the daytime to the moisture balance of the
greenhouse air. This chapter fulfills objective 6.
The manuscript included in this chapter was submitted to Biosystems Engineering. The first
author (PhD student – Ms Jingjing Han) conducted the experiment, analyzed the experimental data
and wrote the manuscript. The second author (supervisor - Prof. Huiqing Guo) reviewed the
manuscript. The third author (Mr. Robert Brad) helped with the experimental setup.
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5.1 Abstract
Understanding the moisture sources and sinks is essential to manage the indoor relative
humidity for the plants. This study focuses on applying a new method that uses a calibrated leaf
wetness sensor to measure the condensation rate on the greenhouse inner cover surface. Three
sensors were installed in a tomato greenhouse to measure the condensation rate on the interior
surface of air-inflated double layer plastic film. The experiment was conducted for eight months
from April to November. The results revealed that condensation mainly occurred during the
nighttime and early morning when there was weak or no solar radiation. The plastic film mainly
acted as a moisture sink during the nighttime and a moisture source during the daytime to the
moisture balance of the greenhouse air. The hourly average condensation rate during the nighttime
in each month varied from the lowest of 0.5 g h-1 per square meter of greenhouse floor area in
November to the highest of 19.0 g h-1 per square meter of greenhouse floor area in May. The
average condensation rate during the nighttime in the eight months was around 9.5 g m-2 h-1 or 88.6
g m-2 d-1. As measured in the greenhouse, there was around 21,362 liters of water or 25.3 L m-2 of
greenhouse floor area condensed on the greenhouse inner cover surface over the eight months
period at night. A statistical model will be developed in the future to predict condensation rate
based on the greenhouse plant condition and indoor and outdoor environment conditions.

5.2 Nomenclature
C

amount of condensate, g

Tc

cover inner surface temperature, °C

CR

condensation rate, g m-2 h-1

Tdp

indoor air dew point temperature, °C

LWS

leaf wetness sensor

ΔT

temperature correct factor, °C

RH

relative humidity, %

V

Si

solar radiation getting into the
greenhouse, W m-2

leaf wetness sensor voltage output,
mV

5.3 Introduction
Condensation on the inner surface of the greenhouse cover has long been a serious problem in
greenhouses. Not only can the condensation lead to plant disease or discomfort for greenhouse
workers, it can also contribute up to 20% of the total nighttime heat loss in a double-layer plastic
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film greenhouse during cold weather conditions when supplemental heating is needed (Silveston
et al., 1980; Pieters et al., 1994). In addition, it limits light transmittance and solar radiation.
Therefore, avoiding condensation is important, especially in a cold region like Canada, where the
heating season is very long and even during summer nights heating is required in greenhouses.
There is no well-accepted method for measuring condensation rates in a building like a
greenhouse. In Cemek and Demir’s research (2005), the sidewall and roof of a greenhouse were
photographed, then the characteristics of condensation on the sidewall and roof, including area,
volume, diameter, and the number of the condensation drops, were determined by a stereobinocular
microscope. Nevertheless, it was a rough way to measure condensation rate on a greenhouse roof
and sidewall. In addition, the water condensation on the inner surface of the covering materials is
greatly affected by the solar radiation which changes with time. Not only this method is
complicated and time-consuming, yet subject to large uncertainty. The potentially subjective error
when counting the number of the drops and calculating their volume also limits the application in
greenhouses.
A mini-gutter that is usually attached to the lower part of the greenhouse is the most common
method used for collecting the condensate water from the greenhouse roof. Granados et al. (2011)
applied this method to measure condensation flux in a glasshouse. Hourly value of condensation
flux measured was from 0 to 15.6 g m-2 h-1, with the average value of 1.8 g m-2 h-1, while the daily
value could reach up to 147 g m-2 d-1 in February inside the glasshouse. However, the problem with
this study is that the water dripping off from the inner surface of the covering material and the thin
film of water left attached to the inside cover surface were not taken into consideration. Therefore,
the condensation rate measured was underestimated compared with the actual rate. Seginer and
Kantz (1986) took both conditions into consideration. They measured condensation flux using
mini-gutter in a very small greenhouse (4 × 5 m) covered by a single polyethylene sheet in Israel
which varied from 3.6 to 25.2 g m-2 h-1; however, too much work was involved in this method,
including collecting the water dripping off from the roof and wiping off the thin water film left
attached to the inside cover surface, making it impractical in a large commercial greenhouse.
Another problem with this method is the mini-gutter causing light interception. Therefore, a more
simple and practical method should be developed for condensation flux measurement inside a
greenhouse.
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To solve the problems mentioned above, the researchers of this study developed a simple and
reliable method by using a commercially available leaf wetness sensor (LWS) to measure
condensation rate (Chapter 4). The sensor is leaf-shaped and made of fiberglass. Its surface is very
sensitive to moisture. Tiny amounts of water/ice on the surface can be detected with different
amounts of voltage output. Considering the greenhouse indoor environment condition, the sensor
was calibrated in a climate-controlled chamber with five temperature levels of 18, 20, 22, 24, and
26°C, and five RH levels of 40, 55, 65, 75, and 85%. The amount of water sprayed on the sensor
surface was recorded as well as the voltage output. Three different angles between the sensor and
a horizontal surface of 30°, 60°, and 90° were tested as well. The results showed that sensor angle
has no influence on the voltage. There are also no significant effect of room temperature or RH on
the sensor voltage. The voltage output (mV) has a positively linear relationship with the amount of
condensate (g) on the sensor surface (R2 = 0.908). Compared with the home-made condensation
sensor developed by De Freitas and Schmekal (2003), this method saves both time and effort.
Equipped with this method, the objective of this research was to apply this calibrated leaf
wetness sensor to measure the condensation rate on a greenhouse inner cover surface in order to
quantify the condensation rate and occurrence profiles in a cold region in Canada.

5.4 Materials and Methods
5.4.1 Experimental greenhouse
The experimental greenhouse was located in Grandora, Saskatchewan, 23 km west of
Saskatoon, at 52.09o latitude, -107.03o longitude and 504 m elevation. It was a three-span
commercial greenhouse covered by air-inflated double layer 6-mil polyethylene plastic film on the
roof and polycarbonate panels on the side walls, except for the north wall, which was an insulated
wood-frame wall. The greenhouse was 19.2 m wide and 43.9 m long. The eave height was 4.3 m
and the ridge height was 6.7 m (Figure 5.1). Tomato plants were planted in peat-based growing
medium bags in 11 rows with a total of 2,100 plants, averaging 2.5 plants per square meter. The
greenhouse was heated with hydronic heating system and the water pipes were located above the
ground between rows of tomato plants. Four natural gas boilers were used to heat the water. The
greenhouse had three exhaust fans (FC050-4E exhaust fan, ZIEHL-ABEGG, Sainte-Claire, QC,
Canada) placed in the east wall at a height of 3.8 m. Each exhaust fan had a diameter of 0.548 m
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and a capacity of 2.1 m3 s-1 at a static pressure of 20 Pa (Axial Fans, 2012). There were also roof
vents for cooling. These fans were turned on only when the indoor temperature was above 24°C
and turned off when the temperature was reduced to 22°C during the spring, summer, and fall
seasons, and they were sealed during the winter season to minimize infiltration. A drip irrigation
system was used to supply water and nutrients. The floor was covered by landscaping fabric, with
soil underneath.

Figure 5.1. Sketch of the greenhouse cross section (unit: m).
5.4.2 Experimental instrument setup
In this experiment, three leaf wetness sensors (Decagon Devices Inc., Pullman, WA, USA)
were installed in the greenhouse with one placed on the first span and two located on the second
span (Figure 5.2). There were no sensors installed on the third span as at the time of instrument
installation, its roof cover was being replaced. The sensors were installed close to the eave at the
east end of the greenhouse. Two air velocity transducers (TSI Model 8475, Minneapolis, MN, USA)
with the measuring range of 0 to 0.5 m s-1 were installed at the same locations as the leaf wetness
sensors: one at the first span and the other one at the second span. T-type thermocouples were used
to measure the sensor and greenhouse cover surface temperatures, which were adhered directly to
the sensor and greenhouse cover surface. Because the thermocouple was exposed to the sunlight
directly, a temperature correction factor (ΔT) for 0.3 mm in diameter is used, which is calculated
from (Abdel-Ghany et al., 2006):
∆T = -0.22 + 5.11 × (1.0 - exp(-0.0024 × Si )) R2 = 0.94
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(5.1),

where ΔT is the correct factor for the temperature measuring by exposing the thermocouple directly
to the sunlight, in °C; Si is the solar radiation getting into the greenhouse which was measured in
this study, in W m-2. The actual cover temperature is obtained by subtracting ΔT from the value of
the temperature measured directly by the thermocouple exposed to the solar radiation flux.

Figure 5.2. Leaf wetness sensor setup.
The greenhouse indoor climatic environment was also monitored. A CS500 temperature and
RH probe (Campbell Scientific Inc., Edmonton, AB, Canada) was placed inside a radiation shield
and installed in the center of the greenhouse 1.8 m above the ground to monitor the inside air
temperature and RH. The indoor solar radiation was monitored with a LI-200 Pyranometer (LICOR Inc., Lincoln, NE, USA), which was installed in the center of the greenhouse over the eave,
about 4.3 m above the ground to avoid any obstructions. During the experiment, a DCA 3000T
dehumidifier (DCA Inc., Cedarburg, WI, USA) was installed and located at the east end of the
greenhouse for humidity control. A FTB8000B flow meter (OMEGA Inc., Laval, QC, Canada)
was also installed in the headhouse to monitor the amount of water irrigated into the greenhouse.
A CR 10X datalogger (Campbell Scientific Inc., Edmonton, AB, Canada) was installed against
the east wall of the greenhouse. The inside temperature and RH data, solar radiation, the leaf
wetness sensor reading, the air velocities, the thermocouples and the pulse from the flow meter
were all monitored every minute, and ten-min averages and the total amount of irrigating water
were recorded by the datalogger. The ventilation and heating equipment were all controlled by the
greenhouse ventilation control system based on temperature, and the temperature sensor was
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installed in the middle of the greenhouse at a height of 1.5 m. The ambient weather conditions
(temperature and RH) were obtained from Environment Canada website for Saskatoon as the
distance between the weather station and the experimental greenhouse was only 23 km. The
equipment locations and sensor locations are illustrated in Figure 5.3.
Existing Heat/Vent
Controller
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19.2 m Wide X 43.9 m Long
Anemometer
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DH’s Current
Temp
Out Air T&RH

Leaf Wetness
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Solar
T&RH
Radiation

Dehumidifier

CR10X
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Dehumidifier’s
RH Sensor

Exhaust
Fan

Figure 5.3. Sketch of the greenhouse layout and measurement position (unit: m).

5.5 Results and Discussion
The experiment was conducted inside the greenhouse for almost eight months from early 04
April until 30 November 2013.
5.5.1 Indoor temperature and RH conditions
Condensation occurs on the building surface when the surface temperature is lower than the
air dew point temperature. Table 5.1 shows the average values of the greenhouse cover interior
surface temperature (Tc) and the indoor air dew point temperature (Tdp) during different periods of
time from April to November. The day was categorized into four periods, each period had similar
Tc and condensation rate. They are night (20:00-7:00), morning (7:00-10:00), noon to afternoon
(10:00-15:00), and late afternoon to evening (15:00-20:00). The table also gives the percentages of
the time when Tc was lower than Tdp in each period, i.e. the percentage of the time when
condensation would occur on the interior cover surface during each period of time. The indoor and
outdoor air conditions were similar in June, July, and August; therefore, Table 5.1 gives the average
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values of the three months. Figure 5.4 gives the minimum, maximum, and average values of Tc and
Tdp in each month.
Table 5.1. Average air dew point temperature (Tdp) and cover temperature (Tc) and the
percentages of the time when Tc was lower than Tdp.
Time Period
20:00 – 7:00
7:00 – 10:00
10:00 – 15:00
15:00 – 20:00
Average/Total
Percentage

Temperature

Apr

May

Tc
Tdp
Tc < Tdp (%)
Tc
Tdp
Tc < Tdp (%)
Tc
Tdp
Tc < Tdp (%)
Tc
Tdp
Tc < Tdp (%)
Tc
Tdp
Tc < Tdp (%)

5.8
16.4
78.3
12.2
18.3
21.3
21.6
19.2
9.6
14.7
18.1
25.8
10.0
17.3
45.9

13.8
16.4
83.6
25.5
17.9
3.3
32.6
15.9
0.0
29.5
12.9
2.6
22.4
15.8
39.5

Jun Aug
16.6
17.8
80.4
26.5
18.0
4.7
33.6
17.5
1.7
30.2
17.0
0.9
24.2
17.6
38.0

Sep

Oct

Nov

14.2
16.3
87.6
20.0
17.2
24.4
26.1
14.8
2.0
23.0
15.5
20.0
19.2
15.9
47.8

7.7
16.0
100
12.2
17.4
91.4
19.7
16.3
25.2
15.2
16.6
71.0
12.3
16.4
77.3

1.9
12.9
100
5.0
13.8
100
14.6
16.8
86.0
8.6
15.2
98.7
6.3
14.3
96.8

Figure 5.4. Monthly indoor dew point temperature and cover interior temperature (mean,
max, min).
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As shown in Figure 5.4, Tdp fluctuation was not very large during the eight months, which is
due to the controlled indoor air temperature and RH. The monthly average Tdp varied from 14.3°C
in November to 17.6°C in the summer month. The lowest Tdp of 12.9°C occurred in November in
20:00-07:00 due to the relatively dry indoor air condition, and again in 15:00-20:00 in May due to
the relatively lower indoor RH.
In April, although the plants were not fully grown and transpiration was not high, the
ventilation rate was low due to the cold outside air temperature, and condensation would occur
45.9% of the time when Tc was lower than Tdp. At night condensation occurrence would reach up
to 78.3% of the time. From May to September, the crops were fully grown and evapotranspiration
was high, and the ventilation rate was also high due to high ambient temperature; so there was
about 38% to 39.5% of the time from May to August, and 47.8% of the time in September, when
condensation could occur, mainly at night. During the daytime, Tc was higher than Tdp most of the
time, therefore, low or no condensation was observed from 7:00 until 20:00. Condensation mainly
occurred during the nighttime and early morning from 20:00 to 7:00 for 80.4% to 87.6% of the
time in the 11 hours of nighttime. In October and November, Tc was lower than Tdp almost all day
except a few hours in the noon time due to the cold ambient weather condition in addition to high
evapotranspiration from mature plants.
As seen from Figure 5.4, the monthly average Tc was higher than 22°C from May to August.
There was three months (April, October, and November) that the average Tc was close to or even
lower than 10°C but still above 0°C. The maximum temperature of the inner cover could reach up
to 59.1°C due to the strong incoming solar radiation in the summer season. Tc could be below zero
at night in November due to the cold outside weather. The difference of the monthly average Tc
between the daytime and nighttime was greater than 10°C from May to September, while it was
between 6°C and 10°C during the cooler months.
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Figure 5.5. Daily average indoor air dew point temperature and plastic film inner surface
temperature in June.
Figure 5.5 shows the daily average Tdp and Tc in June. Between 8:00 and 20:00, Tc was higher
than Tdp due to the solar radiation. During the nighttime and early morning, Tc was lower than Tdp,
causing condensation. It is also clearly shown that cover temperature was greatly depending on
solar radiation.
The monthly average indoor RH was around 70% from May to October with the highest of
76% in April and the lowest 65% in November. The percentile when the indoor RH exceeded 75%
was the highest in April with 59%, while it was between 38% and 48% from May to August and
only 9.9% in November. This indicates in cold weather although the RH is low, condensation can
still occur on the cover; therefore, condensation control could not be successful just by controlling
indoor RH, the other factors determining condensation occurrence such as inner surface
temperature and air velocity should also be considered.
The general trend of the RH diurnal profile during the mild and summer season was that the
indoor RH was lower during the daytime due to the ventilation cooling by the exhaust fans and
roof vent and higher during nighttime and early morning due to low ventilation. In winter, the roof
vent and the exhaust fans were not in operation, the indoor RH was low at night due to high
condensation and high during the daytime due to plant transpiration and low infiltration. More
details about the indoor RH conditions can be found in the research by Han et al. (2016).
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5.5.2 Measured condensation rate
The linear relationship between the leaf wetness sensor voltage output and the amount of
condensate on the sensor surface is determined by (Chapter 4):
C = 0.0025 × V - 0.70

