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ABSTRACT 
 
A dynamic greenhouse climate model was used to simulate the effect of condensation 
and evaporation on the auxiliary heating requirements, on the inside air humidity and 
temperature and on the vegetation temperature in greenhouses covered with 12 
different cladding materials.  
Condensation was shown to increase the auxiliary heating requirements for materials 
having a far infrared radiation transmittance lower than 0.18, while it reduces them 
for all other materials. Savings ranged between +25 % for PP and -17 % for standard 
glass. The thermal insulation properties of dry claddings were shown to depend on 
their far infared radiation transmittance, while in the presence of condensation, the 
outside surface emittance was predominant. Materials reflecting all far infrared 
radiation could be shown to be best insulating under both wet and dry conditions. 
It was also demonstrated that neglecting condensation and evaporation gives rise to an 
overestimation of the yearly mean inside air relative humidity of about 10 % for most 
materials. Since condensation fluxes were found to be lowest in greenhouses cladded 
with low emissivity  materials, yearly average relative humidities were somewhat 
lower in this kind of greenhouses, while the relative contribution of condensation to 
the nighttime water vapour removal from the inside air was found to be lower for low 
emissivity cladded greenhouses (79-83 %) than for the other greenhouses (88-89 %). 
Evaporation fluxes from the cover as well as condensation fluxes to the floor were 
shown to be negligible when compared to condensation fluxes to the cover. 
Neglection of condensation was shown to have nearly no effect on the simulated 
temperature of an active greenhouse, whereas it can result in an overestimation or an 
underestimation of the vegetation temperature, according to the cladding’s far 
infrared radiation transmittance, high transmittances giving rise to underestimates. 
Since these errors were found to vary throughout the year, it was argued that the 
vegetation temperature should also be controlled by greenhouse climate systems and 
that models used for inclusion in such systems will have to describe condensation 
phenomena in the greenhouse in a detailed way.  
 
 
1. INTRODUCTION 
 
During the last decades, greenhouses have become much more energy efficient. In the 
1970's, this evolution started as a consequence of high energy prices. Nowadays, this 
economic justification has been reinforced by ecological considerations, such as the 
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reduction of the CO2-emission resulting from human activities and the depletion of 
fossil energy sources. In this way, the primary energy consumption of greenhouses 
was highly reduced by using waste heat or other renewable energy sources, by 
introducing new covering materials having other radiative properties, better climate 
regulation algorithms, etc.  
Another way of saving energy was making greenhouses much more air-tight to reduce 
the heat loss by air leakage. In this way, less sensible heat was lost to the external 
environment. At the same time, more latent heat was kept inside the greenhouse, so 
that the inside air became more humid. But since the luminosity inside the greenhouse 
must be kept as high as possible, greenhouse cladding materials are rather poorly 
insulating when compared to residential, industrial or other agricultural building 
materials. As a consequence, their surface temperatures are often very low. This 
combination of low surface temperatures and high inside air humidity makes 
condensation on the walls and the roofs of recently built greenhouses unavoidable 
during most of the time. 
Consequences of condensation in greenhouses are often disadvantageous. 
Condensation on plastics is mostly dropwise, so that drops can fall onto the crop, 
adversely affecting the fruit quality and favouring the development of fungal diseases. 
Nor are these falling drops appreciated from an ergonomic point of view.  
Furthermore, the presence of drops can drastically reduce the light transmittance of 
greenhouse cladding materials (Pieters et al., 1996a; Pieters et al., 1997). 
As far as the interaction between condensation and energy consumption of the 
greenhouse is concerned, the role of condensation is much less unambiguously 
defined. On the one hand, during the condensation process latent heat is transferred to 
the cover, normally causing a cover temperature and thus a heat loss increase. On the 
other hand, the presence of a condensation layer can totally change the radiative 
properties of the cladding material, so that the radiative heat loss eventually can be 
reduced.  
In this paper, a TRNSYS-based dynamic greenhouse climate model will be used to 
simulate the sensible and latent heat fluxes as well as the auxiliary heating 
requirements in greenhouses, covered with 11 different widely used single cladding 
materials. Furthermore, simulation results for an imaginary ideal cladding material 
will be used as a reference. For all materials, the impact of condensation and 
evaporation on the inside climate (humidity and temperatures) and its impact on the 
greenhouse climate regulation strategy will be discussed. 
 
