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ABSTRACT Condensation can easily occur on the inner surface of the greenhouse cover due to 

high levels of relative humidity (RH), especially in cold regions, which can lead to plant diseases, 
crop growth reduction and poor produce quality. The problem is there has been very little research 
on how to measure the exact amount of condensation on the greenhouse plastic film surface. In 
this study, the leaf wetness sensor is firstly modified and used to measure the condensation rate on 
the greenhouse cover. New statistical models are presented to predict condensation rate on the 
interior greenhouse cover surface directly as a function of the greenhouse indoor and outdoor air 
conditions. The experimental data collected in a commercial greenhouse over two months are used 
for linear regression. The results indicate that the indoor air RH has significant effect on the 
condensation rate. The solar radiation and outdoor air temperature affect the condensation rate 
during daytime and nighttime, respectively. The airspeed measured close to the sensor only 
influences the condensation rate during daytime. There are no significant correlations between the 
condensation rate and the inner cover surface temperature. The results of the research can help 
the producers further understand the condensation process and provide good suggestions as how 
to reduce the condensation. Based on the study, dehumidification is also recommended not only for 
the greenhouse condensation reduction, but also for humidity control. Moreover, the statistical 
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models of predicting condensation rate can also be applied for greenhouse moisture and water 
models development in the future. 

Keywords: greenhouse, condensation rate, leaf wetness sensor, statistical model.  

 

INTRODUCTION  

Greenhouse provides an optimum environment to improve crop yield and quality. However, relative 
humidity (RH) can be easily at high level for most of the time due to high transpiration and 
evaporation rates (Pieters et al., 1994). Therefore, condensation can easily occur on the 
greenhouse plastic film cover, especially during the cold weather season.  

Condensation occurrence is influenced by many factors. According to the study of Pieters et al. 
(1995), a one-dimensional model predicting heat loss through greenhouse cover was applied. It 
was stated that decreasing the inside air temperature and air speed resulted in an increase of the 
threshold value of inside air humidity for the occurrence of condensation on the inner surface of 
greenhouse cover. While in the report presented by Prenger and Ling (2000), VPD (vapor pressure 
deficit) was taken as an indicator for condensation potential.  

Back to the 1980s, condensation on the inner surface of the cover was one of the main ways to 
remove moisture from the air. Other choices would be ventilation and dehumidification when 
condensation cannot provide a relatively low humidity in the greenhouse (Seginer and Kantz, 
1989). However, not only the condensation can lead to plant disease or discomfort for greenhouse 
workers, it can also contribute up to 20% of the total nighttime heat loss during the cold heating 
weather condition (Silveston et al., 1980; Pieters et al., 1994). Therefore, avoiding condensation is 
important, especially in cold region like Saskatchewan, where the heating season is very long and 
even during summer nights heating is required in greenhouses. 

There has been little study exhibited in the literature dealing with standard approach to measure 
condensation in greenhouses. The most materials were used only for measuring dew on plant 
surface, such as mini-lysimeters (Rosenberg, 1969; Richards, 1999), absorbent paper (Richards, 
1999), and filter paper (Barradas and Glez-Medellín, 1999). However, there is no clear evidence for 
them to use for greenhouse condensation rate estimation. In the study conducted by Pedro and 
Gillespie (1982), the electrical impedance grid was firstly used to measure the dew duration. A very 
similar condensation sensor made by placing parallel cupper tracks on a horizontal plastic support 
was also used by Rodríguez et al. (2008). However, it was only used to predict the occurrence of 
condensation. No further experiment was made to measure the amount of condensation. 

This research was conducted to investigate and test a condensation sensor to measure and predict 
the condensation rate on the inner surface of a greenhouse. It is hope that the results can provide 
useful information to help the greenhouse growers to reduce or avoid the occurrence of 
condensation. In addition, the numerical model can be applied for the greenhouse moisture and 
water balance model development.  