(5.2),

where C is the amount of water condensate on the sensor surface, in g; V is the leaf wetness sensor
voltage output, in mV.
In Equation 5.2, C gives the true condensation condition on the inner plastic film surface at
any time of a day. As the inner surface is one of the main moisture sources or sinks in the
greenhouses, the main purpose of quantifying condensation on the inner surface is to provide
information to the moisture balance model to estimate the dehumidification needs of the
greenhouse for humidity control. For this purpose, the required information is the condensate
change in a certain period of time instead of the absolute condensate on the cover surface. By
analyzing the variation of the condensation rate (CR) change in a certain period of time, e.g. 1 hour,
the moisture removed by the inner cover surface from the greenhouse air or the moisture regain by
the greenhouse air from the evaporation of the condensate can be estimated. Therefore, the hourly
CR (i.e., the hourly net amount of water condensed on the cover surface) was obtained by
subtracting the previous hourly C value from the current hourly C value and it was given in
condensate per square meter of floor area. The positive hourly CR means that more moisture is
removed from the greenhouse air and the inner surface acts as a moisture sink of the greenhouse
air. In case of negative hourly CR, it means the evaporation of the condensate from the inner cover
surface is greater than the amount of condensation. The condensate is regained by the greenhouse
air so the cover surface acts as a moisture source to the air. In case of unchanging CR, it indicates
equilibrium state of condensation and evaporation. If there is no water on the cover surface,
especially during the daytime, there should be neither condensation nor evaporation occurring.
Among all the above analysis, dripping of the condensate from the cover surface is not taken into
consideration due to the difficulty of quantifying the amount of drip.
The general daily pattern of condensation occurrence from April to November was that
condensation mainly occurred right after the sunset until shortly after the sunrise when the indoor
RH was high. During warm season from May to October daytime CR was low due to ventilation
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cooling system, combined with the high indoor air and cover surface temperature, but in April and
November, daytime CR could be higher than that of the night due to low air exchange and high
transpiration. The total percentage of the time when condensation occurred during the eight months
was 39%, which were mainly detected during the nighttime. There was around 34% of the time
neither condensation nor evaporation occurred on the cover surface due to the dry cover surface.
This phenomenon mainly occurred during the daytime from May to September due to strong
incoming solar radiation and high cover inner surface temperature. Evaporation occurred on the
cover surface for the rest of the time. The hourly average positive CR during the eight months was
13.2 g m-2 h-1. The total hourly CR during the eight months was close to zero.
Table 5.2 shows the hourly average CR in each month during the daytime and nighttime,
respectively. As mentioned before, the hourly CR should be positive (condensation is greater than
evaporation), negative (condensation is less than evaporation), or equal to zero (condensation is
the same as evaporation). When the film inner surface is dry, especially during the daytime, there
is no condensation or evaporation occurs. Those situations are not included in the calculation. No
matter during the daytime or the nighttime, the highest hourly CR occurred in April due to low
ambient temperature and low ventilation rate. During the daytime, hourly average CR were almost
all negative values except in November, which indicated that evaporation was greater than
condensation on the cover surface during the daytime. The cover surface acted as a moisture source
of the greenhouse air. The opposite situation occurred at night from 20:00 pm to 7:00 am as more
moisture condensed on the film inner surface from the greenhouse air. The cover surface acted as
a moisture sink of the greenhouse air. In November, CR were positive values both during the
daytime and the nighttime. Condensation was greater than evaporation all day long, even though
the nighttime CR was lower than that of the other months, which was caused by the lower indoor
air humidity ratio.
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Table 5.2. Hourly average condensation rate (g m-2 h-1) in each month during the daytime
and nighttime.
Month

Daytime (7:00 - 20:00)

Nighttime (20:00 - 7:00)

Average

Apr

-17.5

16.4

0.4

May

-36.8

19.0

-0.5

Jun

-27.3

11.8

0.0

Jul

-26.7

8.7

0.1

Aug

-20.6

9.4

0.0

Sep

-16.6

9.8

0.1

Oct

-6.4

5.8

0.0

Nov

0.4

0.5

0.0

Average

-13.8

9.5

0.0

Figure 5.6 shows a typical diurnal pattern of the hourly CR in three consecutive days in May.
It also shows the absolute amount of condensate on the film inner surface. The amount of
condensate on the cover surface started to accumulate right after the sunset and peaked before the
sunrise. After the sunrise, the plant transpiration started, and the indoor RH started to increase and
Tdp increase. Due to the solar radiation, the cover temperature increased faster than Tdp and soon
was higher than Tdp, leading to the evaporation of condensate on the inner plastic film surface so
the measured condensation rate was negative and dropped rapidly. After the noon time and before
the sunset, the cover surface became dry. There was neither condensation nor evaporation occurred
on the cover surface for a few hours until the sunset. After the sunset, the ventilation rate was low,
the indoor RH began to increase, and the cover temperature reduced to lower than Tdp and then
moisture started to condense on the cover surface. High CR occurred until the early morning after
sunrise and before ventilation cooling started.
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Figure 5.6. Condensation rate in a three-day period in May.
During October and November, the condensation was mainly detected a few hours before the
sunset, overnight, until after the sunrise. Figure 5.7 shows the diurnal pattern of condensation
occurrence in three days in October. There were two peaks in a day, once in the morning after
sunrise when high transpiration had started but ventilation cooling had not started due to the low
ambient temperature, moisture produced was trapped inside causing high RH and high
condensation on the cover. The second peak occurred in the evening after sunset, when the ambient
temperature dropped so the cover temperature dropped quickly, ventilation cooling ceased, indoor
temperature reduced to night set point; all these reasons caused RH increase and condensation
increase. In addition, the condensation rate was less than the other months mainly because the
moisture production rate and the indoor humidity ratio were at much lower levels comparing with
the other months. During the daytime, when the solar radiation was strong, evaporation was greater
than condensation, and there was little, or no condensation occurred.
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Figure 5.7. Condensation rate in a three-day period in October.
Figure 5.8 displays the monthly average of daily CR during the daytime and nighttime and
also the indoor and outdoor air conditions. During the daytime from 7:00 am until 20:00 pm,
evaporation was greater than condensation, therefore, the daily sum of CR was negative, except in
November. Condensate on the cover surface was evaporated into the greenhouse air. The cover
surface acted as a moisture sink to the moisture balance model of the greenhouse air. During the
nighttime from 20:00 pm until the early morning 7:00 am, the daily sum of CR was all positive
during the eight months, indicating that condensation was greater than evaporation. More
condensate was observed on the cover surface. The cover surface acted as an important moisture
sink for the greenhouse dehumidification.
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Figure 5.8. Monthly average of daily condensation rate values and environment conditions.
The maximum daily sum of CR occurred during the nighttime was 374.6 g m-2 d-1 which was
in April. The average hourly condensation rate during the nighttime in the eight months was around
9.5 g m-2 h-1; while the daily average value at night was 88.6 g m-2 d-1. The monthly average of
daily CR was greater than 150 g m-2 d-1 in April and May at night. Even though that the
condensation rate was low during the summer months from June to August, the least daily CR
occurred in November. The same pattern was found for the hourly average CR. The main reason
was that during April, May, September and October, the plants were still in the stage of high yield,
high transpiration resulted in the high indoor RH, the ventilation cooling was not in full capacity,
causing the high rate of condensation during the nighttime. While during November, the plant was
in the last growing stage and transpiration was not strong compared with the other months, the
indoor humidity ratio was low leading to low condensation on the plastic film surface. As to the
daily sum of CR during the daytime, evaporation was greater than condensation from April until
October, as the negative values shown in Figure 5.8. More condensate evaporated into the
greenhouse air in April and May. Only in November, condensation occurred all day during both
the daytime and nighttime. The daily average evaporation rate was 88.3 g m-2 d-1 during the daytime.
As shown in Figure 5.8, the condensation rate during the nighttime was close to the evaporation
rate during the daytime.
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As discussed before, there was over 77% and 97% of the time that the plastic film inner surface
temperature was lower than the indoor air dew point temperature in October and November,
respectively, which means condensation should occur on the inner cover surface. However, based
on the experiment results, only around 48% and 61% of the time that condensation was detected.
The percentage of the time when condensation occurred from June until September was around 10%
lower than the percentage of the time when the plastic film inner surface temperature was lower
than the indoor air dew point temperature. In April and May, it was close to the period of the time
when the film inner surface temperature was lower than the indoor air dew point temperature. The
reason might be that the indoor RH and humidity ratio was lower in October and November, even
there might be condensation, it was hard to detect due to the low condensation rate. Not only the
outdoor and indoor air temperatures have influence on condensation rate, the indoor RH and
humidity ratio also have an effect on the condensation rate. Based on the data collected from this
experiment, a statistical model to predict condensation rate based on the indoor and outdoor
environment conditions could be developed, which will be reported later.
Accumulating the hourly condensation rate measured over the eight months period at night,
there was a total of around 21,362 liters of water or 25.3 L m-2 of floor area, or 9.5 g m-2 h1

condensed on the greenhouse cover surface. Compared with the condensation rate measured in

the glass greenhouses, which was with an average value of 1.8 g m-2 h-1 (Granados et al., 2011) or
9.43 g m-2 h-1 (Feuilloley and Guillaume, 1990), the condensation rate on the double layer plastic
film greenhouse was higher.

5.6 Conclusions
In this study, a commercially available leaf wetness sensor was calibrated to measure the
condensation rate. Tests conducted in the laboratory indicated that the sensor voltage output had a
significant linear relationship with the amount of condensate on the sensor surface; therefore, the
sensor can be used to measure condensation rate. The sensor was installed in a tomato greenhouse
to measure the condensate rate on the inflated double layer plastic film cover inner surface from
April to November in a northern climate. The results indicated that condensation mainly occurred
during the nighttime and early morning. During warm season from May to October daytime
condensation rate was low due to ventilation cooling, but in April and November, daytime
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condensation rate could be higher than that of the night due to low air exchange and high
transpiration. The maximum condensation occurred in April and May. During the summer time
from June to September, there was much less condensate, while the least condensation was
observed in November due to the lowest indoor RH and humidity ratio. During the daytime from
7:00 am to 20:00 pm, evaporation was greater than condensation and the cover surface acted as a
moisture source of the greenhouse air. The opposite situation occurred at night from 20:00 pm until
7:00 am as the cover surface acted as a moisture sink of the greenhouse air. The hourly average
condensation rate during the nighttime in a month varied from 0.5 g m-2 h-1 of floor area in
November to 19.0 g m-2 h-1 in May. The highest hourly condensation rate measured was 95.1 g m2

h-1 which occurred on April 10th. The maximum daily sum of condensation rate during the

nighttime was 374.6 g m-2 d-1 which occurred on April 17th. The average hourly condensation rate
during the nighttime in the eight months was around 9.5 g m-2 h-1 or 88.6 g m-2 d-1. As measured in
the experiment, there was around 21,362 liters of water or 25.3 L m-2 of floor area condensed on
the greenhouse cover surface during the nighttime in the whole eight months.
Overall, the leaf wetness sensor can be used to measure the amount of condensate on the inner
cover surface in the greenhouse so the total moisture on the inner cover surface at any time can be
obtained. For the purpose of estimating the dehumidification needs of the greenhouse for humidity
control, the amount of condensate change (i.e. condensation rate) can also be obtained. This method
provides a very simple and cost-effective device to measure the condensation rate on the
greenhouse interior cover surface. Future work is needed to develop a statistic model to predict
condensation rate based on the indoor and outdoor environment conditions.
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CHAPTER 6
MEASUREMENT AND MODELLING OF CONDENSATION ON
GREENHOUSE COVER: PART II THEORETICAL AND
REGRESSION MODELS
(This is a prepared manuscript and will be submitted soon)
Jingjing Han, Huiqing Guo

Contribution of this paper to overall study
Analytical models for predicting condensation rate can be found in literature, however, it is
difficult to accurately determine the convective heat transfer coefficient used in the models thereby
the application of these models for condensation quantification is rare. In Chapter 5, the
condensation rate on a greenhouse inner cover surface was measured by leaf wetness sensors for
eight months. The data collected in Chapter 5 were used in three theoretical models to predict
condensation rate in the greenhouse. Results showed that the theoretically calculated condensation
rate was much higher than the measured data. The relationship between condensation rate and the
greenhouse indoor and outdoor environment conditions was explored using the data collected in
Chapter 5. Two statistical models for predicting condensation rate were developed and validated
by using the measured data. These two models were also used for predicting condensation rate in
the moisture balance model in Chapter 7. This chapter fulfills objective 6.
The manuscript presented in this chapter will be submitted soon. The first author (PhD student
– Ms Jingjing Han) analyzed the data and wrote the manuscript, and the second author (supervisor
– Prof. Huiqing Guo) reviewed the manuscript.
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6.1 Abstract
The condensation rate measured on a greenhouse cover inner surface from April to November
was compared with the results obtained from three different convective heat transfer coefficient
models. Results showed that the theoretically calculated condensation rate was much higher than
the measured data. This study presents two regression models to predict condensation rate occurred
on the greenhouse inner cover surface, one for the daytime and another for the nighttime. Statistical
parameters of R2, mean absolute error (MAE) and the root mean square error (RMSE) between
predicted and measured condensation rates were used to measure the models consistency. Both
models can fit the measured data well during May, July, and September, except during November.
The nighttime condensation rate model had better performance at explaining the measured
condensation rate from April to October. Both models can be used for condensation rate estimation
inside the greenhouse from April to October, except during the cold winter in November when the
greenhouse moisture production rate and the indoor humidity ratio were at much lower levels
comparing with the other months.

6.2 Nomenclature
A

area, m2

Solar

CP

specific heat of air at constant
pressure, kJ kg-1 K-1

solar radiation getting into the
greenhouse, W m-2

T

air temperature, °C

CR

condensation rate, g m-2 s-1

ΔT

CRmi

ith component of the measured value,
g m-2 s-1

temperature difference between
indoor air and cover inner
surface, °C

CRpi

ith component of the predicted value,
g m-2 s-1

VPD

vapor pressure deficit, kPa

w

humidity ratio, kgw kgair-1

hci

greenhouse cover inside convective
heat transfer coefficient, W m-2 K-1

λ

kv

combined convective water vapor
transfer coefficient, g m-2 s-1

latent of condensation (or
vaporization) of water at the air
temperature, kJ kg-1

Subscripts

n

total number of data points

c

cover inner surface

P

atmospheric pressure, kPa

d

daytime

Pw

air water vapor partial pressure, kPa

g

ground

qc

convective heat transfer, W m-2

i

inside air
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n

nighttime

MAE

mean absolute error

o

outside air

RH

relative humidity, %

sc

saturation at cover inner surface

RMSE root mean square error

Abbreviations

R2

coefficient of determination

AirSpeed

air speed near cover surface,
m s-1

Stdev

standard deviation

VIF

variance inflation factor

LWS

leaf wetness sensor

6.3 Introduction
Condensation is a complex process coupling both heat and mass transfer. Studies have been
conducted to investigate the relationship between condensation and heat transfer or light
transmission of a greenhouse cover (Delwiche and Willits, 1984; Feuilloley and Issanchou, 1996;
Von Elsner et al., 2000; Pollet and Pieters, 2002; Cemek and Demir, 2005; Šinkūnas and Kiela,
2011). Han and Guo (Chapter 4) first developed a condensation measurement method to allow
continuous condensation rate measurement on the greenhouse inner cover surface. A commercially
available leaf wetness sensor was calibrated in an environment chamber under different room
temperature and RH conditions. Water was sprayed on the sensor surface to mimic condensate.
The statistical analysis showed that both sensor temperature and room RH had no significant effect
on the sensor voltage output. A linear regression model was developed between the voltage output
and the amount of condensate on the sensor surface. This method was applied to measure the
condensation rate on the inner surface of a tomato greenhouse for eight months (Chapter 5). The
results revealed that this was a feasible and reliable method to measure the amount of water
condensed on the greenhouse cover surface. However, no further work was conducted on
condensation rate prediction model (Chapter 5).
High relative humidity (RH) in greenhouses can cause fungal diseases, reduce yields and
impair produce quality (Bakker, 1991; Kittas and Bartzanas, 2007). To control humidity, the
dehumidification loads of greenhouses need to be known to allow selection of the dehumidifiers
for the greenhouses. As condensation is a major sink of moisture in the air, prediction of
condensation rate is required to allow accurate determination of dehumidification needs of the
greenhouses.
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The objective of this study was to develop two empirical models to predict the condensation
rate on the inner surface of a tomato greenhouse cover during the daytime and at night, respectively.