 
2. LITERATURE REVIEW 
 
Theoterical and practical studies on the effect of condensation on the greenhouse 
climate can be divided among two groups according to the way they treat the external 
and consequently the internal climate conditions. Most theoretical studies on the 
condensation phenomenon in greenhouses deal with static climate circumstances, i.e. 
they assume a dynamic heat transfer equilibrium. Reports on dynamic studies on the 
condensation effect are rather difficult to find in literature. 
 
 
2.1. Static circumstances 
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Silveston et al. (1980), Garzoli and Blackwell (1981), de Halleux et al. (1985b) and 
Seginer & Kantz (1989) simulated the nighttime heat transfer from greenhouses, 
tunnels or vertical greenhouse walls of glass and PE under several static weather 
conditions. One of the conclusions they had in common was that during condensation 
the static heat transfer coefficient increases for glass, while it decreases for PE. This 
well known effect is to be ascribed to the lowering of the transmittance for far 
infrared radiation from 0.8 for dry PE to almost 0 for wet PE. In this way, the 
supplemental latent heat transfer during condensation is more than compensated for 
by the decrease of the direct radiative heat transfer from the vegetation and the soil 
through the covering material to the sky. As glass is always totally opaque to far 
infrared radiation, and since its emittance in this range of the spectrum nearly equals 
that of water, the presence of a water layer has no important influence on the radiative 
heat fluxes. Laboratory experiments of Lacroix (1987), who used a kind of hot box / 
cold box system, confirmed these findings.  
More recently, Pieters et al. (1994) demonstrated that the static heat transfer 
coefficient is a function of the inside air relative humidity. For low values of the 
relative humidity, not giving rise to condensation, this coefficient is constant. From a 
certain threshold value of the relative humidity on, condensation starts to form. At 
this threshold value, the heat transfer coefficient decreases drastically for PE and all 
other cladding materials transparent to far infrared radiation, at least if their 
transmittance is about 0.4 to 0.5 or higher (Pieters, 1996). The numerical value of this 
relative humidity threshold was shown to be a function of material characteristics and 
climate conditions (Pieters et al., 1995). Beyond the condensation threshold, the heat 
transfer coefficient increases for increasing values of the relative humidity, so that it 
can possibly become greater than the heat transfer coefficient for the dry material. 
 
 
2.2. Dynamic circumstances 
 
Dynamic studies on condensation and heat transfer have mostly been experimental. 
Walker and Walton (1971) and Feuilloley et al. (1994) measured the heat transfer 
from greenhouses and hot boxes placed in the open and covered by several cladding 
materials, on which condensation was produced artificially by electrically heating 
water, placed in the greenhouses and boxes. Qualitatively, they came to the same 
conclusions as for the static studies.  
Many authors, among whom we can cite Stoffers (1990) and Yang et al. (1990) 
modelled the greenhouse climate dynamically. Most of these describe some 
condensation phenomena on the cover, on the wall or on other elements of the 
greenhouse. A survey of the treatment of latent heat fluxes in several dynamic 
greenhouse climate models can be found in Lacroix (1988) and in de Halleux (1989). 
In Table 1, it is only mentioned if some attention is paid to condensation and 
evaporation in some of these models. 
It should be clear, however, that because of the great number of elements involved in 
heat transfer (soil, vegetation, ...) and because of the four heat transfer modes 
(conduction, convection, solar and far infrared radiation and phase change), these 
models are extremely complicated, so that condensation is nearly always treated in an 
off-handed way and rarely receives specific attention. 
To overcome this problem, Pieters et al. (1996b) modified an existing model for a 
detailed description of condensation and evaporation phenomena on the cover, on the 
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vegetation and on the floor and applicated it to the case of a standard glass covered 
greenhouse (Pieters et al., 1996c). For the circumstances of their simulations, they 
found that neglecting the condensation phenomena in dynamically simulating the 
greenhouse climate leads to an underestimation of the yearly fossil heating 
requirements of about 15 %. As this model will also be used for the simulations in this 
study, a short description of this model will be given in the next section. 
 