CONDENSATION MEASUREMENT 

In the report investigated by De Freitas and Schmekal (2003), the home-made condensation 
sensors were used and tested to measure the condensation rate in a cave located in New Zealand. 
It was made on a circuit board, which consisted of copper wires. The principle of these sensors is 
that the resistance of the sensor changes when condensation occurred on the surface, and then 
the relationship between the signal output and the weight of water on the board can be obtained to 
estimate the condensation rate.   
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Recently, electronic wetness sensor is widely used to detect the dew duration on plant leaf surface. 
In this study, in order to avoid the complex work, the exist leaf wetness sensor is calibrated to 
measure the condensation rate on the greenhouse plastic film surface. The relationship between 
the voltage output and the amount of water condensed on the sensor surface is obtained. 

The used leaf wetness sensor (Decagon Devices Inc., Pullman, WA, USA) is about 11.2 cm length 
and 5.8 cm width, with 0.75 cm thickness. Its surface area is around 34 cm2. It needs a very low 
power supply. To do the calibration, it is connected to a multimeter to get the voltage output in 
millivolt. The sensor is placed on a very sensitive scale (Adventurer Pro) with a resolution of 0.01 g. 
At the beginning, the sensor is dry. Very fine drops of water are sprayed on the sensor surface with 
an atomizer. When the water sprayed on the sensor surface, the voltage output is changed. Both 
the net weight of the water and the voltage output are recorded. Before spaying water again, the 
sensor surface is wiped dry to make sure the precise net weight of the water every time. This 
process is repeated several times. Each time more water was sprayed on until there is water 
droplet dripping from the sensor. The sensor is tested at four different angles: 0° (surface facing 
downward), 30°, 60°, and 90°. To do this, the sensor is stick on a mental plate to form the different 
angles (Figure 1).  

 

Figure 1 Calibration of leaf wetness sensor 

All the tests are conducted under the room temperature of 20℃. As the sensor requires operating 

temperature range between -20 to 60℃, no procedure is carried out to test its sensitivity to 
temperature. The relationship between the voltage output X (mV) and the weights of water Y (g) is 
listed in Table1. Two equations are also generated between the voltage output and the weights of 
water used all the data from 0° to 90°.  
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Table 1 Calibration equations and correlation coefficients r2 

Sensor Angle (°) Number of Test Best-fit equation r2 

0 13 Y = 0.0037X – 0.9739 0.9297 

30 12 Y = 0.0020X – 0.4701 0.9600 

60 20 Y = 0.0027X – 0.6878 0.9670 

90 12 Y = 0.0019X – 0.4682 0.9623 

all 57 Y = 0.0029X – 0.7553 0.8513 

all 57 Y = 1E-05X2 – 0.0053X + 0.6842 0.9112 

 
Figure 2 is showing the plots for each angle.  

 

 

 

 

 

 

 

 

 

 
(a)                                                                  (b) 

 
 
 
 
 
 
 
 

 

 

 

 

 

(c)                                                                  (d) 

Figure 2 The calibration of leaf wetness sensor at different angels: (a) 0°; (b) 30°; (c) 60°; (d) 90° 
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MATERIALS AND METHOD 

The experimental greenhouse was located in Grandora, Saskatchewan, 25 km west of Saskatoon 
at 52.11o latitude, 106.98o longitude and 504 m elevation. It was a three span greenhouse covered 
by double layer plastic film on the roof and the polyethylene panel on the walls except the north wall 
was insulated wooden wall. It 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. Tomatoes were planted in 11 rows with a total of 2,100 plants, 
averaging 2.5 plants per square meter. The greenhouse was heated by hot water pipes located 
above ground between rows of tomato plants. Four natural gas boilers were used to heat hot water. 
It had three exhaust fans and roof vents for cooling. Figure 3 shows the cross section of the 
greenhouse. 
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Figure 3 Greenhouse cross section (unit: m) 

To measure the condensation rate on the greenhouse cover, three leaf wetness sensors were 
installed in the greenhouse with two located on the second span, and the third one placed on the 
first span. All of them 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 span of 0 to 0.5 
m/s were installed at the same locations as the leaf wetness sensors. Thermocouples were used to 
measure the sensor and greenhouse cover surface temperatures.  
 