6.4 Theoretical Models of Condensation Rate
Condensation occurs on the inner surface of a greenhouse cover when the cladding inside
surface temperature is lower than the greenhouse air dew point temperature. The amount of
condensate on the inner surface of a greenhouse cover is proportional to the humidity ratio
difference between the inside air humidity ratio and the saturation humidity ratio at the cover inner
surface temperature. It can be estimated from (De Freitas and Schmekal, 2003):
CR = (wi - wsc )kv

(6.1),

where CR is the condensation rate on the inner surface of a greenhouse cover, in g m-2 s-1; wi is the
humidity ratio of the inside air, in kgw kgair-1; wsc is the saturation humidity ratio at the cover inner
surface temperature, in kgw kgair-1; kv is the combined convective water vapor transfer coefficient,
in g m-2 s-1 (De Freitas and Schmekal, 2003).
The latent heat given to the cover during the condensation process is expressed by:
qc = kv λ

(6.2),

where qc is the convective heat transfer, in W m-2; and λ is the latent heat of condensation (or
vaporization) of water at the air temperature, in kJ kg-1.
The convective water vapor heat transfer can be calculated as follows (De Freitas and
Schmekal, 2003):
qc =

1.07hci λ
CP

(6.3),

where hci is the inside convective heat transfer coefficient of the greenhouse cover, in W m-2 K-1;
CP is the specific heat of air at constant pressure, in kJ kg-1 K-1.
The humidity ratio is a function of vapor pressure, which can be determined from (Albright,
1990).
w=

0.622Pw
P - Pw

(6.4),
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where w is the humidity ratio, in kgw kgair-1; Pw is the air water vapor partial pressure, in kPa; and
P is the atmospheric pressure, in kPa.
Hence, the condensation rate can be calculated as follows by Equation 6.5 when introducing
Equations 6.2 to 6.4 into Equation 6.1:
CR =

0.666hci (Pwi - Pwsc )
CP P

(6.5),

where Pwi is the inside air water vapor partial pressure, in kPa; Pwsc is the saturation water vapor
pressure at the cover inner surface temperature, in kPa.
The calculation is very simple; however, the difficult part is how to determine the convective
heat transfer coefficient. As suggested by Papadakis et al. (1992), in situ measurements can be used
for the determination of the outside convective heat transfer coefficient of the greenhouse cover,
which vary due to the geometries of the greenhouses. The experiment conducted in a semicylindrical greenhouse with PVC cover material by Kittas (1986) obtained the following Equation
6.6 to determine the inside convective heat transfer coefficient, hci, for the inside of the greenhouse
cover,
hci = 4.3 × (Ti - Tc )0.25

(Ti > Tc )

(6.6),

where Ti and Tc are the temperatures of the inside air and the cover inner surface, respectively,
in °C. As reported by Kittas (1986), the inside convective heat transfer coefficient ranged from 5
to around 10 W m-2 K-1 when the indoor air temperature was 2°C higher than the cover inner surface
temperature. However, Cemek and Demir (2005) stated that the chemical structures of covering
materials affect the condensation. Hence, these experimental results could not be applied in the
greenhouses covered by the polyethylene (PE) film. In addition, Kittas (1986) only took the natural
convection conditions into account to get the convective heat transfer coefficient value.
From in situ experiment in a twin-span greenhouse covered with polyethylene film with no
plants inside, Papadakis et al. (1992) gave the following Equations 6.7 and 6.8 to calculate the
convective heat transfer coefficient during the daytime and nighttime, respectively.
Daytime

hci = 1.95 × (Ti - Tc )0.3 (Tc - Ti ≤ 11.1℃)

Nighttime hci = 2.21 × (Ti - Tc )0.33 (0.3 < Ti - Tc ≤ 13.8℃)
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(6.7),
(6.8).

However, as measured in the experimental greenhouse of this study, the temperature difference
between the inside air and the cover surface could reach as high as 22°C during the daytime. Hence,
the application of the above two equations is limited by the given temperature differences.
Jolliet (1994) suggested that this coefficient could be estimated as 3.5Ac/Ag W m-2 K-1, where
Ac/Ag is the ratio of the covering area to the ground area; however, the researcher did not state
which type of material this estimation could be applied for. In the research by Garzoli and
Blackwell (1981), the calculated heat loss using the convective heat transfer coefficient value
suggested by ASHRAE was overestimated as compared with the actual value. In another study, the
hci value recommended by McAdams (1954) was turned out underestimate of the actual heat loss;
the best fit of the value was found to be 7.2 W m-2 K-1 by this study.
The recommended values or models of the convective heat transfer coefficient mentioned
above were applied to calculate the theoretical CR (condensation rate) using Equation 6.5. One
objective of this study was to compare the measured CR in a tomato greenhouse with the calculated
theoretical CR. Another objective was to develop two statistical models for predicting CR on the
greenhouse cover inner surface and validate the models by using the measured data.

6.5 Materials and Methods
6.5.1 Greenhouse specifications
The experimental greenhouse was located in Grandora, Saskatchewan, 23 km west of
Saskatoon, at 52.09o latitude, -107.03o longitude and 504 m elevation. It was a three-span
greenhouse covered by a double layer 6-mil polyethylene plastic film on the roof and polycarbonate
panels on the side walls, except for the north wall, which was an insulated wood-frame wall. The
greenhouse was 19.2 m wide and 43.9 m long. The eave height was 4.3 m and the ridge height was
6.7 m (Figure 6.1). Tomato plants were planted in peat-based growing medium bags in 11 rows
with a total of 2,100 plants, averaging 2.5 plants per square meter. The greenhouse was heated with
hot water pipes located above ground between rows of tomato plants. Four natural gas boilers were
used to heat the hot water. The greenhouse had three exhaust fans (FC050-4E exhaust fan, ZIEHLABEGG, Saint e-Claire, QC, Canada) placed in the east wall at a height of 3.8 m and roof vents
for cooling. These fans were in operation only when the indoor temperature was above 22°C during
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the spring, summer, and fall seasons, and were sealed during the winter period. Each exhaust fan
had a diameter of 0.548 m and a capacity of 2.1 m3 s-1 at a static pressure of 20 Pa (Axial Fans,
2012). A drip irrigation system was used to supply water and nutrients. The floor was covered by
landscaping fabric, with soil underneath.

Figure 6.1. Sketch of the greenhouse cross section (unit: m).
6.5.2 Condensation rate measurement and data collection
A method developed by Han and Guo (Chapter 4) is used to measure condensation rate of the
inner surface of the greenhouse cover. Three leaf wetness sensors (Decagon Devices Inc., Pullman,
WA, USA) were installed inside the greenhouse to measure the cover inner surface condensation
rate. Details about the sensor calibration procedure can be found in the paper “Development of a
method for condensation rate measurement on flat surfaces” (Chapter 4); details on the installation
of the sensors and the measurement results can be found in the paper “Measurement and modeling
of condensation on greenhouse cover - part I condensation measurement” (Chapter 5).
Besides the voltage output of the leaf wetness sensor (LWS), the greenhouse indoor
environmental conditions, including the indoor air temperature and RH, were all monitored and
recorded by a data logger acquisition system. The greenhouse outdoor weather conditions,
including the air temperature and RH, were got from Environment Canada website for Saskatoon
(Environment Canada, 2013). More detailed information about the acquisition system and the
experimental setup can be found in Han et al. (Chapter 5).
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6.5.3 Statistical analysis
Statistical analyses were performed using Proc Reg of SAS 9.3 (SAS Institute Inc., Cary, NC,
USA). Normality of the data was assessed using the Shapiro-Wilk’s Statistic (W > 0.05). If the data
did not follow a normal distribution, transformation was used to achieve normality of the data.
Significance was declared at P < 0.05.

6.6 Results and Discussion
The experiment was conducted inside the greenhouse from early 04 April until 30 November
2013. The data collected during April, June, August, and October were used to develop the
regression model of CR. The data collected during May, July, September, and November were used
to evaluate and validate the regression models.
Based on the measured CR and the recorded indoor and outdoor environmental condition, both
the daytime and nighttime CR had a negative correlation with the variables including the indoor
and outdoor air temperature, the plastic cover inner surface temperature, and vapor pressure deficit
(VPD, which defines as the difference between the water vapor saturation partial pressure and the
air water vapor partial pressure) as well, while CR had a positive correlation with the other variables.
The only exception was that the indoor RH had no correlation with the nighttime CR and the
outdoor RH had a negative correlation with the nighttime CR.
6.6.1 Comparison between measured and calculated condensation rates
Three different models or values of the inner cover surface convective heat transfer coefficient
as recommended from the literature were applied to calculate the theoretical CR including 1) 7.2
W m-2 K-1 (McAdams, 1954), 2) 3.5 Ac/Ag W m-2 K-1 (Jolliet, 1994), and 3) the models as expressed
by Equations 6.7 and 6.8 from the study of Papadakis et al. (1992). The corresponding calculated
results were named as theoretical CR1, CR2, and CR3, respectively.
Table 6.1 shows the model and measured average hourly condensation rate during the whole
growing season. They were calculated only considering the periods when condensation occurred
in the greenhouse inner cover surface. The general trend of the theoretical CR results reveals that
the condensation process mainly occurred during early mornings and nights from 17:00 to 07:00h,
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which depicted the measured CR phenomenon as experienced in the greenhouse, especially during
May to September. No or low condensation occurred during the daytime in the whole experimental
term. During April, October, and November, condensation occurred almost all day long due to the
cold outside weather conditions. Compared with the measured CR, the calculated theoretical values
were much higher, which means the recommended values or models of the convective heat transfer
coefficient were higher than the actual values therefore not applicable for this double-layer plastic
film greenhouse. The actual values of the convective heat transfer coefficient calculated by using
Equation 6.5 was between 0 to 4 W m-2 K-1.
Table 6.1. Average hourly condensation rate (CR) values on the greenhouse inner cover
surface during eight months from April to November.
Time
0-6:00
6-7:00
7-8:00
8-16:00
16-20:00
20-21:00
21-24:00
Average

Theoretical CR (g m-2 h-1)
CR1

CR2

CR3

109.5
79.6
0.0
0.0
0.0
45.5
98.1
111.0

66.5
48.4
0.0
0.0
0.0
27.6
59.6
67.4

80.9
64.2
25.3
0.0
0.0
45.8
72.5
82.5

Measured CR (g m-2 h-1)
7.7
0.7
0.0
0.0
3.1
7.2
9.6
9.2

Figure 6.2 shows the measured daily average condensation rate from April to November. It
can also tell from the graph that the theoretical CR was higher than the measured CR during the
whole growing season. The highest theoretical condensation rate occurred during the cold and mild
seasons of April, May, October, and November. However, the measured CR reveals that the lowest
condensation rate occurred during November, which was caused by the lower indoor humidity ratio
and moisture production rate.
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Figure 6.2. Scatter of daily average measured and theoretical condensation rate from April
to November.
6.6.2 Computer modeling simulation results of condensation rate
As the existing CR models cannot satisfactorily predict the tomato greenhouse indoor
condensation rate, new regression models were developed by this study to estimate the
condensation rate with the known plants and the indoor and outdoor environment conditions. As
the influencing variables for CR are different during the daytime and night, two models should be
developed, daytime CR model and nighttime CR model.
First, a full linear regression model was explored to include all variables in the model so the
impact of each variable on CR was evaluated. Data collected in April, June, August, and October
were used. These variables include temperature difference between the indoor and the cover inner
surface temperature (ΔT), incoming solar radiation, indoor air speed near the cover surface, indoor
air temperature and RH, outdoor air temperature and RH, VPD, and cover inner surface temperature.
The results including P-values and variance inflation factor (VIF) are given in Tables 6.2 and 6.3.
VIF is a parameter to illustrate the collinearity between the variables, the higher the VIF value is,
the stronger the collinearity exists between the variables.
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Table 6.2. P-values of the t-statistic for the condensation rate (CR) linear regression models
and variance inflation factor (VIF) values for the full model and reduced model during the
daytime.
Source of Variation
Temperature difference (ΔT)
Solar radiation (Solar)
Indoor air speed near cover
surface (AirSpeed)
Room temperature (Ti)
Room RH (RHi)
Outside RH (RHo)
Outside temperature (To)
Vapor pressure deficit (VPD)
Film inner temperature (Tc)

P-value
(full model)

VIF

0.169
0.557

1918.4
3.2

P-value
(collinearity
removed)
<0.0001
0.003

0.424

2.7

0.667

0.012
0.093
0.045
<0.0001
0.119
0.119

123.7
136.8
2.0
14.3
173.6
173.6

0.177
0.773
0.760

P-value
(reduced
model)
<0.0001
<0.0001

Table 6.3. P-values of the t-statistic for the condensation rate (CR) linear regression models
and variance inflation factor (VIF) values for the full model and reduced model during the
nighttime.
Source of Variation
Indoor air speed near cover
surface (AirSpeed)
Temperature difference (ΔT)
Outside RH (RHo)
Room temperature (Ti)
Room RH (RHi)
Outside temperature (To)
Vapor pressure deficit (VPD)
Film inner temperature (Tc)

P-value
(full model)

VIF

P-value
(collinearity
removed)

P-value
(reduced
model)

0.057

6.8

<0.0001

<0.0001

0.003
0.027
0.009
0.696
0.101
0.666
0.003

918.2
2.0
46.3
466.1
25.1
484.0
1025.5

0.160
0.014
0.170
0.576

0.002

The second and third columns in Tables 6.2 and 6.3 show the P-values and VIF values for the
full linear regression model (with all variables). In the fourth column, P-values are presented for
the model after removing the variables with the highest VIF value sequentially until all VIFs are
less than 10, which is a threshold value recommended by Montgomery et al. (2012). In the last
column, only the variables with significant P-values remain. The results indicate only ΔT and solar
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radiation have significant effect on the measured CR during the daytime, while during nighttime,
the measured CR has significant relationship with indoor air speed near the cover surface and ΔT.
Table 6.4 gives the coefficients of the variables in the reduced CR models during the daytime
and nighttime. The R2 value of 0.61 of the daytime model is slightly higher than that of the
nighttime model, which is 0.55, indicating the condensation rate occurred during the daytime can
be explained better with the regression model than the nighttime condensation rate. In the daytime
model, the CR has a linear correlation with the temperature difference. The incoming solar radiation
also has significant effect on CR. The nighttime CR model has a relationship with both the indoor
air speed near the cover surface and the temperature difference. The indoor air temperature is not
included in both models, because the impact of temperature on CR is already reflected by solar
radiation and the temperature difference between the indoor and the cover inner surface. It is the
same reason for the outdoor temperature and the cover surface temperature not included in both
models. VPD is also eliminated from both models due to the collinearity with the indoor RH and
air temperature. The indoor RH has no significant influence on both models as well according to
the statistical analysis results, which means condensation occurrence has little or no relationship
with the indoor RH. The other variables are more crucial to condensation occurrence.
Table 6.4. SAS results of daytime and nighttime condensation rate models.
Model

Dependent
Variable

Daytime

CRd
(g m-2 h-1)

0.61

0.87 (0.056)

Nighttime

CRn
(g m-2 h-1)

0.55

-0.29
(0.818)

R2

Coefficients
(P value)

Constant

Solar
(W m-2)
0.02
(0.000)
ΔT
(°C)
0.45
(0.002)

ΔT (°C)
0.43
(0.000)
AirSpeed
(m s-1)
85.51
(0.000)

The statistical models to predict CR can be expressed as follows according to Table 6.4:
CRd = 0.87 + 0.43∆T + 0.02Solar

(6.9),

CRn = -0.29 + 85.51AirSpeed + 0.45∆T

(6.10),
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where CRd and CRn represent the daytime and nighttime condensation rate, respectively, in g m-2
h-1.
6.6.3 Evaluation and validation of the models
To evaluate and valid the above two regression models, the rest of the data set, i.e. data
collected during May, July, September, and November were used. The R2, MAE (mean absolute
error), RMSE (root-mean-square error) were used to evaluate the consistency of the models. MAE
and RMSE are defined by Equations 6.11 and 6.12 (Piscia et al., 2012; Yu et al., 2011):
n

𝑀𝐴𝐸 = ∑ |
i=1

CRmi - CRpi
|
n

(6.11),

2

∑ni=1(CRmi - CRpi )
𝑅𝑀𝑆𝐸 = (
)
n

1⁄
2

(6.12),

where CRmi and CRpi are the measured and predicted condensation rate, respectively, and n is the
total number of the data points.
Figures 6.3 and 6.4 show the comparison between the measured and predicted daily average
CR during the daytime and nighttime, respectively. During the day, the predicted CR were very
close to the measured values from May until the middle of September. During the night, the
measured CR in July fit the model better than the other months’ data, followed by September and
May. During May, July, and September, the measured CR were much larger than the predicted
ones when the condensation rate was greater than 2 or 10 g m-2 h-1 during the day and night,
respectively. The predicted CR in November were much higher than the measured data in
November. Both models cannot predict the CR in November very well due to the special situation
when the moisture production rate and indoor humidity ratio were at much lower levels comparing
with the other months.
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Figure 6.3. Comparison of the daily average condensation rate between the measured and
predicted values during the daytime.