 
 
 

Table 1  Survey of the treatment of (C) condensation and (E) evaporation 
on the (wi) inner and (wo) outer wall surface, on the (v) 
vegetation and on the (f) floor in some dynamic greenhouse 
climate models (after Lacroix (1988) and de Halleux (1989)) 

 
 w 

i 
w 
i 

w 
o 

w 
o 

v 
 

v f f 

 E C E C T C E C 

Takakura et al. (1971)  x   x  x  
Selcuk (1970)  x   x  x  
Soribe & Curry (1973)  x  x x  x  
Van Bavel & Sadler (1979) x x   x  x  
Kindelan (1980)  x   x    
Glaub & Trezek (1981)  x       
Avissar & Mahrer (1982)  x  x x  x  
Ahmadi & Glockner (1982)  x  x x  x  
Cooper & Fuller (1983)  x   x  x x 
Bot (1983)  x  x x  x  
Arinze  et al. (1984)  x   x  x  
Cormary & Nicolas (1985) x x   x  x x 
Kimball (1986)     x    

 
 
3. SIMULATION MODEL 
 
The model used here was originally developed as the Gembloux Greenhouse 
Dynamic Model (G.G.D.M.) by the "Centre d'Etude pour la Régulation Climatique 
des Serres" of the "Faculté des Sciences Agronomiques de Gembloux". Descriptions 
of this model can be found in de Halleux et al. (1985a),  Deltour et al. (1985), de 
Halleux (1989), Nijskens et al. (1991) and Pirard et al. (1994). The model has been 
and is still being continuously improved and extended, which resulted in the most 
recent version, called the Universal Dynamic Greenhouse Climate Model, described 
in full detail in Pieters & Deltour (1997). As a consequence, only a short description 
of the model, allowing for a complete understanding of the results presented here, and 
with emphasis on the description of the latent heat flux phenomena, needs to be given 
in this section.  
 
 

4 



 

3.1. General lay-out 
 
The U.D.G.C.M. is a semi-one-dimensional greenhouse climate model, describing the 
energy and mass exchanges between 7 internal layers (4 soil layers, 1 vegetation 
layer, 1 inside air layer, 1 cover), which form the system, and 3 external layers 
(subsoil, outside air and sky) which constitute, together with the solar radiation, the 
boundary conditions. For each of the layers, heat loss or gain by solar radiation, far 
infrared radiation, conduction, convection, and latent heat is described 
mathematically. Furthermore, a mass transfer equation for vapour is considered. 
The model also allows to simulate the effect of regulation procedures for maintaining 
the inside air temperature in a zone of optimal values. To this end, several 
possibilities of heating and ventilating strategies, among which the user can choose, 
are built in the model. A scheme of the model is given in Fig. 1. 
 
 

 
 

 
 
 

Fig. 1   Global scheme of the U.D.G.C.M. 
 
 
3.2.  Modelling of the latent heat transfers 
 
3.2.1. Condensation on and evaporation from the cover 
 
Condensation and evaporation at the outer surface of the cover are neglected, since 
they are rarely met in practice (Pieters et al., 1995). At the inside, however, 
condensation as a film or as drops is assumed to form on the cover as soon as the 
temperature of the cover falls below the dewpoint temperature of the inside air. At the 
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start of condensation, the thickness of this film or the equivalent film thickness in the 
case of dropwise condensation increases (phase 1 - building of the film) till a certain 
maximum thickness - hereafter referred to as the maximum (equivalent) film 
thickness - is reached. If condensation goes on, water drips down the cover to the 
condensate gutters and is evacuated from the greenhouse at the same rate as 
condensate is formed (phase 2 - steady state). As condensation ceases and evaporation 
starts, the water film on the greenhouse cover gets thinner and disappears gradually 
(phase 3 - evaporation of the condensate film). When all the condensation water has 
been evaporated, the cover becomes dry and no further evaporation can take place 
(phase 4 - dry cover and no evaporation). 
As greenhouse covers and certainly plastic film covers are very thin, their heat 
capacity per unit cover area is very small. Since the heat capacity of water is very 
high and since the equivalent condensate film thickness can be more than 100 µm, the 
influence of the condensate film on the cover heat capacity is not negligible. 
Therefore, the total heat capacity (always expressed per unit cover area) is expressed 
as the sum of the heat capacities of the covering material and the water film. 
Of course, the far infrared radiative properties of the covering material are replaced 
with those of water when condensation is present on the cover. For covering materials 
highly transparent to this radiation (as is e.g. the case for polyethylene), this change in 
radiative regime at the onset of condensation is so drastic that for some values of the 
relative humidity the model becomes unstable. If the surface is totally wet at those 
values of the relative humidity, the high radiative flux absorbed by the cover will 
cause the latter to warm up, so that evaporation will occur; if the surface is dry (thus 
highly transparent and weakly absorbing) at the same value of the relative humidity, 
the low radiative flux absorbed by the inner surface of the greenhouse cover will 
allow its temperature to fall below the dewpoint of the inside air and condensation 
will occur. For these cases, a model using a totally wet / totally dry surface for the 
greenhouse cover cannot simulate what is really happening. This problem is solved by 
introducing an equivalent water-covered surface factor, p, expressing what fraction of 
the surface is wetted. In these cases the cover behaves as if a fraction p of its surface 
were wet (having the radiative properties of water) and a fraction (1-p) were dry 
(having the radiative properties of the dry covering material). Of course, this is only 
an equivalent value, since condensation on greenhouse covers is almost never 
uniformly spread. As a first approximation, this equivalent wet fraction of the cover p 
is computed as the ratio of the actual equivalent film thickness and the maximum 
(equivalent) film thickness. 
 