Besides the leaf wetness sensors and air velocity transducer, the greenhouse indoor environment 
was also monitored. A CS500 Temperature and Relative Humidity probe (Campbell Scientific Inc., 
Edmonton, AB, Canada) was set in the center of the greenhouse, 1.8 m above the ground, to 
monitor the inside temperature and RH. The indoor solar radiation was monitored with a LI-200 

Pyranometer (LI-COR Inc., Lincoln, Nebraska, 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 

dehumidification management. A FTB8000B flow meter (OMEGA Inc., Laval, Quebec, Canada) was also 

installed in the header room to monitor the amount of water irrigated into the greenhouse. 

A CR 10X datalogger (Campbell Scientific Inc.) was installed against the east wall of the 
greenhouse. The inside temperature and RH data, solar radiation, the leaf wetness sensor reading, 
the air velocity, the thermocouples and the pulse from the flow meter were all monitored every 
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minute, and ten-min averages were recorded by the datalogger. The other pieces of ventilation and 
heating equipment were all controlled by the greenhouse ventilation control system based on 
temperature installed in the header house north of the greenhouse. The ambient weather 
conditions (temperature and RH) were obtained from Environment Canada website. The equipment 
locations, measurement points are illustrated in Figure 4.  
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Figure 4 Greenhouse layout and measurement position (unit: m) 

 

RESULTS AND DISCUSSION 

Two months data from April to May 2013 was collected for data analysis. The influence of air 
conditions, as well as the sensor surface temperature, on the condensation rate will be analyzed. 
The linear equation generated for all different sensor angles is used for calculating condensate rate 
on the leaf wetness surface, which is taken as the condensation rate on the greenhouse cover. The 
statistical models for condensation rate prediction are also generated.  

Influence of air conditions on condensation rate  

The calculated condensation rate on the sensor surface indicates the net amount of water 
condensed on the surface, which equals to the difference between the total amount of water 
condensed and the amount of water evaporated from the surface. The negative value means that 
during the given period the amount of condensation is less than the amount of evaporation. In other 
words, there is no extra condensation occurred on the surface. The positive value means that the 
amount of condensation exceeds the amount of evaporation, and therefore, condensation occurs 
and accumulates on the sensor surface.  

Figure 5 shows the average diurnal environment conditions in the two months, including indoor air 
temperature, RH, solar radiation and outdoor air temperature and RH, as well as the condensation 
rate on the cover surface. As illustrated in this graph, the general trend of RH was that it was high 
at night and early morning and low during daytime. It was the same trend as in the previous 
experiment conducted in 2011 (Han et. al., 2011). In the two months, the greenhouse average 
diurnal indoor RH never exceeded 80% due to the outside dry air condition. 
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The general trend of the condensation rate was that during nighttime it was at high level and quite 
stable. That is because at night the outside air is cold and humid, which caused the temperature of 
the greenhouse cover even lower than the dew point of the indoor air temperature. During the early 
morning from 6:00 am to 9:00 am, the sun just rises, and the inside air temperature is not high 
enough to kick on the ventilation system. However, the condensation on the sensor surface started 
to evaporate. Therefore, the inside RH is increased and reached to the peak values. On the 
contrary, there is less or no condensation occurred at day time. The main reason is that during 
daytime, the strong solar radiation and high outdoor air temperature results in the surface 
temperature higher than the dew point of the inside air temperature. Hence, condensation seldom 
occurs. Generally, the condensation occurrence has the opposite trend as the outdoor air 
temperature and solar radiation. 