Figure 6.4. Comparison of the daily average condensation rate between the measured and
predicted values during the nighttime.
Tables 6.5 and 6.6 give the average measured CR values, and the R2, MAE, and RMSE of the
two models in each month during the daytime and nighttime, respectively. It also gives the ratios
between MAE and the average measured CR value. The ratios between RMSE and the range of the
measured CR value are also given in the tables.
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Table 6.5. R2, MAE and RMSE of the daytime model in each month.
Condensation rate (g m-2 h-1)

May
Jul
Sep
Nov

Average
(Stdev)
0.81
(1.07)
0.60
(0.68)
2.03
(2.66)
4.33
(2.43)

Max

Min

4.89

0.03

2.29

0.03

10.00

0.07

10.70

0.84

R2

MAE

MAE/Ave
(%)

RMSE

RMSE/(MaxMin) (%)

0.7
7
0.2
9
0.2
1
0.0
0

0.50

61.4

0.63

13.0

1.53

256.5

1.96

86.8

1.97

97.2

2.38

24.0

3.69

85.2

4.10

41.6

Note: Numbers in the parentheses are the standard deviations.

Table 6.6. R2, MAE and RMSE of the nighttime model in each month.
Condensation rate (g m-2 h-1)

May
Jul
Sep
Nov

Average
(Stdev)
17.68
(6.38)
8.48
(2.54)
9.80
(4.99)
4.56
(1.64)

Max

Min

27.76

2.53

12.86

3.28

18.82

2.32

12.00

1.45

R2

MAE

MAE/Ave
(%)

RMSE

RMSE/(MaxMin) (%)

0.5
1
0.4
0
0.5
6
0.0
5

7.00

40.0

7.81

30.9

1.77

20.9

2.19

22.9

3.28

33.5

3.82

23.1

15.85

347.4

16.08

152.5

Note: Numbers in the parentheses are the standard deviations.

The daytime model could explain around 77% of the measured data during May, which is
higher than that during July and September. Also, the ratios are smaller during May than that during
July and September. The nighttime model could explain almost more than half of the measured
data from May to September. The nighttime model performs more consistency during May, July
and September compared with the daytime model. Lower R2 values in November means that both
models cannot explain the measured condensation rate very well. The high values of MAE and
RMSE compared with the mean data and the measured range in November also show the same
conclusion. The models have poor performance at predicting CR in cold season; however,
condensation is a very complex process, especially in a greenhouse, which can be influenced not
only by the greenhouse characteristics, the environment conditions, but also by the plant
characteristics, etc. It is impossible to monitor all the factors. Hence, it is difficult to model CR
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taking all the circumstances into consideration. However, as compared with the models in the
literature, the developed models should be considered acceptable.
Overall, both models can be applied to estimate the condensation rate year-round from April
to October, except during the cold winter season when the plant is at the final stage and the
greenhouse moisture production rate is at a low level, such as during November. The nighttime
model has better performance at explaining the measured CR compared with the daytime model.

6.7 Conclusions
In this study, the relationship between the measured condensation rate on the greenhouse cover
inner surface and the indoor and outdoor environment conditions were investigated. The general
trend was that the condensation rate had a negative relationship with the indoor and outdoor air
temperature, and with the cover material inner surface temperature. Positive relationship was found
between the condensation rate and the indoor air speed near the cover surface which was measured
close to the cover surface, and the temperature difference between the indoor and the cover inner
surface temperature. In addition, the daytime condensation rate also had a positive correlation with
the indoor and outdoor RH and the incoming solar radiation. The indoor RH had no effect on the
nighttime condensation rate. The outdoor RH had a negative correlation with the nighttime
condensation rate.
Three different convective heat transfer coefficient values or models for calculating the
condensation rate were applied. The calculated results were compared with the measured data.
They predicted the same trends as heavy condensation occurred during the early morning and at
night and high condensation occurred in the cold and mild seasons. However, the calculated
condensation rates were at least 7 to 10 times higher than the measured rates. Hence, they cannot
be used to predict the condensation rate inside this tomato greenhouse. Two statistical models based
on the indoor and outdoor environment conditions were developed to predict the condensation rate
occurred during the daytime and nighttime, respectively, using the data measured in April, June,
August, and October. Both models were validated by using the measured data in May, July,
September, and November. All influencing variables were evaluated on their impact on the CR. It
turns out that during the daytime only solar radiation and the indoor and cover inner surface
temperature difference have significant impact on the measured CR, while during the nighttime,
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the measured CR has significant relationship with indoor air speed near the cover surface and the
temperature difference between the indoor and cover inner surface. The results reveal that the
nighttime model has better performance at explaining the measured CR (R2 = 0.61) compared with
the daytime model (R2 = 0.55). Although the R2 values are low, comparing with existing models,
the predicted values were in the same range as the measured values. Hence, both models can be
used to predict the condensation rate inside the greenhouse from April to October. However, they
are not suitable for the cold winter season when the plant is at the final stage and the greenhouse
indoor moisture production rate is at a lower level, especially during November or maybe even
December.
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CHAPTER 7
GREENHOUSE MOISTURE BALANCE MODELLING FOR
PREDICTING INDOOR HUMIDITY
(This is a prepared manuscript and will be submitted soon)
Jingjing Han, Mohamed S. Ahamed, Huiqing Guo

Contribution of this paper to overall study
A moisture balance model was developed in this chapter to predict the greenhouse indoor RH
and water vapor partial pressure. The dehumidification methods can be selected as discussed in
Chapters 1 to 3. The condensation rate was estimated by using the two regression models developed
in Chapter 6. The model was validated using data measured in a tomato greenhouse. The model
could also be used to quantify and adjust the dehumidification requirement to maintain
predetermined RH conditions within a greenhouse. This chapter fulfills objective 7.
The manuscript included in this chapter will be submitted soon. The development of the model,
experimental testing, data analysis and manuscript writing were performed by the first author (PhD
student – Ms Jingjing Han). The second author (Dr. Mohamed S. Ahamed) helped with the Matlab
programming and manuscript review. The third author (supervisor – Prof. Huiqing Guo) reviewed
the manuscript.
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7.1 Abstract
The study presents a moisture balance model (HumidMod) for simulating greenhouse indoor
air water vapor partial pressure and relative humidity. The HumidMod model takes
evapotranspiration as the main moisture source of the greenhouse air, which is calculated by a
modified Penman-Monteith evapotranspiration model. Condensation on the greenhouse inner
cover surface as a moisture sink or source is calculated by a statistical model developed in a Venlotype plastic greenhouse. Ventilation or infiltration is estimated as a function of the indoor solar
radiation, which is based on a regression model. In the model, the indoor RH and water vapor
partial pressure can be directly calculated as a function of the indoor and outdoor air conditions, as
well as the plant and greenhouse characteristics. The model was validated with experimental data
from a commercial tomato greenhouse, which had a commercial-grade dehumidifier for humidity
control. The mean absolute uncertainty between the predicted and measured results was about 6.9%
for both RH and water vapor partial pressure. The coefficients of determination were found 0.59
and 0.75 for RH and water vapor partial pressure, respectively. A good agreement was found
between the predicted and measured results with root mean square error of 5.6% for RH and 0.144
kPa for water vapor partial pressure. Based on these results, HumidMod model would be a reliable
tool for estimation of dehumidification requirement inside a greenhouse to achieve the desired
humidity level.

7.2 Nomenclature
Ag

greenhouse floor area, m2

esc

saturation water vapor pressure at
the cover inner surface temperature,
in kPa

hci

convective heat transfer coefficient
at the greenhouse cover inner
surface, W m-2 K-1

Is

incoming shortwave radiation
above the canopy, W m-2

LAI

leaf area index

l

leaf length, m

lf

characteristic dimension of a leaf, m

2

Al

leaf area, m

CP

specific heat of water, J kg-1 K-1

CR

condensation rate, g m-2 h-1

E

moisture added, extracted,
transpired, condensed, exchanged
by ventilation or infiltration,
kg m-2 h-1

e

air water vapor partial pressure, kPa

es

air water vapor pressure at
saturation, kPa
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Mwater

amount of water extracted by
dehumidification, kg

n

number of data point

Oi
̅
O

ith component of the measured value

P

atmospheric pressure, kPa

Pi
̅
P

ith component of the predicted value

average of the measured value

psychrometric constant, kPa K-1

Δ

slope of water saturation vapor
pressure curve, kPa K-1

λ

latent heat of water vaporization, kJ
kg-1

ρ

air density, kg m-3

Subscripts

average of the predicted value

add

added to the greenhouse air

c

condensation or cover

net radiation above canopy, W m-2

d

daytime

canopy external, or aerodynamic
resistance, s m-1

dh

dehumidification

i

indoor air

internal canopy resistance to the
transfer of water vapor, s m-1

n

nighttime

o

outside air

p

plant transpiration

v

ventilation or infiltration

q

air flow rate due to ventilation or
infiltration, m3 h-1

Rn
ra
rc

γ

-1

rs

stomatal resistance of the leaf, s m

t

time, s

ΔT

temperature difference between the
indoor air and the cover inner
surface, K

Abbreviations

ΔTR

temperature correct factor, K

ACH

air exchange per hour, h-1

Δt

time difference, s

AER

air exchange rate, m3 s-1

u

mean air speed, m s-1

ET

evapotranspiration, kg m-2 h-1

Vg

greenhouse volume, m3

MAPE mean absolute percentage error, %

wd

leaf width, m

R2

coefficient of determination

wi

indoor air humidity ratio, kgw kgair-1

RH

relative humidity, %

wo

outdoor air humidity ratio, kgw kgair-

RMSE root mean square error

1

VPD

vapor pressure deficit, kPa

7.3 Introduction
Humidity control inside a greenhouse draws more and more attention from greenhouse
growers. Under northern latitudes, an airtight greenhouse is desired for reducing heat loss and
energy consumption (Campen et al., 2003, De Halleux and Gauthier, 1998); however, moisture is
captured inside the greenhouse causing high relative humidity (RH), which could lead to a loss of
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plants due to fungal diseases, leaf necrosis and calcium deficiencies thus reducing crop production
and produce quality (Bakker, 1991; Campen et al., 2003; Körner and Challa, 2003). According to
Han et al. (2016), loss of plants due to high humidity could reach up to 45% in a commercial
greenhouse if there were no dehumidification measures taken.
Han et al. (2015b) used an air-to-air heat exchanger to provide dehumidification for a
commercial greenhouse in Saskatchewan, Canada. However, the study was based solely on
experimentation, which lacked a theoretical model for dehumidification need prediction. López
Mosquera and Martínez Cortizas (1993) analyzed water balance in a tunnel greenhouse, which
focused only on the irrigation water balance and did not study the air moisture balance that is
directly related to humidity control. De Halleux and Gauthier (1998) developed a greenhouse water
balance model, which took evapotranspiration, condensation on the cladding and infiltration and
ventilation into account. They applied this model to simulate and predict the energy consumption
for dehumidification by ventilation. However, no further discussions were included as to the indoor
RH conditions as well as the dehumidification requirements. A similar issue was found in a study
conducted by Chandra et al. (1981), who applied a heat and moisture balance model to predict the
canopy and greenhouse floor surface temperature, but no information was stated as to the
greenhouse dehumidification requirements.
HORTITRANS, a model for estimating the inside humidity as a function of the incoming solar
radiation, indoor air temperature, ventilation rate, outdoor air temperature and the RH was
presented by Jolliet (1994). The indoor water vapor partial pressure was estimated for a greenhouse
by a linearized vapor balance equation, but its application was restricted to the study greenhouse
due to the time constant of the system. Stanghellini and De Jong (1995) firstly brought up to solve
the moisture balance model by a first order differential equation; however, many parameters were
included in their model for the estimation of plant transpiration, condensation, and ventilation. In
addition, instead of using the parameter of vapor concentration (kg m-3) in their research, relative
humidity (RH) or VPD (vapor pressure deficit, which is defined as the difference between the
saturation water vapor pressure and the actual air water vapor pressure) is used most often as an
indicator of the current humidity conditions (Castilla, 2012a).
In modern commercial greenhouses, especially in cold regions, exhaust fan dehumidification
is not economical due to significant heat loss during the long heating season extending from
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September to April. Also, exhaust fan dehumidification is not effective during humid and warm
periods (Han et al., 2015a). Other dehumidification methods should be taken into consideration,
such as air-to-air heat exchangers, mechanical refrigeration dehumidifiers, chemical desiccant
dehumidifiers, etc. The critical information needed for selecting a dehumidifier for a greenhouse
is how to estimate the dehumidifying requirements as greenhouse moisture sources and sinks, such
as evapotranspiration, condensation, and ventilation, are all dynamic and difficult to predict. Hence,
efforts should be made to explore a method of estimating the dehumidification requirements for
greenhouses.
The objective of this study was to develop and validate a moisture balance model named
HumidMod to estimate the indoor relative humidity and water vapor partial pressure of
greenhouses. This model was also aimed at quantifying and adjusting the dehumidification
requirements to maintain a predetermined RH level in a greenhouse.

7.4 Theoretical Principle of Moisture Balance Model HumidMod
Evapotranspiration (ET) is the main moisture source of greenhouse indoor air. It is the
combination of two separate processes whereby water is lost on one hand by plant transpiration
and on the other hand from soil face by evaporation. Compared to plant transpiration, evaporation
from soil surface is much smaller. Other than that, a fogging system or evaporative cooling is
another source if applied in the greenhouse for cooling or humidification purposes. The moisture
sinks in greenhouses include the condensation on the greenhouse roof and plant leaves, air
exchange by ventilation and infiltration and the dehumidification systems used for moisture
removal from greenhouses. Condensation may also be a moisture source during the daytime. Air
exchange may also be a moisture source when the ambient humidity ratio is higher than the indoor
air humidity ratio. The following are some assumptions of the moisture balance model.
1. The indoor temperature and RH are uniformly distributed because the mechanical aircirculation system is used to avoid air stratification in modern commercial greenhouses.
2. No additional water or moisture is introduced into the greenhouse at night because no
irrigation or fogging system is used at that time.
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3. Plant leaf surface temperature is considered the same as the indoor air temperature because
of negligible temperature differences would occur when the indoor temperature is maintained at
the set point.
4. Condensation on the plant leaves is considered negligible due to the surface temperature of
plant leaves which is the same as the indoor air temperature that is much higher than the indoor air
dew point temperature.
5. Condensation on the side walls is considered negligible as the modern greenhouse in cold
regions is well-insulated.
Based on the assumptions, the transient moisture balance model of a greenhouse can be
described by the following Equation 7.1:
0.62∙ρi ∙Vg dei
= EP (t) + Eadd (t) - Ec (t) - Ev (t) - Edh (t)
Ag ∙P dt

(7.1),

where ρi is the indoor air density, in kg m-3; Vg is the volume of the greenhouse, in m3; Ag is the
greenhouse floor area, in m2; P is the atmospheric pressure, in kPa; ei is the air water vapor partial
pressure, in kPa; t is time, in s; and 0.62 is the ratio of molecular mass of water vapor and air. The
term on the left side of Equation 7.1 represents the variation of humidity ratio of the greenhouse
air with time t. The first term Ep(t) on the right side of Equation 7.1 is evapotranspiration, in kg m2

h-1; the second term Eadd(t) is the moisture added to or extracted from the greenhouse air, in in kg

m-2 h-1; the third term Ec(t) is condensation on the greenhouse inner cover surface, in in kg m-2 h-1;
the fourth term Ev(t) is moisture exchange between the inside and outside air by air exchange
(ventilation or infiltration), in in kg m-2 h-1; the last term Edh(t) is moisture removed from the
greenhouse air by dehumidification, in in kg m-2 h-1.
7.4.1 Evapotranspiration
Sufficient evidence illustrates that plant transpiration is the main source of moisture in
greenhouses, even when the leaf stomata are closed at night (Seginer et al., 1990). According to
Rosengerg et al. (1983), most of the water taken by plants through its roots are transpired into the
air with only 1% involved in metabolic activities. To maintain a desired level of RH in greenhouses,
accurate estimation of plant transpiration rate becomes crucial.
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There are a few models reported to calculate evapotranspiration (Villarreal-Guerrero et al.
2012). A rather well-known model is the Penman-Monteith ET model (P-M model), which is
modified by Monteith (1965) based on the model developed by Penman (1948); however, it is
mainly applicable for field crops. Takakura et al. (2005) developed another model (Takakura
Model) based on the heat balance of the plant canopy to predict the crop evapotranspiration.
Although simpler than the P-M model and providing good evapotranspiration predictions for
tomato crops, the net solar radiation on the canopy for the Takakura Model needs to be measured
by a special crop solarimeter as well as the canopy surface temperature (Takakura et al., 2009),
which limits the application of this model. Stanghellini (1987) included leaf area index (LAI) into
the P-M model and it was proved to have high accuracy for crop evapotranspiration prediction
(Jolliet and Bailey, 1992, López-Cruz et al., 2008, Prenger et al., 2002, Villarreal-Guerrero et al.
2012). Hence, the Stanghellini model has been selected in the present study for predicting crop
evapotranspiration, as shown in Equation 7.2.