 
3.2.2. Condensation on and evaporation from the floor 
 
Since the floor is assumed to be entirely covered by a white PE foil, all the water that 
condenses onto the floor must reevaporate again, so that there is no run-off. 
Futhermore, the contribution of the condensate film to the heat capacity of the first 
soil layer may always be neglected. Here again, the far infrared radiative properties of 
water are used for a wet floor. As the floor is always opaque to far infrared radiation, 
the model stability is never in danger here. 
 
 
3.2.3. Condensation on the vegetation 
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The presence of a water film on the vegetation must be avoided in view of the 
prevention of plant diseases. As the thickness of the water film is unimportant, 
condensation flux densities on the leaves are not calculated. It is only controlled 
whether the leaf temperature is below the dewpoint temperature of the air or not. 
 
 
3.2.4. Transpiration of the crop 
 
The U.D.G.C.M. - though very flexible - has been developed, calibrated and validated 
for a soilless culture of tomato plants. Since for the study of condensation phenomena 
in greenhouses, it is important to know the transpiration flux of the canopy fairly 
accurately, it is necessary to use a tomato crop transpiration model including at least 
the two most important factors influencing the transpiration: the solar radiation flux 
density reaching the plant, and the water vapour pressure deficit between the leaves 
and the surrounding air. Here again, the U.D.G.C.M. allows the user to choose among 
several possiblities or to add additional descriptions. The transpiration rate is 
calculated by considering the canopy as a "big leaf". The model for the description of 
the stomatal resistance used for the present study was the one of Jolliet & Bailey 
(1994), while the mass transfer resistance of the boundary layer of the leaves was 
calculated according to boundary layer theory. 
 
 
3.3. Practical implementation 
 
The system of differential equations is worked out by TRNSYS, a computer package 
developed by the "Solar Energy Laboratory" at the "University of Wisconsin-
Madison" for the treatment of solar energy problems, and described in Klein et al. 
(1988). The timestep for integration is normally one minute. In this way, simulating a 
whole year on a 486DX2-66MHz PC takes about 0.75 hours. 
 
 
4. METHODOLOGY 
 
By means of the above described model, simulations of the internal greenhouse 
climate were carried out for a whole year and for 12 different single layer greenhouse 
claddings. To investigate the influence of condensation on the energy demand, on the 
several heat fluxes and on the inside climate, the simulations were run twice: once by 
means of the complete model, taking into account the latent heat fluxes, and once 
with a modified version of the model, in which all the latent heat fluxes (except for 
the transpiration of the crop) were fixed at 0. Comparing both series of simulation 
results then allowed for an evaluation of the importance and impact of condensation. 
 
 
4.1. Greenhouse description 
 
The characteristics of the greenhouse system, except for the parameters related to the 
cladding material, were taken from Pirard et al. (1993), who determined these values 
for the validation of the model on a multispan Venlo type greenhouse. These 
characteristics can also be found in Pieters et al. (1996c). 
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Values of the solar radiation characteristics of the several claddings were taken from 
Nijskens et al. (1985). According to measurements for claddings on actual 
greenhouses, their values were to be lowered by about 6-7 % to account for the effect 
of dust and ageing. Values for the far infrared radiative properties (emittance ε, 
transmittance τ and reflectance ρ) were taken from Nijskens et al. (1984). Since they 
are predominant for the thermal insulation properties of the cladding materials, these 
values for clean new materials are listed in Table 2, where the common abbreviations 
for plastics are used. 
 