 

Figure 5 Diurnal environment conditions and condensation rate 

Figure 6 displays the relationship between the indoor air speed near the cover surface and the 
condensation rate. As given in the graph, the condensation rate was decreasing from 0:00 am to 
6:00 am when the air velocity was increasing. During 18:00 pm to 0:00 am, the condensation rate 
was increasing when the air velocity was increasing. The air speed close to the greenhouse eave 
was pretty low, only between 0.03 to 0.26 m/s. One reason caused the low measuring results is 
because of the large volume of the greenhouse. Another reason is because the measurement 
locations are all at the east end of the greenhouse and the fan speed is also very low. Even the 
door at the west end and the fan are both open, the air velocity at the east end is still pretty low. 
Above all, there is no obvious relationship between the air speed and the condensation rate. 
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Figure 6 Indoor diurnal air speed and condensation rate 

 

Influence of cover temperature on condensation rate 

Besides the indoor air conditions, the temperature of the inner cover surface also plays an 
important role on condensation rate. In order to analyze the occurrence of condensation on the 
cover surface, the average diurnal VPD (vapor pressure deficit) between the indoor air vapor 
pressure and the saturation vapor pressure (RH is 100%) under the temperature of the interior 
surface of the cover is calculated as shown in Figure 7. The experiment results show that there is 
not much difference between the temperature on the leaf wetness sensor surface and the 
temperature on the greenhouse plastic film surface. Therefore, in the following analysis, the sensor 
surface temperature is taken as the greenhouse cover temperature.  

During the experiment, the temperature of the sensor can even get higher than 40°C during 
daytime because of the strong solar radiation. During nighttime, the monthly average temperature 
on the cover surface is lower than 10°C; therefore, the calculated VPD is positive, which also 
indicates the occurrence of the condensation on the surface. This is also proved from the 
measurement that there is condensation occurred during nighttime. When the sun rises, the sensor 
surface temperature is increasing, causing VPD decreasing. So, no condensation occurs. There is 
about two to three hours delay between the sunset and the condensation occurrence even with 
negative VPD. That is because after 18:00 pm, the solar radiation is not strong enough and the 
outside air temperature drops too. These two factors lead to the cover surface temperature 
dropping and then water condensed on the surface.  

0

0.04

0.08

0.12

0.16

0.2

-12

-8

-4

0

4

8

00:00 06:00 12:00 18:00 00:00

Ave Water on film (mg/m²/s) Ave Air Speed (m/s)
C

o
n

d
e

n
s

a
ti

o
n

 R
a

te
 (

m
g

/m
²/

s
) 

Hourly Time (h) 

In
s

id
e

 A
ir S

p
e

e
d

 (m
/s

) 



 

 

9 

 

 

Figure 7 Cover surface temperature and vapor pressure difference between cover surface 
in saturation and indoor air vapor pressure 

 

Condensation rate statistical modeling 

As the condensation rate differs between daytime and nighttime, the statistical model for the 
prediction of condensation on the greenhouse cover separates into two parts, modeling for daytime 
and modeling for nighttime. The statistical analysis software of SPSS 13.0 is applied for the linear 
regression.  

Daytime condensation rate modeling 

The period between 7:00 am to 19:00 pm is chosen as the daytime for the modeling. The indoor air 
RH, solar radiation, air speed, cover surface temperature and the outside air temperature are 
entered as variables. The calculated condensation rate on the cover surface is taken as the 
dependent variable. The results show that both the cover surface temperature and outside air 
temperature have no significant influence on the condensation rate. Table 2 gives the linear 
regression results. 

Table 2 SPSS results of daytime condensation rate model 

Dependent Variable r2 Constant 

Coefficients (P value) 

In RHi (%) 
Solar Radiation 

(W/m2) 
Air Speed 
Vi (m/s) 

Condensation rate 
(mg/m2/s) 

0.083 3.482 
-0.126 
(0.000) 

-0.006    (0.001) 
35.372 
(0.000) 
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According to the constant and coefficients given in Table 2, the model can be written as: 