EP λ =

2∙LAI∙ρi ∙CP
) (es - ei )
ra
r
∆ + γ∙ (1 + c )
ra

∆∙Rn + (

(7.2),

where Ep is evapotranspiration rate, in kg m-2 h-1; λ is the latent heat of water vaporization, in kJ
kg-1; Δ is the slope of water saturation vapor pressure curve, in kPa K-1; Rn is the net solar radiation
getting into the greenhouse, in W m-2; LAI is plant leaf area index; CP is the specific heat of water,
in J kg-1 K-1; es is air water vapor pressure at saturation, in kPa; γ is psychrometric constant, in kPa
K-1; and rc is the internal canopy resistance to the transfer of water vapor, in s m-1.
The net solar radiation at the crop surface is calculated as follows (Stanghellini, 1987;
Villarreal-Guerrero, et al., 2012):
Rn = 0.86 × (1 - exp(1 - 0.7∙LAI))∙Is

(7.3),

where Is is the incoming solar shortwave radiation above the canopy, in W m-2.
The internal canopy resistance can be calculated from the following relationship (Bailey et al.,
1993; Montero et al., 2001):
rc =

rs
LAI

(7.4),
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where rs is the stomatal resistance of the leaf, which can be estimated from (Boulard et al., 1991;
Boulard and Wang, 2000):
rs = 200 × (1 +

1
exp(0.05 × (Is - 50))

)

(7.5).

The aerodynamic resistance is given by (Boulard and Wang, 2000):
lf 0.2
ra = 220 × 0.8
ui

(7.6),

where lf is the characteristic dimension of a leaf, in m, and ui the greenhouse indoor air speed, in
m s-1.
This HumidMod model can be applied for any kind of greenhouse crops. The characteristic
length of the tomato leaf was calculated using the following Equation 7.7 (Montero et al., 2001;
Rouphael and Colla, 2004).
lf =

2

(7.7),

1
1
( )+( )
l
wd

where l is the leaf length, in m; and wd is the leaf width, in m.
7.4.2 Condensation on the greenhouse cover
Water condensation on the greenhouse inner cover surface when the inner cover surface
temperature is lower than the indoor air dew point temperature is one of the most important
moisture sink. Although condensation most likely is a moisture sink for greenhouses as the most
condensate will flow or drip down to the ground; however, it can also be a moisture source during
the morning when the cover inner surface temperature increases to higher than the dew point
temperature of the indoor air due to the incoming solar radiation. The amount of condensate is
proportional to the difference between the inside air vapor pressure and the saturation vapor
pressure at the cover inner surface temperature. It is calculated using the following Equation 7.8
(De Freitas and Schmekal, 2003).
0.67∙hci ∙(ei - esc ) 2.4 × 103 ∙hci ∙(ei - esc )
Ec = 3600 ×
=
CP ∙P
CP ∙P
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(7.8),

where Ec is condensation rate on the greenhouse inner cover surface, in kg m-2 h-1; hci is the
convective heat transfer coefficient at the greenhouse cover inner surface, in W m-2 K-1; and esc is
the saturation air water vapor pressure at the greenhouse inner cover surface temperature, kPa.
The equation is not complicated; however, it is difficult to determine the convective heat
transfer coefficient. Han and Guo (Chapter 6) explored the relationship between the measured
condensation rate on the greenhouse inner cover surface and the indoor and outdoor environment
conditions experimentally. The research was conducted in a Venlo-type greenhouse covered by a
double layer of polyethylene plastic film. From in situ measurements, they obtained the following
Equations 7.9 and 7.10 for condensation rate calculations during the daytime and nighttime
(Chapter 6):
Daytime

CRd = 0.74 + 0.43∙∆T + 0.02∙Is

Nighttime CRn = -0.29 + 85.51∙uc + 0.45∙∆T

(7.9),
(7.10),

where CRd and CRn represent the daytime and nighttime condensation rate, which are both scaled
to the ground area, in g m-2 h-1; ΔT is the temperature difference between the indoor air and the
cover inner surface, in K; and uc is the air speed near the greenhouse inner cover surface, in m s-1.
The calculated values are the net condensate change on the inner cover surface within one hour.
More detailed information about the measured condensation rate and the two equations can be
found in the manuscripts by Han et al. (Chapter 5) and Han and Guo (Chapter 6).
7.4.3 Air exchange by ventilation and infiltration
Although the exhaust fan ventilation system is designed for temperature control during the
spring, summer and fall seasons when the indoor temperature is high, it also helps to remove the
moisture from the greenhouse, especially during the daytime. At nighttime, the ventilation system
would be shut down, meanwhile, infiltration becomes the only way for air exchange. The moisture
removed from the greenhouse by air exchange including ventilation and infiltration can be
calculated as follows.
Ev =

ρi ∙qv ∙(wi - wo ) 0.62∙ρi ∙qv ∙(ei - eo )
=
Ag
Ag ∙P
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(7.11),

where Ev is the moisture removal rate by ventilation or through infiltration, in kg m-2 h-1; qv is the
air flow rate due to ventilation or infiltration, in m3 h-1; wi is the humidity ratio of the inside air, in
kgw kgair-1; wo is the humidity ratio of the outdoor air, in kgw kgair-1; and eo is the outdoor air water
vapor partial pressure, in kPa.
7.4.4 Dehumidification
If any dehumidification measure is applied in the greenhouse, such as mechanical refrigeration
dehumidifier, then the moisture removal rate by the dehumidification method can be expressed by:
Edh =

Mwater
Ag ∙∆t

(7.12),

where Edh is the moisture removal rate by the dehumidification method, in kg m-2 h-1; Mwater is the
amount of water extracted by the dehumidification method, in kg; and Δt is time difference, in s.
7.4.5 Prediction of inside water vapor partial pressure and RH
By introducing Equations 7.2 and 7.11 into the moisture balance model of Equation 7.1,
Equation 7.1 becomes:
0.62∙ρi ∙Vg dei
= 3.6 ×
Ag ∙P dt

ei -

CP
C
)
(2∙LAI∙ρi ∙ P )
ra
ra
+ 3.6 ×
× es - 3.6 ×
×
rc
rc
rc
λ∙ (∆+γ∙ (1+ ))
λ∙ (∆+γ∙ (1+ ))
λ∙ (∆+γ∙ (1+ ))
ra
ra
ra
∆∙Rn

(2∙LAI∙ρi ∙

0.62∙ρi ∙qv
0.62∙ρi ∙qv
× ei +
× eo - Ec - Edh
Ag ∙P
Ag ∙P

(7.13).

Then Equation 7.13 can be simplified as:
Ag ∙P
Ag ∙P
dei
+
× (b + f) × ei =
× (a + b∙es + f∙eo - Ec - Edh )
dt
0.62∙ρi ∙Vg
0.62∙ρi ∙Vg

(7.14).

The above equation can be written in the following form:
dei
+ A∙ei = B
dt

(7.15),

where A and B are given by:
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A=

Ag ∙P
× (b + f),
0.62∙ρi ∙Vg

B=

Ag ∙P
× (a + b∙es + f∙eo - Ec - Edh ).
0.62∙ρi ∙Vg

The terms of a, b, and f in the above two equations are defined as:

a=

3.6∙∆∙Rn
λ∙(∆ + γ∙(1 +

rc
)
ra

,

CP
ra
b=
r ,
λ∙(∆ + γ∙(1 + c )
ra
7.2∙LAI∙ρi ∙

f=

0.62∙ρi ∙qv
.
Ag ∙P

Differential Equation 7.15 is solved following linear ordinary differential equation of the first
order method. The solution of Equation 7.15 can be given by:
ei =

B
± C∙e-At
A

(7.16),

where C is the constant value when t = 0.
The indoor air water vapor partial pressure can be estimated as a function of the indoor and
outdoor environment conditions by using Equation 7.16. Then, the indoor RH can be calculated
for a given air temperature and humidity ratio as follows:
RH =

ei
× 100%
es

(7.17).

7.4.6 Program design
MATLAB software (MATLAB 2014a, The MathWorks Inc., Natick, MA, USA) was used to
solve the mathematical equations and simulate the indoor RH and water vapor partial pressure
conditions of a greenhouse. The program is named HumidMod. A programming flow chart for the
HumidMod model is shown in Figure 7.1. The input parameters of the HumidMod model include
constant values of greenhouse characteristics, air thermal properties and others (Δ, γ, λ). The input
parameters include the experimentally measured data inside and outside of the greenhouse. The
RH of indoor air and air water vapor partial pressure are the output of the HumidMod model. The
input measured variables can be hourly averaged data or average data at any length of time, so the
outputs depend on the inputs, either hourly data or data at other time intervals. Therefore, the
HumidMod model can do either hourly, daily, monthly or yearly simulation.
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Figure 7.1. Programming flow chart.

7.5 Model Validation
An experiment was conducted in a Venlo-type plastic greenhouse from March to November
2014 to collect data for the moisture balance model validation. A commercial refrigeration
dehumidifier inside the greenhouse was used for humidity control. The measured data from the
greenhouse were used to validate the moisture balance model.
7.5.1 Experimental greenhouse
Tomato plants were grown in the four-span greenhouse located in Grandora, Saskatchewan,
25 km west of Saskatoon, with 52.11o latitude, 106.98o longitude and 504 m elevation.
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The greenhouse was covered by an inflated double layer 6-mil polythene plastic film on the
roof and the polyethylene panel on the side walls except the north wall which was an insulated
wooden wall. The thickness of the north wall was 11.4 cm with thermal conductivity of 0.23 W m2

K-1. The greenhouse was 25.6 m wide and 43.9 m long. The eave height was 4.3 m and the ridge

height was 6.7 m. Each tomato plant was planted in a peat-based growing medium bag, and the
plants were planted in 15 rows with a total of 2,850 plants, averaging 2.5 plants per square meter.
The greenhouse was heated by black iron hot water pipes located above ground between rows of
tomato plants. Four natural gas boilers were used to heat the hot water. It had four exhaust fans
(FC050-4E exhaust fan, ZIEHL-ABEGG, Saint e-Claire, QC, Canada) placed on the east wall at a
height of 3.8 m with roof vents for cooling. The exhaust fans with a propeller diameter of 0.548 m
had the capacity of 2.1 m3 s-1 at the static pressure of 20 Pa (Axial Fans Main Catalogue FC, 2012).
A drip irrigation system was used for water and nutrient supply. Table 7.1 summarizes the
greenhouse information as well as constant variables and corresponding units used in the models.
Table 7.1. Constant variables adopted for the greenhouse moisture balance model.
Greenhouse characteristics
Length (m)

43.9

Width (m)

25.6
2

Floor Area Ag (m )

1123.8

3

Volume Vg (m )

6182.1
-1

Air velocity ui (m s )

0.15

Air thermal properties (at 20°C)
Density ρi (kg m-3)

1.205

Pressure P (Pa)

101.3
-1

-1

Specific heat CP (J kg K )

1005

Others
Slope of water saturation vapor pressure curve Δ (kPa K-1)

0.145 (at 20°C)

Psychrometric constant γ (kPa K )

0.0668

Latent heat of water vaporization λ (kJ kg-1)

2450

-1

7.5.2 Refrigeration dehumidifier
A commercial mechanical refrigeration dehumidifier (DCA3000T, Dehumidifier Corporation
of America, Cedarburg, WI, USA) was installed in the greenhouse, as shown in Figure 7.2. The
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unit had a moisture removal capacity of 14.7 L h-1 under 75% RH and 21°C. It was housed in a
small room attached to the east end of the greenhouse. A discharge metal-duct along the east end
of wall along with perforated plastic film duct branches which run east-west along the tomato rows
above the ground was used to distribute the drier and warmer exhaust air from the dehumidifier
evenly into the greenhouse. A tank with a total volume of 670 L was used to collect the water
condensed from the dehumidifier. The dehumidifier had its own humidity control sensor, which
was at the center of the greenhouse together with the other environmental monitoring sensors. As
the required dehumidifying capacity for the greenhouse was higher than the dehumidifier capacity,
the RH set point of the dehumidifier was set at 60% to control the indoor RH at around 75% to
shorten high humidity period. The exhaust air temperature and RH from the dehumidifier were
measured by a type-T thermocouple (Omega Engineering, Inc., Quebec, Canada) and a humidity
sensor (HM1500LF, Measurement Specialties, Inc., Toulouse, France). The thermocouples had an
accuracy of 0.3°C at 100°C and were calibrated against a thermocouple simulator-calibrator (model
1100, Ectron Corp., San Diego, Cal.). The humidity sensor had an accuracy of ±3% in the RH
measurement range of 10% to 90%. A humidity generator (model 1200, Thunder Scientific Corp.,
Albuquerque, N.M.) was used to calibrate the sensor. Both sensors were placed inside the metal
duct near the outlet of the dehumidifier. The power consumption of the dehumidifier was monitored
by a current sensor (AT50 B10, LEM, Inc., Milwaukee, Wisc).

(a)

(b)

Figure 7.2. (a) Dehumidifier setup and the water tank; (b) the discharge metal-duct.
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7.5.3 Data collection
Figure 7.3 illustrates the locations of all the sensors used to measure the greenhouse and plant
related variables. The greenhouse indoor air temperature and RH were measured by a temperature
and relative humidity probe (CS500, Campbell Scientific Inc., Edmonton, AB, Canada), which was
placed inside a radiation shield and installed at the center of the greenhouse, 1.8 m above the ground.
The probe had an accuracy of ±0.2 to ±1.4°C over a temperature measurement range of -40 to 60°C,
and ±3% over the range of 10 to 90% and ±6% in the range of 90 to 100% with RH measurement.
A pyranometer sensor (LI-200, LI-COR Inc., Lincoln, NE, USA) was installed inside the
greenhouse at the ridge height to measure the inside solar radiation. Two air velocity transducers
(TSI Model 8475, Minneapolis, MN, USA) with the measuring range of 0 to 1.0 m/s were installed
in the greenhouse. Both had the minimum resolution of 0.07% over the measuring full scales. One
was placed on the first span and the other one was put at the second span. Both were put close to
the eave at the east end of the greenhouse. A current sensor (AT50 B10, LEM, Inc., Milwaukee,
WI, USA) was used for monitoring the power consumption of the exhaust fan. The indoor CO2
concentration was measured with a K-30 sensor (CO2Meter, Inc., Ormond Beach, FL, USA) that
was installed inside the greenhouse above the plants. Three T-type thermocouples were used to
measure the greenhouse cover surface temperatures, which were adhered directly to the greenhouse
cover surface near the air velocity transducers. A correction factor (ΔTR) for the cover temperature
measured by the thermocouples with 0.3 mm in diameter is used, which is calculated using
Equation 7.18 as suggested by Abdel-Ghany et al. (2006):
∆T𝑅 = -0.22 + 5.11 × (1.0 - exp(-0.0024 × 𝐼s )) R2 = 0.94

(7.18).

The actual cover temperature is obtained by subtracting ΔTR from the measured temperature.
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Figure 7.3. Greenhouse layout and sensor locations (dimensions are in meters).

A CR10X data logger (Campbell Scientific Inc., Edmonton, AB, Canada) was installed near
the east wall of the greenhouse. The indoor air temperature and RH data, solar radiation, air velocity
near the roof, thermocouples as well as the currents of the exhaust fans and dehumidifier were all
monitored minute by minute, with 10 min averages recorded by the data logger. The other pieces
of ventilation and heating equipment were controlled by the greenhouse ventilation control system
based on temperature. The temperature sensor was installed in the middle of the greenhouse at a
height of 1.5 m.
In addition to the environmental parameters, the dimensional parameters of plant leaves were
also measured on three randomly chosen plants in the middle of each month. The measured
dimensional parameters included leaf length (l), leaf width (wd), and leaf numbers. The relationship
between plant leaf dimensions and leaf area (Al) was determined from 71 healthy leaves of different
sizes from 4 growing plants. The areas of leaves were measured with a leaf area meter (LI-3100C,
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LI-COR Inc., Lincoln, NE, USA). Equation 7.19 gives the regression relationship between Al and
the leaf length and width:
Al = 0.68 × l × wd + 1.20

(R2 = 0.97)

(7.19).