CR = 3.482 − 0.126𝑅𝐻𝑖 − 0.006𝑆𝑜𝑙𝑎𝑟 + 35.372𝑉𝑖 

Results of this model indicate that increasing the air velocity near the greenhouse cover can 
decrease condensation on the interior cover surface. On the contrary, with the increasing of solar 
radiation getting into the greenhouse, the condensation can be reduced significantly or even there 
is no condensation occurred. However, there is a negative correlations between the inside RH and 
the condensation rate. The reason is that during daytime, there is little or no condensation on the 
cover. At the early morning after the sun rises, the water condensed on the cover starts to 
evaporate causing the indoor RH increasing to the peak values. Therefore, the net condensation 
decreases on the cover. Then, the negative values of the net condensation increase due to the less 
and less evaporation. Additionally, the inside RH is reducing considerably due to the exhaust fan 
running. So, there exists a negative correlation between the indoor RH and the condensation rate.  

 

Nighttime condensation rate modeling 

The time between 20:00 pm to 6:00 am is chosen as the nighttime for the modeling. Because there 
is no solar radiation during nighttime, it is eliminated from the independent variables. The 
independent variables are including inside air RH, air speed, cover surface temperature and the 
outside air temperature. In this model, both air speed and cover surface temperature are proved to 
have no significant effect on the condensation rate. Table 3 shows the regression results. 

Table 3 SPSS results of nighttime condensation rate model 

Dependent Variable 𝑟2 Constant 

Coefficients (P value) 

In RHi (%) Out To (°C) 

Condensation rate 
(mg/m2/s) 

0.053 -4.594 
0.120 

(0.000) 
-0.048    
(0.078) 

 

According to the constant and coefficients given in Table 3, the model can be written as: 

CR = −4.594 + 0.12𝑅𝐻𝑖 − 0.048𝑇𝑜 

In this model, the inside RH has positive correlation with the condensation rate. The outdoor air 
temperature has negative correlation with the condensation rate. Therefore, if the dehumidification 
method is applied during nighttime, it can significantly reduce the inside RH and then further to 
reduce the condensation on the greenhouse cover. Another method for reducing condensation is to 
improve the greenhouse insulation system. This will reduce the air infiltration; however, it will result 
in high RH inside the greenhouse too. Therefore, combined with the dehumidification strategies, the 
indoor RH can be maintained at a lower level, and also the condensation rate can be reduced.   

CONCLUSION 

Condensation plays an important role in the greenhouse moisture and water balance model. Many 
researches have been done on the theoretical model for the prediction of the condensation rate on 
the greenhouse cover. However, those models are too complex to apply in the greenhouses; 
especially it is hard to determine the heat transfer coefficient by convection at the inner surface of 
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the greenhouse cover. In this research, the modified leaf wetness sensor is used for the 
condensation rate measurement and statistical models are generated for the condensation rate 
prediction on the greenhouse cover.  

Overall, the results show that during April and May, the condensation on the inner surface of the 
greenhouse cover mainly occurs at night. During daytime, there is less or no condensation 
occurred. The water condensed on the cladding at night starts to evaporate into the greenhouse 
after sunrise causing the RH peak value period during early morning. Hence, there is not an issue 
of condensation during daytime. The greenhouse growers need to focus on reducing condensation 
for nighttime management.  

Based on the statistical models, the indoor air speed only has significant effect on the condensation 
rate during daytime. So, improving the greenhouse ventilation system or circulation system can 
decrease the condensation. The solar radiation and the outside air temperature have effect on the 
condensation during daytime and nighttime, respectively. That is because during daytime, the 
strong solar radiation heats the greenhouse, causing high temperature of the greenhouse cover. At 
night, when there is no solar radiation, the temperature on the inner surface of the cover drops. And 
it is even lower than the indoor air dew point due to the cold outside air. Therefore, condensation is 
easily occurred at night.  

As in this experiment, the cover temperature has no significant effect on the condensation rate. 
However, the indoor air temperature, solar radiation, air speed, and outdoor air temperature all 
have significant influence on the cover temperature. So, it can be explained that the effect of the 
cover temperature on the condensation rate is reflected by the other factors.  

The indoor RH is proved to have significant effect on the condensation at both daytime and 
nighttime. Moreover, high levels of RH are mostly experienced in the greenhouse during nighttime. 
Therefore, the dehumidification method is recommended, not only for condensation reduction, but 
also for humidity control.  

The results of the research provide useful information to the growers of better greenhouse 
management regarding to the condensation. The application of dehumidification is also 
recommended in the greenhouse. Not only it can reduce the condensation on the greenhouse 
cover, it can also help to reduce the RH and yield loss and increase the production rate according 
to Zhu’s research (2012). Moreover, the statistical models for condensation prediction can help to 
develop more accurate moisture and water balance model inside the greenhouse for the future 
research work.  

However, the feedback effect of the current net condense on the cover surface is not taken into 
consideration. In addition, the models are only applied for the experimental greenhouse. Further 
research needs to be done to focus on the verification of the statistical models.  

ACKNOWLEDGEMENT 

This work is funded by Saskatchewan Agricultural Development Fund. Special thanks also go to 
the greenhouse producers, Saskatchewan Greenhouse Growers Association, and the technician in 
the department of chemical and biological engineering in University of Saskatchewan for their 
collaboration, support and assistance.  

REFERENCES 

Barradas, V.L., M.G. Glez-Medellín. 1999. Dew and its effect on two heliophile understorey species 
of a tropical dry deciduous forest in Mexico. International Journal of Biometeorology. 43: 1-
7. 



 

 

12 

 

De Freitas, C.R., A. Schmekal. 2003. Condensation as a microclimate process: measurement, 
numerical simulation and prediction in the glowworm cave. New Zealand. International 
Journal of Climatology. 23: 557-575.  

Environment Canada. 2013. Available at: http://weather.gc.ca/canada_e.html. Accessed 02 June, 
2013. 

Gao, Z. 2012. Dehumidification of greenhouses in cold regions. MSc Thesis. University of 
Saskatchewan, Saskatoon, Canada.  

Han, J., H. Guo, Z. Gao. 2011. Dehumidification in a tomato greenhouse in cold region. 
CSBE/SCGAB Paper No. CABE11-029. Orleans, ON.: CSBE. 

Pedro, M.J., T.J. Gillespie. 1982. Estimating dew duration. I. Utilizing micrometeorological data. 
Agricultural Meteorology. 25: 283 – 296.   

Pieters, J.G., J.M. Deltour, M.J. Debruyckere. 1994. Condensation and static heat transfer through 
greenhouse covers during night. Transactions of ASAE. 37(6): 1965-1972. 

Pieters, J.G., J.M. Deltour, M.J. Debruyckere. 1995. Onset of condensation on the inner and outer 
surface of greenhouse covers during night. Journal of Agriculatural Engineering Research. 
61: 165-171. 

Prenger, J.J., P.P. Ling. 2000. Greenhouse condensation control. Fact Sheet (Series) AEX-804. 
Ohio State University Extension, Columbus, OH, USA. 

Richards, K. 1999. Observations and Modelling of Urban Dew. Unpublished Ph.D. Dissertation. 
University of British Columbia, Vancouver, Canada.  

Rodríguez, A., A. Perdigones, V. Valiño, J.L. García. 2008. Experimental measurements and 
prediction of condensation in heated greenhouses. 2008 International Conference on 
Agricultural Engineering. Record No. 20083323764. Hersonissos, Crete, Greece.  

Rosenberg, N.J. 1969. Evaporation and condensation on bare soil under irrigation in the central 
Great Plains. Agronomy Journal. 61: 557-561. 

Seginer, I., D. Kantz. 1989. Night-time use of dehumidifiers in greenhouses: an analysis. Journal of 
Agricultural Engineering Research. 44: 141-158. 

Silveston, P.L., W.D. Costigane, H. Tiessen, R.R. Hudgins. 1980. Energy conservation through 
control of greenhouse humidity. I. Condensation heat losses. Canadian Agricultural 
Engineering. 22(2): 125-132.  

 

http://weather.gc.ca/canada_e.html