7.5.4 Model performance evaluation criteria
To evaluate the model, the following statistical parameters were used: MAPE (mean absolute
percentage error), RMSE (root mean square error), and coefficient of determination (R2). They are
defined as (Taki et al., 2016; Piscia et al., 2012; Yu et al., 2011):
n

1
Oi - Pi
𝑀𝐴𝑃𝐸 = ∑ |
| × 100
n
Oi

(7.20),

i=1

∑ni=1 (Oi - Pi )2
𝑅𝑀𝑆𝐸 = (
)
n

1/2

(7.21),
2

̅ )(Pi - P
̅)
∑ni=1 (Oi - O

𝑅2 =

2

(7.22),
2

̅ √ n
̅
√ n
( ∑i=1 (Oi - O) ∑i=1 (Pi - P) )
̅ is the average of the measured value; Pi is
where Oi is the ith component of the measured value; O
̅ is the average of the predicted value.
the ith component of the predicted value; and P

7.6 Results and Discussion
Data collection was conducted from March to November in 2014. The plant size and indoor
environmental conditions are usually similar from June until August, therefore, the data collected
in July were chosen to represent the summer months. Besides, the dehumidifier did not begin to
work until April 18, therefore, the data collected in May, July, October, and November were used
to validate the model.
7.6.1 Greenhouse internal climatic condition
Figure 7.4 shows the monthly percentages of indoor RH exceeding 75%, 80% and 85%,
respectively. The percentages of the total time when the indoor RH were over 75% and 80% were
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both the highest in April, which could be due to the high evapotranspiration rate of crops and the
less use of the dehumidifier. Even though high RH occurred during spring and summer time, less
than 40% of time RH exceeded 80%, except in April. The percentile exceeding 85% RH was low
with the maximum 9% in April, June, and August, which was acceptable for the plants. During
March, October, and November, the inside RH was much lower than that during other months,
which was caused by low crop evapotranspiration rate during March with small plants and high
condensation rates on the greenhouse cover surface during October and November. Overall, this
dehumidifier could control the indoor RH in acceptable conditions.

Figure 7.4. Monthly average indoor high relative humidity (RH) occurrence frequencies.
In general, the RH diurnal profile in the greenhouse was that during the cold season the indoor
RH was high during the daytime and low at night, while it was the opposite trend observed under
warm and mild weather conditions as low indoor RH during the late morning to the afternoon and
high at night and early morning. The reason is that the ventilation during the cold season was
minimized to reduce heat loss and the air exchange relied on infiltration. Transpiration and
evaporation during the daytime in the greenhouse caused high RH. At night, the low outside
temperature caused low inner surface temperatures of the cladding materials leading to
condensation; furthermore, the indoor temperature also reduced from 22°C to 19°C, thus reducing
the air moisture holding capacity. These two factors caused condensation on the cover interior
surface in cold weather, removing moisture from the air. During the mild and warm seasons, the
high ventilation rate was required to achieve temperature control brought large volumes of
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relatively dry air from outside to replace the moist indoor air during the daytime after the early
morning, causing low RH. At night and early morning, the ventilation rate was low due to the
relatively low outside temperature, so ventilation was not needed, and little or no condensation
occurred, most of the moisture in the air was kept indoor causing the observed high RH.
Figure 7.5 displays the monthly averages of indoor air temperature, RH, and VPD. The VPD
had the lowest value of 0.5 kPa in April due to the high indoor RH. The highest VPD value of 1.05
kPa occurred in November due to the lowest indoor RH.

Figure 7.5. Monthly average indoor temperature (T), relative humidity (RH), and vapor
pressure deficit (VPD).
7.6.2 Estimation of air exchange rate
The HumidMod model requires the input of air exchange rate (AER) including ventilation and
infiltration. Air exchange plays an important role in removing moisture from the greenhouse and it
is essential to give an accurate estimation of AER if the moisture balance model is used to predict
the indoor air RH condition. However, it is difficult to give accurate estimations of AER due to the
complex operating conditions of the greenhouse. Therefore, a statistical method for AER estimation
was explored in this study. The first five days of data measured in each month of May, July, October,
and November were selected. With the measured evapotranspiration rate, condensation rate,
dehumidification rate, as well as the indoor condition, the AER was calculated based on the
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moisture balance model. The rate was found to have a good exponential relationship with the indoor
solar radiation. It is expressed as follows:
qv = c1 × exp(c2 × Is )

(7.23),

where c1 and c2 are two coefficients. The coefficients of c1 and c2 for the above calculation in each
month are listed in Table 7.2. The coefficient of determination (R2) is high for each month and AER
is highly related to the incoming solar radiation, which is caused by the high correlation between
evapotranspiration rate and the incoming solar radiation. However, the relationship exists because
during the daytime air exchange rate is mainly determined by the indoor air temperature, which is
determined in turn by solar radiation as the greenhouse main heat source caused temperatures to
rise in the greenhouse; while during the nighttime, AER is solely air infiltration, which is c1 in
Equation 7.23. It should be noted that this relationship is obtained from this study greenhouse,
further research is needed before it can be applied to other greenhouses.
Table 7.2. Coefficients of c1 and c2 for air exchange rate (AER) estimation.
Month
May
Jul
Oct
Nov

Coefficient
c1
13642
24580
9323
8596

c1*
12.1
21.9
8.3
7.6

c2
0.0046
0.0043
0.0070
0.0055

R2
0.92
0.65
0.95
0.92

Data
points
120
120
120
120

Note: c1* is for the air exchange rate scaled to per square meter of the greenhouse floor area.

Further, the AER in each month was estimated using Equation 7.23. The calculated data in
each complete month was used for the model validation. According to the calculated results, the
air exchange per hour (ACH) was 2.2, 4.0, 1.5, and 1.4 h-1 during the nighttime in May, July,
October, and November, respectively. The maximum ACH was 54.1, 79.0, 20.5, and 6.2 h-1 during
the daytime from May to November, which was reasonable according to Castilla (2012b), who
estimated that the greenhouse indoor ACH could reach up to 80 h-1 during the summer time.
Figure 7.6 displays the predicted average hourly ACH from May to November. It was the
highest in July, followed by May and then October. The lowest ventilation rate occurred in
November when the greenhouse was well sealed to minimize infiltration due to the low ambient
temperature.
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(a)

(b)

(c)
(d)
Figure 7.6. Predicted average diurnal hourly air exchange rate in each month: a. May; b.
July; c. October; d. November.
7.6.3 Model prediction of moisture production and removal rates
Figure 7.7 gives the predicted average hourly moisture production or removal rate by
evapotranspiration, air exchange, dehumidification and condensation in May, July, October and
November, respectively.

(a)

(b)
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(c)

(d)

Figure 7.7. Comparison of the predicted monthly average moisture production or removal
rate by plant transpiration, ventilation, dehumidification, and condensation in May, July,
October, and November.
Figure 7.7 indicates that the evapotranspiration rate in the study greenhouse was similar in
May and July. Both were greater than that in October and November. A similar trend was also
observed with the moisture removal rate by air exchange. The condensation rate was highest in
November due to the cold outside weather conditions, followed by October and May; and it was
the lowest in July. The predicted monthly average hourly condensation rate was all positive which
means condensation was the sink for most of the time; however, negative hourly values did exist,
especially during the early morning in the warm season when the interior cover surface temperature
was high enough due to the solar radiation then re-evaporation of the water on the interior surface,
if there was any, would occur. During the nighttime, the dehumidifier removed the greatest amount
of water from the greenhouse air in July due to the hot and humid indoor air conditions, followed
by May and October; while the least water removal occurred in November due to the relatively low
indoor RH. However, during the daytime in October and May when the air exchange was low and
the RH was high, the dehumidifier was running most of the time and removed more moisture than
the other two months. There was none or little water removal from the greenhouse by the
dehumidifier in July during the daytime, which was due to the shutdown of the unit by the growers.
Even though the evapotranspiration rate of greenhouse crops was high during the daytime in
May and July and there was little or no condensation on the greenhouse cover surface, most of the
moisture was discharged from the greenhouse through ventilation. Therefore, the indoor RH was
not high during the daytime and there was not much of a need for dehumidification. During the
nighttime, little or no condensation on the greenhouse cover surface, the shutdown of the
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ventilation system, and low infiltration caused most of the moisture be captured inside the
greenhouse, leading to high indoor RH. Therefore, the dehumidifier was kicked in and removed
the greatest amount of moisture from the greenhouse at night. On the contrary during the cold
months such as in October and November, even though the plants were close to the final stage and
the evapotranspiration rate was lower than that in May and July, the ventilation or infiltration rate
was low as well due to the cold ambient weather conditions, causing high indoor RH during the
daytime and high moisture removal rates by the dehumidifier. At night, the condensation rate on
the greenhouse cover was higher compared to that in May and July, causing the decrease of indoor
RH, leading no or low dehumidification needs.
To compare the contribution of the four sources or sinks, Figure 7.8 shows the predicted
monthly averages of hourly moisture production or removal rate of these sources or sinks during
the period with indoor RH exceeding 75%. Evapotranspiration is the only source, all the other three
are sinks. The moisture removal rate by dehumidification and condensation was very small as
compared to the moisture removal rate by air exchange. The moisture removal by air exchange
accounted for 85.3% in July to 91.4% in November of the total amount of moisture removal by all
three sinks. The moisture removal by condensation was 1.3 to 1.7 times of that by way of the
dehumidifier. Over 91.0% of the moisture was removed by air exchange during the daytime and it
was reduced to 70.0% during the nighttime. The average moisture removal by condensation was
increased from 3.2% during the daytime to 19.0% at night and early morning. Dehumidifier
removed less than 4.9% of the total moisture during the daytime and about 10.5% during the
nighttime and early morning.
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Figure 7.8. Predicted monthly average of hourly moisture production or removal rate by
plant transpiration (Ep), ventilation (Ev), dehumidification (Edh), and condensation (Ec).
Overall, ventilation or infiltration was the main way to remove the moisture from the
greenhouse, especially during the daytime. Dehumidification was mostly required during the
nighttime in May and July. Due to the limited use of ventilation in the cold months such as in
October and November, condensation played an important role in removing the moisture from the
greenhouse. However, dehumidification was still necessary, especially during the daytime in
winter and nighttime in summer.
7.6.4 Validation of HumidMod model
Figure 7.9 shows the comparison of monthly averages of hourly diurnal data between the
simulated and the measured indoor RH and ei in each month from May to November.

(a) May

(b) July
142

(c) October

(d) November

Figure 7.9. Comparison between the monthly average of diurnal hourly simulated and the
measured indoor relative humidity (RH) and water vapor partial pressure (ei) in each
month.
The diurnal average predicted data and measured data of RH and air water vapor partial
pressure had the same variation pattern. A relatively better agreement between the predicted and
the measured data was found in May and October than in July and November. That might be
because the predicted condensation rate in May and October had higher accuracy than in July and
November compared to the measured data (Chapter 6). Both measured and simulated values had
small fluctuation during the night from 22:00 pm until 7:00 am in the early morning; however, in
May and July, the simulated values were lower than the measured data while the opposite happened
in October and November. During the daytime, both simulated and measured values were very
close, and both varied greatly, which means the predicted Ep and Ev were close to the actual values.
Table 7.3 gives some statistical results of comparison between the model predicted results and
the experimental results. The percentage of mean absolute error (MAPE) for both RH and ei are
between 5.0 and 10.0%. The RMSE factor shows that this moisture balance model can estimate the
inside ei with an acceptable accuracy (with about 0.15 kPa difference between predicted and
measured values), and the indoor RH with the maximum of 6.4% difference between predicted and
measured values. The R2 of RH and ei in each month were between 0.62 and 0.81, meaning more
than 62% of the measured data can be predicted by the moisture balance model, except in October,
which was caused by the greater errors between modeled and measured RH values in October.
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Table 7.3. Statistical results of comparison between modeled and measured relative
humidity (RH) and water vapor partial pressure (ei).
Month
May
Jul
Oct
Nov
Total

R2
RH
0.63
0.62
0.32
0.81
0.59

ei
0.70
0.70
0.64
0.65
0.75

RMSE
RH (%)
5.7
5.6
4.5
6.4
5.57

ei (kPa)
0.143
0.159
0.107
0.161
0.144

MAPE (%)
RH
6.1
6.3
5.0
10.0
6.85

ei
6.10
6.31
5.03
9.98
6.86

Figures 7.10 and 7.11 show the scattered plots between predicted and measured values of ei
and RH for the whole four months, respectively. The regression analysis of predicted against
measured data gave a gradient of 1.00 for both ei and RH. The R2 values were 0.75 and 0.59,
respectively. The standard error for the simulated ei and RH were 0.29 kPa and 8.7%, respectively.
The errors between the predicted and the measured data would be caused by the uncertainty in
estimated moisture removal by condensation and air exchange. However, considering the difficulty
of estimating condensation rate and air exchange rate, the accuracy of the model is acceptable.
There may be several applications of this model: (1) the direct estimation of evapotranspiration
and condensation rate on the greenhouse inner cover surface; (2) the prediction of the greenhouse
indoor air RH and water vapor partial pressure; (3) the estimation of the greenhouse
dehumidification requirement for humidity control with the known of greenhouse environmental
conditions and plant characteristics.
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Figure 7.10. Scatter plot between simulated and measured water vapor partial pressure (ei).

Figure 7.11. Scatter plot between simulated and measured relative humidity (RH).

7.7 Conclusions
A dynamic moisture balance model named HumidMod was developed for predicting the
indoor RH and air water vapor partial pressure. MATLAB was used to solve the mathematical
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equations. This model can predict the moisture production/removal rate by evapotranspiration,
condensation, as well as by air exchange (ventilation/infiltration) based on the indoor and outdoor
environmental conditions and the plant and greenhouse characteristics. In this model, the
condensation rate on the greenhouse inner cover surface was predicted by using a statistical
regression model instead of the complicated theoretical model. Air exchange rate including
ventilation and infiltration was also predicted using an exponential relationship with the indoor
solar radiation based on the experimental data. The model was validated by comparing the
predicted results with experimental measurements in a tomato greenhouse, which had a
commercial-grade dehumidifier for humidity control. The mean absolute uncertainty between the
predicted and the measured results was about 6.9% for both RH and water vapor partial pressure.
The coefficient of determinations were 0.59 and 0.75 for RH and water vapor partial pressure,
respectively. A good agreement was found between the predicted and the measured results with
root mean square error of 5.6% for RH and 0.144 kPa for water vapor partial pressure. This model
can be satisfactorily applied for prediction of indoor RH and air water vapor partial pressure, as
well as the evapotranspiration rate and the condensation rate on the greenhouse inner cover surface.
This moisture balance model also could be used to estimate the dehumidification requirement
of greenhouses for a given indoor RH and vapor pressure set points. Future work is needed to
validate the model for greenhouse dehumidification requirement prediction.
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CHAPTER 8
SENSITIVITY ANALYSIS OF A GREENHOUSE MOISTURE
BALANCE MODEL FOR PREDICTING INDOOR HUMIDITY
(This is a prepared manuscript and will be submitted soon)
Jingjing Han, Mohamed S. Ahamed, Huiqing Guo

Contribution of this paper to overall study
A moisture balance model (HumidMod) was developed in Chapter 7 to predict the greenhouse
indoor RH and water vapor partial pressure conditions. This chapter presents the sensitivity
analysis of this model to several important input parameters to explore the impacts of the input
parameters on the HumidMod model simulation results. This chapter fulfills objective 7.
The manuscript presented in this chapter will be submitted soon. The first author (PhD student
– Ms Jingjing Han) conducted the sensitivity analyses and wrote the manuscript. The second author
(supervisor – Prof. Huiqing Guo) and the third author (Dr. Mohamed S. Ahamed) reviewed the
manuscript.
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8.1 Abstract
A moisture balance model was developed to predict the indoor air water vapor partial pressure
as well as the indoor relative humidity by considering the greenhouse indoor and outdoor
environmental conditions, as well as the greenhouse and plant characteristics. This study is focused
on sensitivity analysis of this model to several important input parameters in three different seasons:
cold winter (January), mild season (April), and summer season (July). The results showed that
under different ambient weather conditions, the sensitivity of the moisture balance model estimates
of the indoor air water vapor partial pressure is very dependent on the greenhouse indoor air
temperature and the incoming solar radiation, as well as the air exchange rate. The leaf area index
also has a significant influence on the model output. The sensitivity analysis results indicate that
these input parameters should be decided carefully.
The manuscript presented in this chapter will be submitted soon. The data analyses and
manuscript writing were performed by the first author (PhD student – Miss Jingjing Han). The
manuscript was reviewed by the second author (D. M.S. Ahamed) and the third author (supervisor
– Prof. Huiqing Guo).

8.2 Nomenclature
Ag

greenhouse floor area, m2

Cp

specific heat of water, J kg-1 K-1

E

Is

incoming shortwave radiation above
the canopy, W m-2

moisture added, extracted, transpired,
condensed, exchanged by ventilation
or infiltration, kg m-2 h-1

LAI

leaf area index

OP

output of a model

ΔOP

variance of output

e

air water vapor partial pressure, kPa

P

atmospheric pressure, kPa

ei

indoor air water vapor partial pressure, q
kPa

air flow rate due to ventilation or
infiltration, m3 h-1

es

air water vapor pressure at saturation,
kPa

Rn

net radiation above canopy, W m-2

IP

input parameter of a model

ra

canopy external, or aerodynamic
resistance, s m-1

ΔIP

variance of input parameter

rc

internal canopy resistance to the
transfer of water vapor, s m-1
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SC

sensitivity or influence coefficient

base

base case

T

air temperature, °C

c

condensation or cover

t

time, s

dh

dehumidification

u

mean air speed, m s-1

i

indoor air

Vg

greenhouse volume, m3

o

outside air

γ

psychrometric constant, kPa K-1

p

plant transpiration

Δ

slope of water saturation vapor
pressure curve, kPa K-1

v

ventilation or infiltration

λ

latent heat of water vaporization,
kJ kg-1

ρ

air density, kg m-3

Subscripts
add

Abbreviations
ACH

air exchange per hour, h-1

RH

relative humidity, %

added to the greenhouse air

8.3 Introduction
A moisture balance model, named HumidMod, was developed in Chapter 7 to predict a
greenhouse indoor air water vapor partial pressure as well as the indoor relative humidity. The
model involves numerous related parameters, which can be categorized into four groups: the
greenhouse indoor environmental conditions, the greenhouse characteristics, the plant
characteristics, as well as the ambient weather conditions. The model performance was evaluated
and validated by comparing the simulated results with experimental measurement results
conducted in a commercial tomato greenhouse. However, the sensitivity analysis of the model to
various parameters has not yet been studied.
There always exists changes and errors in the input parameters and assumptions when
developing a model (Pannell, 1997). It is important to explore the relationship between the potential
changes and their influence on the conclusions that are drawn from the model (Baird, 1989; Pannell,
1997). Sensitivity analysis (SA) has been shown a very useful and widely used tool to support
decision making (Pannell, 1997). If a system does not change greatly to a change in an input
variable, it means the system is not sensitive to the parameter; otherwise, the system is sensitive to
the input factor.
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The objective of this paper was to conduct a study of a sensitivity analysis of the HumidMod
model for predicting a greenhouse indoor air water vapor partial pressure. The sensitivity analysis
was conducted on several important parameters including the greenhouse indoor air conditions, as
well as the plant characteristics in three different ambient weather conditions.

8.4 HumidMod Model
First, a brief description of the HumidMod model is introduced here. In the model, it mainly
includes four moisture sources or sinks: evapotranspiration, condensation, ventilation/infiltration,
and dehumidification. The HumidMod model gives moisture balance of the greenhouse as follows:
0.62∙ρi ∙Vg dei
= EP (t) + Eadd (t) - Ec (t) - Ev (t) - Edh (t)
Ag ∙P dt

(8.1),

where ρi is the indoor air density, in kg m-3; Vg is the volume of the greenhouse, in m3; Ag is the
greenhouse floor area, in m2; P is the atmospheric pressure, in kPa; ei is the air water vapor partial
pressure, in kPa; t is time, in s; and 0.62 is the ratio of molecular mass of water vapor and air. The
term on the left side of Equation 8.1 represents the variation of humidity ratio of the greenhouse
air with time t. The first term Ep(t) on the right side of Equation 8.1 is evapotranspiration. The
second term Eadd(t) is the moisture added to or extracted from the greenhouse air. The third term
Ec(t) is condensation on the greenhouse inner cover surface. The fourth term Ev(t) is moisture
exchange between the inside and outside air by air exchange (ventilation or infiltration). The last
term Edh(t) is moisture removed from the greenhouse air by dehumidification. By introducing all
the parameters into Equation 8.1, the solution of Equation 8.1 can be given by:
ei =

B
± C∙e-At
A

(8.2),

where C is a constant value when t = 0; and A and B are expressed as follows:
A=

Ag ∙P
× (b + f),
0.62∙ρi ∙Vg

B=

Ag ∙P
× (a + b∙es + f∙eo - Ec - Edh ).
0.62∙ρi ∙Vg

The terms of a, b and f in the above two equations are determined as:

a=

3.6∙∆∙Rn
λ∙(∆ + γ∙(1 +

rc
)
ra

,

CP
ra
b=
r ,
λ∙(∆ + γ∙(1 + c )
ra
7.2∙LAI∙ρi ∙
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f=

0.62∙ρi ∙qv
.
Ag ∙P

More detailed information about the model can be found in Chapter 7.

8.5 Sensitivity Analysis Methodology
Among the numerous input parameters and assumptions of the HumidMod model, it is
important to identify which are the key variables that affect the results of the model. Sensitivity
analysis compares the changes in output with the changes in input, thus it can also be expressed as
an “input-output analysis” (Lam and Hui, 1996). Global and local approaches are two main
methods of sensitivity analysis in the field of building performance analysis (Tian, 2013). The
global sensitivity analysis is calculated by changing all input factors simultaneously. The
disadvantage of this method is that it is very computationally demanding. Compared with the global
sensitivity analysis, the local sensitivity analysis is more straightforward, which is calculated with
only one input factor changed and all the other input parameters are fixed. The local sensitivity
analysis is easier to apply and interpret (Tian, 2013), therefore, it is chosen for this study.
8.5.1 Sensitivity coefficient
The sensitivity coefficient, also called an influence coefficient, is often used as a measure of
sensitivity. Considering the application for multiple sets of data, the following Equation 8.3 is used
for sensitivity coefficient calculation (Lam and Hui, 1996; Yang et al., 2016),
SC =

∆OP/OPbase
∆IP/IPbase

(8.3),

where SC represents the sensitivity coefficient; OPbase and IPbase are the base case of output and
input. ΔOP and ΔIP are the variance of output and input. The sensitivity coefficient calculated by
Equation 8.3 shows the sensitivity in percentage change (Lam and Hui, 1996). A high value
indicates that the model is more sensitive to the input parameter, which needs to be chosen carefully
(Yang et al., 2016).
8.5.2 Initial input data
The HumidMod model was evaluated and validated by comparing the simulated results with
the experimental measurement results conducted in a commercial tomato greenhouse located in
Saskatchewan, at 52.09° latitude, -107.03° longitude and 504 m elevation. The sensitivity analysis
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of the model was also conducted by using the same greenhouse. The constant values of default
parameters in the model were listed in Table 8.1. The sensitivity analysis was conducted for three
months: January, April, and July, to represent three different seasons such as cold, mild, and warm
seasons, respectively. Typical meteorological year data of Saskatoon from 1953-1995 were used
as the outdoor weather conditions. Table 8.2 gives the average outdoor air temperature and relative
humidity (RH) in each month during the daytime and nighttime respectively. It also gives the base
case value of the input parameters in each month, which includes leaf area index (LAI), airexchange rate (ACH), and the indoor air speed close to the inner cover surface. The values are
assigned based on the measured results in the tomato greenhouse. The designed indoor set point
temperature was 20°C for the daytime and 18°C for the nighttime. Besides the default parameters
given in Table 8.1, the rest of input parameters that related to the greenhouse moisture balance
modeling are selected for the sensitivity study, as listed in Table 8.2.
Table 8.1. Constant values of default parameters adopted for the greenhouse moisture
balance model.
Greenhouse characteristics
Floor Area Ag (m2)
Volume Vg (m3)
Air thermal properties (at 20°C)
Density ρi (kg m-3)
Pressure P (Pa)
Specific heat Cp (J kg-1 K-1)
Air velocity ui (m s-1)
Other parameters
Slope of water saturation vapor pressure curve Δ (kPa K-1)
Psychrometric constant γ (kPa K-1)
Latent heat of water vaporization λ (kJ kg-1)
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1123.8
6182.1
1.205
101.3
1005
0.15
0.145 (at 20°C)
0.0668
2450

Table 8.2. Base case values under different months for the HumidMod model.
Month

Jan
Apr
Jul

Period

Indoor
temperature
- T (°C)

Outdoor
temperature
- T (°C)

Outdoor
relative
humidity RH (%)

Incoming
solar
radiation Is (W m-2)

day
night
day
night
day
night

20
18
20
18
20
18

-14.9
-16
6.0
0.79
20.8
14.8

70.0
71.5
53
70.4
50.0
70.0

90.7
0
210.4
0
252.6
0

Indoor air
speed - uc
(m s-1)

Leaf
area
index
- LAI

0.1

1.5

0.2

3

0.2

6

Air
exchange
per hour ACH (h-1)

1.0
1.0
5.5
2.2
10.0
4.0

8.6 Results and Discussion
The input parameters can be categorized into several groups: the greenhouse environmental
conditions, the greenhouse characteristics, the ambient weather conditions, as well as the plant
characteristics. The sensitivity analysis is conducted on the main input variables in three months
representing three different outdoor weather conditions: cold (January), mild (April), and warm
(July).
8.6.1 Model sensitivity to indoor air temperature
The indoor air temperature of the greenhouse could reach as high as 28°C during the daytime
in summer and be lower than 14°C at night. Therefore, the sensitivity analysis to the indoor air
temperature is conducted with the range of 14 to 28°C during the daytime, and from 14 to 22°C at
night.
Figures 8.1 and 8.2 display the simulated ei and sensitivity coefficients in each month during
the daytime and nighttime, respectively. As shown in Figure 8.1, the simulated ei is positively
correlated with the indoor air temperature. No matter during the daytime or at night, the simulated
ei has the highest values in July and the lowest values in January, which is mainly caused by the
high evapotranspiration rate in July. In January, the simulated ei increased by 37% during the
daytime and reduced by 24% at night for changing the indoor air temperature from 20 to 28°C
during the daytime and from 18 to 14°C at night, respectively. Smaller changes were found in April
and July. The sensitivity coefficient shown in Figure 8.2 tells the same story, as the sensitivity
coefficient is higher than 1.0 in January during the nighttime, which means the HumidMod model
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is more sensitive to the indoor air temperature in January than that in April and July. This is because
the base case of ei values simulated in January, April, and July are very similar. However, the
variation of simulated ei in January was larger than that in April and July, resulting in higher
sensitivity coefficients in January. Based on the sensitivity analysis, it could be concluded that the
HumidMod model is more sensitive to the indoor air temperature during the cold weather
conditions, and less sensitive in the warm season due to the high sensitivity coefficient in January.

Figure 8.1. Simulated indoor air water vapor partial pressure under different indoor air
temperatures.
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Figure 8.2. Sensitivity coefficients under different indoor air temperatures.
8.6.2 Model sensitivity to incoming solar radiation
The sensitivity of HumidMod model to the incoming solar radiation is also analyzed, which is
mainly conducted for the daytime since no solar radiation at night. The incoming solar radiation
could reach up to 700 W m-2 in Saskatoon based on the previous field experiment, especially during
the summer seasons, therefore the model sensitivity to the incoming solar radiation is analyzed
from 50 to 700 W m-2 with 50 W m-2 as the interval. Figure 8.3 shows the sensitivity of the model
to the incoming solar radiation in three months. The simulated ei does not change very much in
January, whereas greater changes are observed both in April and July. The average simulated ei is
increased by 26.9% in April and 13.6% in July, respectively, for changing the incoming solar
radiation from 50 to 700 W m-2. The sensitivity coefficients reflect the similar outcome as the
values are high in April and July, and low in January. That means the HumidMod model is sensitive
to solar radiation during the mild and warm seasons, and not very sensitive in the cold months
when the plants are very small. That is because in January, the plants are at their early growing
stage and very small, only a small portion of solar energy is used for crop evapotranspiration, which
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is the main source of moisture production in the greenhouse. Therefore, the model is not sensitive
to the incoming solar radiation when the plants are very small.

Figure 8.3. Simulated indoor air water vapor partial pressure under different incoming
solar radiation.
8.6.3 Model sensitivity to air exchange rate
The air exchange rate due to ventilation or infiltration varies greatly in different seasons.
According to Han et al. (manuscript draft, 2018), the air exchange per hour (ACH) during the
nighttime could be ranged between 1.4 to 4.0 h-1 depending on the ambient weather conditions.
The maximum ACH during the daytime could reach up to 79 h-1 in July. Therefore, the sensitivity
analysis was conducted at different levels in each month. Table 8.3 shows the ACH ranges in each
month. Figures 8.4 and 8.5 display the simulated ei and sensitivity coefficients during the daytime
and nighttime for January, April, and July.
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Table 8.3. Air exchange per hour (ACH) under different testing levels.
Month
Jan
Apr
Jul

day

Max ACH
(h-1)
6

Min ACH
(h-1)
1

Interval
(h-1)
1

night

6

1

1

day

40

4

4

night

10

2

2

day

74

2

8

night

22

2

2

Period

No matter whether it is daytime or night, the simulated ei decreases along with an increase of
air exchange rate. In January, the HumidMod model is sensitive to the air exchange rate with the
average simulated ei is decreasing by 22.3% and 14.5% during the daytime and at night for
changing the value from 1 to 6 h-1, respectively. In April and July, when the air exchange rate is
less than 28 h-1, the simulated ei could be decreasing by more than 50%. When ACH is higher than
that point, the HumidMod model is not sensitive anymore, which means the indoor RH is reaching
a stable state, and the moisture production rate by crop evapotranspiration equals to the moisture
removal rate by ventilation and condensation. During the nighttime, the simulated ei is also
reaching a stable point when ACH is higher than 3 h-1 in January and 8 h-1 in both April and July.
Compared to the nighttime in April and July, the sensitivity coefficient is higher during the
daytime, especially when ACH is lower than 10 h-1, which means the HumidMod model is more
sensitive to ACH during the daytime. This is because at night the moisture production rate by crop
evapotranspiration is very low compared to the high rate during the daytime. Ventilation is the
main way to discharge a large amount of moisture from the greenhouse during the daytime. In
January, similar sensitivity coefficients are found during the daytime and nighttime, respectively.
That means the HumidMod model has similar sensitivity to ACH during the daytime and at night
in January. Hence, ACH should be decided very carefully when using HumidMod model to predict
the air water vapor partial pressure, especially in April and July.
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Figure 8.4. Simulated indoor air water vapor partial pressure and sensitivity coefficients
under different air exchanger per hour during the daytime.

Figure 8.5. Simulated indoor air water vapor partial pressure and sensitivity coefficients
under different air exchange per hour during the nighttime.
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8.6.4 Model sensitivity to indoor air speed
Greenhouse indoor air speed could be in the range from 0.05 to 0.3 m s-1 (Bailey et al., 1993).
To fully understand the influence of indoor air speed on the indoor air water vapor partial pressure
simulation, the model sensitivity to the indoor air speed was tested in the range from 0.05 to 1.05
m s-1 with an interval of 0.1 m s-1.
A positive correlation is found between the simulated ei and the indoor air speed when all the
other input variables are fixed in the HumidMod model. When the indoor air speed is greater than
0.45 m s-1, the simulated ei is only increased by less than 5%, no matter during the daytime or at
night. That means the evapotranspiration rate of greenhouse crops increases as the indoor air speed
increases, considering it is the only moisture source of the greenhouse. When the indoor air speed
gets to 0.45 m s-1 or higher, the water moving rate from the surface of leaf cells to the surrounding
air gets stable, which leads to a stable indoor air water vapor partial pressure. As a result, the
sensitivity coefficients are very small, and the model is not sensitive to air speed when the indoor
air speed is exceeding 0.45 m s-1. However, when the indoor air speed is less than 0.45 m s-1, the
sensitivity coefficient could get up to 0.9 at nighttime in January, which means the HumidMod
model is sensitive to the low indoor air speed, especially in January than that in April and July.
Overall, the HumidMod model is more sensitive to the indoor air speed in cold weather
conditions rather than in the mild and warm weather conditions, especially when the indoor air
speed is lower than 0.45 m s-1.
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Figure 8.6. Simulated indoor air water vapor partial pressure under different indoor air
speeds.
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Figure 8.7. Sensitivity coefficients under different indoor air speeds.
8.6.5 Model sensitivity to air speed near cover surface
The indoor air speed near the cover surface is very small, especially during the nighttime when
all the vents are closed, and the exhaust fans are shut down. Based on the experimental data, the
air speed close to the cover inner surface is less than 0.3 m s-1 for most of the time (Bailey et al.,
1993). To explore the sensitivity of the model to the cover inner surface air speed, eight levels of
air speed from 0.05 to 0.40 m s-1 were tested with an interval of 0.05 m s-1. In the HumidMod
model, the air speed near the cover is only related to the nighttime condensation rate estimation, so
the sensitivity analysis is only conducted for the nighttime. Figure 8.8 gives the simulated ei and
sensitivity coefficients at different air speed near the cover inner surface. The results showed that
the simulated ei is negatively correlated with the indoor air speed near the cover surface, which is
because in the HumidMod model the nighttime condensation rate has a positive relationship with
the air speed near the cover surface. When all the other input parameters are fixed, the nighttime
161

condensation rate increases as the air speed near the cover surface increases, which leads to more
moisture removed from the greenhouse air, therefore, the simulated ei decreases. In April and July,
the simulated ei is decreased by 3% and 0.9% for changing the air speed from 0.05 to 0.40 m s-1;
and the corresponding sensitivity coefficients are also smaller than that in January. The HumidMod
model is more sensitive to the air speed near the cover surface in cold season than that in mild and
warm seasons due to the high condensation rate occurrence in January.

Figure 8.8. Simulated indoor air water vapor partial pressure and sensitivity coefficients
under different air speeds near the cover surface.
8.6.6 Model sensitivity to leaf area index
As measured in the experimental greenhouse, the leaf area index (LAI) could reach as high as
7.8 in July. Hence, the sensitivity to LAI was analyzed in the range of 1 to 8 with 1 as the interval.
Figures 8.9 and 8.10 are showing the simulated ei and sensitivity coefficients, respectively. There
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is a large difference of the simulated ei between the values when LAI increases from 1 to 8. The
high sensitivity coefficients illustrate that the HumidMod model is very sensitive to LAI, which is
because LAI directly determines the amount of solar energy using by evapotranspiration. Besides,
the influence of LAI on the simulated ei could be significantly different depending on the outdoor
weather conditions as well as the initial input values. As shown in Table 8.2, due to the different
initial input values in the HumidMod model, the simulated ei in January is even higher than that in
April and July during the daytime. Hence, the model users should also be careful to decide the
initial input parameter values of LAI.

Figure 8.9. Simulated indoor air water vapor partial pressure under different leaf area
index.
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Figure 8.10. Sensitivity coefficients under different leaf area index.

8.7 Conclusions
Sensitivity analysis is conducted for the HumiMod model which is used to estimate the
greenhouse indoor air RH and water vapor partial pressure. Important input parameters are
identified and analyzed. Based on the results, it could be concluded that the HumidMod model is
very sensitive to the indoor air temperature, especially during the cold weather conditions, whereas
less sensitivity to the indoor air temperature for the summer months. The HumidMod model is also
very sensitive to the air exchange rate and LAI because these two factors determine the moisture
discharge rate through ventilation or infiltration, and the total amount of moisture transpired by the
plants. As compared to January, the model is more sensitive to the incoming solar radiation in April
and July, which is also due to the high crop evapotranspiration rate in mild or warm season. On the
contrary, the model is more sensitive to the indoor air speed and the indoor air speed near the cover
surface in cold months than that in the mild and warm weather conditions. Hence, the fluctuation
of indoor air temperature, ACH, LAI, and the incoming solar radiation have significant effects on
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the model output. These variables should be selected carefully to reduce the error and uncertainty
in model predictions.
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CONCLUSIONS, CONTRIBUTIONS AND
RECOMMENDATIONS
Conclusions
In this research, various humidity control measures including ventilation, air-to-air heat
exchanger, and mechanical refrigeration dehumidification have been evaluated for use in
greenhouses. Greenhouse RH profiles have been obtained and high RH periods have been
identified, and humidity control strategies in cold region were recommended. After the initial
evaluation, an air-to-air heat exchanger and a commercial-grade mechanical refrigeration
dehumidifier were selected and evaluated in a Venlo-type tomato greenhouse for humidity control.
A condensation rate measurement method was developed and used in the same greenhouse for
long-term condensation rate measurement. Based on the measured data, two statistical regression
models for condensation rate prediction in daytime and nighttime were developed. Finally, a
greenhouse moisture balance model was developed aiming at simulating the indoor relative
humidity and water vapor partial pressure and predicting dehumidification requirement. The main
findings in this thesis are listed as follows:
1) Three dehumidification methods including air-to-air heat exchangers and exhaust
ventilation, and mechanical refrigeration (domestic scale) were evaluated in a tomato greenhouse.
Both air-to-air heat exchangers and exhaust ventilation system dehumidification were not effective
during humid and warm seasons for humidity control. They controlled RH satisfactorily during the
cold and mild seasons. Mechanical refrigeration dehumidification was effective for controlling
indoor moisture year-round. Mechanical refrigeration dehumidifiers had the lowest total energy
consumption, followed by the heat exchangers and the exhaust ventilation system dehumidification.
However, regarding total cost, mechanical refrigeration dehumidification was the costliest method
due to high electricity consumption, while the exhaust ventilation system dehumidification was the
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cheapest way of dehumidifying. The exhaust ventilation system dehumidification is the most
economical method due to its low capital and maintenance cost. A combination of the exhaust
ventilation system dehumidification and the mechanical refrigeration dehumidification would
provide the most effective and economical way of humidity control year-round.
2) Greenhouse RH profiles have been obtained and high RH periods have been identified, and
humidity control strategies in cold region were recommended. The general trend of the RH diurnal
profile in cold season was the indoor RH being higher during daytime and lower during nighttime,
while just the opposite occurred in mild and warm seasons with the inside RH being lower during
the daytime and higher during the nighttime. The peak RH periods occurred during late morning
to afternoon during the cold season. During the mild and warm seasons, most of the peak RH
periods occurred during the night and early morning. During the summer season, mechanical
refrigeration dehumidification is recommended for humidity control. A combination of the exhaust
ventilation system dehumidification and the mechanical refrigeration dehumidification would
provide the most effective and economical way of humidity control year-round.
3) An air-to-air heat exchanger was installed and tested in a Venlo-type greenhouse and was
found that the capacity was not sufficient for humidity control, especially during the humid and
warm seasons. It is important to give an accurate estimation of the dehumidification needs in a
greenhouse. An experimental method of estimating dehumidification needs was proposed. The
additional moisture that needed to be removed from the greenhouse to keep the inside RH at or
below 75% was calculated by using the measured indoor RH when it was above 75%. Then the
dehumidification requirement or the extra moisture removal rate was determined by removing the
additional moisture within one hour. Based on the actual moisture removal rates of the heat
exchanger and its humidity control performance, the dehumidification requirement was estimated
to be 0.018 L h-1 per square meter of the greenhouse floor area.
4) A commercial-grade mechanical refrigeration dehumidifier was selected and installed to
control RH in a commercial tomato greenhouse. Its performance was evaluated. The unit showed
effective control of the indoor RH and could maintain the indoor RH at an acceptable level yearround, especially during summer and fall nights, meeting most of the dehumidification requirement
for the greenhouse. Even though the capital cost and annual cost were high, the plant loss rate was
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dramatically reduced compared with that in the previous years when there was no dehumidification.
The equipment payback was achieved within one year.
5) A condensation rate measurement method was developed in greenhouses or in any other
building. A commercially available leaf wetness sensor was calibrated in an environment chamber
for the relationship of condensation rate and sensor voltage output under various room temperature
and RH conditions. The results indicated that the sensor temperature, angle, and indoor RH had no
significant effect on the sensor voltage output. The sensor voltage output was positively correlated
to the amount of condensate on the sensor surface and a regression model was obtained to convert
the sensor voltage output to the condensation rate (R2 = 0.91).
6) Greenhouse condensation profiles were quantified by applying the condensation
measurement method in a tomato greenhouse. The results indicated that condensation mainly
occurred during the nighttime and early morning, when the cover surface temperature was low, and
RH was high in the greenhouse due to low air exchange. The cover surface acted as a moisture sink
of the greenhouse air when condensation occurs. The opposite situation might occur for a short
period of time in the morning when cover surface temperature increased to above the dew point
temperature of the room air, thus the cover surface acted as a moisture source of the greenhouse
air. The average condensation rate during the nighttime in the eight months was around 9.5 g m-2
h-1 or 88.6 g m-2 d-1.
7) Based on the condensation measurement data, three different theoretical convective heat
transfer coefficient condensation models were evaluated, and the results showed the models’
predictions were 7 to 8 times higher than the measured values, thus were not usable in greenhouses.
Two statistical models were developed for condensation rate prediction. They can fit the measured
data well during May, July, and September, except during November when the greenhouse
moisture production rate and the indoor humidity ratio were at much lower levels comparing with
the other months.
8) A moisture balance model, named HumidMod, was developed to simulate the greenhouse
indoor RH and water vapor partial pressure, it can also be used to calculate dehumidification needs
of greenhouses. In the model, the indoor RH and water vapor partial pressure can be directly
calculated as a function of the indoor and outdoor air conditions, as well as the plant and greenhouse
characteristics. The data collected in a tomato greenhouse was used to validate the model. A good
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agreement was found between the predicted and measured results (R2 = 0.59). This model can serve
as a reliable tool for the estimation of dehumidification requirement inside a greenhouse to achieve
a desired humidity level.
9) Sensitivity analysis of the HumidMod model to several important input variables were
conducted to explore their influence on the model simulation results. The results indicate that the
input parameters including the indoor air temperature, incoming solar radiation, air exchange rate,
as well as plant leaf area index have significant impact on model output so should be decided
carefully.

Contributions
The contributions of this study are summarized as follows.
A comprehensive study has been done on the comparison of three dehumidification methods:
air-to-air heat exchangers, mechanical refrigeration dehumidifiers, and exhaust ventilation system
dehumidification. Exhaust fan ventilation and air-to-air heat exchangers were effective in cold
season but were not effective in warm and mild seasons when ambient air is humid. The
comparison results (Chapter 1) showed that dehumidification by the exhaust ventilation system
was the most cost-effective method with the lowest capital and maintenance cost during cold and
mild seasons. Mechanical refrigeration dehumidification is effective all year-round and has the
lowest energy consumption, yet the highest operation cost due to high power consumption. Hence,
mechanical refrigeration dehumidification is recommended for summer while exhaust fan can be
used in cold season dehumidification, and both methods could be used during different seasons to
achieve good moisture control year-round.
An experimental method for predicting a greenhouse dehumidification needs was proposed,
which was defined as removing the additional moisture that needed to be removed from the
greenhouse to keep the indoor RH at or below 75% within one hour. Based on the performance of
an air-to-air heat exchanger, the estimated dehumidification requirement of 0.018 L h-1 per square
meter of the greenhouse floor area was obtained (Chapter 2).
A commercial-grade mechanical refrigeration dehumidifier was evaluated in the same tomato
greenhouse (Chapter 3) and the RH condition was controlled much better by this unit than the
previous air-to-air heat exchanger through most of the growing season. Even though the capital
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and the annual cost of the dehumidifier were high, the plant loss rate was dramatically reduced
from 43.3% prior to 2012 without dehumidification to 0.9% with the mechanical dehumidifier in
2013. The equipment payback period was within one year. It was found to be costly and
unnecessary to achieve a dehumidification performance that control the RH at all times, as meeting
the peak requirement would require a 60% increase of dehumidification capacity, which means the
capital cost of the dehumidification system would almost double, and the power consumption and
operating cost would also double, whereas it is also unnecessary to control the RH all the time as
the peak RH periods occurred during the night and early morning in warm seasons. Once the
ventilation operation starts to cool, the RH would reduce rapidly.
RH profiles and high RH periods were identified. The indoor RH was high during daytime and
low during nighttime in cold season, while the opposite occurred in mild and warm seasons with
low RH during daytime and high RH during nighttime. Most of the peak RH periods occurred
during the night and early morning in the mild and warm seasons. In the cold season, it occurred
during the late morning to afternoon.
A condensation rate measurement method using a leaf wetness sensor was developed for use
in greenhouses or any other building. A commercially available leaf wetness sensor was calibrated
in an environment chamber for the relationship of condensation rate and sensor voltage output
under various room temperature and RH conditions (Chapter 4). The results indicated that the
sensor angle and room temperature and RH had no significant effect on the sensor voltage output.
The sensor voltage output was only positively correlated to the amount of condensate on the sensor
surface and a regression model was obtained to convert the sensor voltage output to the
condensation rate (R2 = 0.91). This method should be considered as a breakthrough of technology
for condensation rate measurement on greenhouse interior surface, or on any other surfaces with
condensation.
Condensation profiles on greenhouse cover interior surface were identified and quantified by
using the method developed by this study (Chapter 5). It was found that condensation mainly
occurred during the nighttime and early morning when the cover surface temperature was low, and
RH was high in the greenhouse due to low air exchange. The cover surface mostly acted as a
moisture sink of the greenhouse air but could be a source during the short period in the morning.
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This is the first study on condensation quantification for greenhouses or any buildings that prone
to condensation occurrence.
Three different theoretical convective heat transfer coefficient condensation models were
evaluated using the condensation measurement data from this study, and the results showed the
models’ predictions were too high so were not usable in greenhouses (Chapter 6). Two statistical
models were developed for condensation rate prediction in greenhouses, one for the daytime
(R2=0.55) and another for the nighttime (R2 = 0.61).
A moisture balance model HumidMod was developed to simulate the greenhouse indoor RH
and water vapor partial pressure given indoor and outdoor air conditions as well as the plant and
greenhouse characteristics, it can also be used to calculate dehumidification needs of greenhouses
(Chapter 7). The model was validated using data collected in a tomato greenhouse (R2=0.59). This
model can serve as a reliable tool for the estimation of dehumidification requirement of a
greenhouse to achieve a desired humidity level. Sensitivity analysis of the HumidMod model
indicated that air temperature, solar radiation, air exchange rate, as well as plant leaf area index
have significant impact on model outputs. This is the first model for indoor RH and
dehumidification estimation, it provides a reliable tool for researchers and greenhouse industry
(Chapter 8).

Recommendations for Future Work
Although this study conducted great amount of experiment work and theoretical studies, it still
could not provide all the answers for greenhouse humidity control. There are still a lot of work that
need to be done in the future.
In this study, exhaust ventilation system was proved to be the most cost-effective method for
greenhouse humidity control during cold and mild seasons, and not for warm weather conditions
when ambient air is humid, thus mechanical refrigeration is recommended for summer
dehumidification. A study should be carried out to test the combination of the two dehumidification
systems for greenhouse humidity control, especially in cold regions.
An air-to-air heat exchanger was not effective for humidity control in a commercial tomato
greenhouse; therefore, a commercial-grade mechanical refrigeration dehumidifier was selected and
installed in the same greenhouse, which was shown to have better control on the indoor RH. One
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main reason was that the capacity of the air-to-air heat exchanger was lower than that of the
dehumidifier. Hence, more research should be conducted to compare the performance of the
dehumidifier with an air-to-air heat exchanger, which should have a similar moisture removal
capacity as the dehumidifier.
As greenhouses become more profitable, some costly dehumidification technologies such as
desiccant dehumidification may become acceptable; therefore, this type of dehumidification
technologies should be evaluated for the effectiveness and safety in the greenhouses.
The moisture balance model developed in this study was used to predict the greenhouse indoor
RH and water vapor partial pressure. It can also be used to quantify and adjust the dehumidification
requirements to maintain a predetermined RH condition within a greenhouse. Hence, further
experiment needs to be conducted to validate the model for greenhouse dehumidification
requirement determination.
Soil evaporation from the greenhouse floor surface is considered in the evapotranspiration rate
in the moisture balance model developed in this study. It is generally considered very small as
compared to the plant transpiration. Further research should be carried out to explore the
contribution of the soil evaporation to the moisture balance in the greenhouse air space. The
irrigation system should also need to be monitored inside the greenhouse. A water balance model
should be developed in the future, which could be helpful for the growers to improve the irrigation
system together with the moisture balance model.
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