Table 2   Far infrared radiative properties of the claddings [-] 
 

 ε (outs.) ε (ins.) τ ρ (outs.) ρ (ins.) 
EVA 0.59 0.59 0.38 0.03 0.03 
Thermal PE         “PEth” 0.79 0.79 0.18 0.03 0.03 
PVC (film)    “PVCf” 0.62 0.62 0.33 0.05 0.05 
Reinforced PVC “PVCr” 0.69 0.69 0.16 0.15 0.15 
Standard glass        “SG” 0.90 0.90 0.00 0.10 0.10 
Low emiss. glass “LEG” 0.20 0.90 0.00 0.80 0.10 
PMMA 0.93 0.93 0.00 0.07 0.07 
PC 0.91 0.91 0.00 0.09 0.09 
PCt 0.81 0.81 0.10 0.09 0.09 
PVC (plate)       “PVCp” 0.85 0.85 0.08 0.07 0.07 
PP 0.45 0.45 0.50 0.05 0.05 
Ideal material         “IM” 0.00 0.00 0.00 1.00 1.00 

The ideal material is an imaginary one, not intercepting the solar radiation but totally 
reflecting the far infrared radiation. It is clear that such material is not likely to be 
found or developed. It is only used as a reference, allowing to assess some maximal 
performance of the greenhouse. 
 
 
4.2. Climate data and setpoints 
 
The climatic data were those of the typical reference year, established by Dogniaux et 
al. (1978) and containing weather data for every 30 minutes of a typical year in 
Belgium (having a temperate maritime climate). It was built by taking the climate 
registration data of several periods (mostly one month) of the 1950's, 1960's and 
1970's, considered as being most representative for the Belgian climate during that 
period of the year and by bringing them together till a whole year was covered. 
Active greenhouses were assumed. Hence, setpoint temperatures for ventilation and 
heating had to be specified. During the whole simulation period a constant heating 
and ventilation temperature regime was maintained. During daytime - determined by 
an astronomical clock - the heating setpoint temperature was fixed at 19 °C, while the 
ventilation setpoint temperature was 20 °C. For nighttime, these values were 17 °C 
and 18 °C, respectively. A linear light dependent increase of the daytime ventilation 
setpoint temperature was provided from a global solar energy flux density of 
200 W.m-2 on and with a maximum of 2 °C (i.e., the maximum ventilation setpoint 
temperature was 22 °C) for a solar energy flux density of 500 W.m-2 or higher.  Two 
transition periods between night- and daytime, in which intermediate setpoint 
temperatures and maximum setpoint temperature change rates were imposed, were 

8 



 

introduced to avoid abrupt temperature changes in the greenhouse and to prevent an 
overload of the heating system. 
The air renewal rate was assumed to be proportional to the difference between the 
actual inside air temperature and the ventilation setpoint temperature. For a difference 
of 0 °C or lower, a minumum air renewal rate of 0.2 hr-1 was adopted, while for a 
difference of 3 °C or higher, the air renewal rate was limited at its maximal value of 
40.2 hr-1. 
Since the auxiliary heating requirement is one of the parameters of interest in this 
study, a perfect heating system was assumed, i.e., for temperatures above the heating 
setpoint temperatures the heating system was not active, while in all other cases, the 
desired temperature was reached for every minute of the year. 
 
 
4.3. Vegetation data 
 
In the simulations, the culture started on 1 December, the plants having a leaf area 
index (LAI), expressed per unit cultivated greenhouse floor area, of 1.5 and a 
vegetation mass surface density of 0.5 kg.m-2. After 3.5 months the LAI was assumed 
to have reached linearly its maximum value of about 4.5, after which it remained 
constant. The vegetation mass surface density first increased slowly to about 1 kg.m-2 

after 1.5 months, then rapidly increased towards its maximum and final value of 
10 kg.m-2 after 5 months. In a similar way, the cultivated fraction of the greenhouse 
floor area was assumed to grow from 0.1 on 1 December to its final value 0.9 after 3.5 
months. The leaf area index LAIg, expressed per unit greenhouse floor area, which is 
simply obtained as the product of the leaf area index LAI (expressed per unit 
cultivated greenhouse floor area) and the cultivated  fraction of the greenhouse floor 
area, thus increased from 0.15 to 4.05 during the growing season.  
These linear growth functions were based on the measurements of Pirard et al. (1992). 
The linear approach of the smooth growth curves is certainly acceptable since 
defoliations and other human interventions disturb the normal development of the 
tomato plants. Furthermore, it was found that, for thermodynamic simulation, the 
results are loosely bound to the detailed shape of these growth curves. 
 
 
5. RESULTS AND DISCUSSION 
 
5.1. Auxiliary heating requirements 
 
Table 3 summarizes the auxiliary heating requirements (AHR) for the several 
greenhouses, as simulated by the complete model and by the model omitting the 
condensation and evaporation phenomena. Materials are ranked in order of AHR, 
simulated by the complete model. The last column gives the ranking number obtained 
when condensation and evaporation are not included. The error made in the latter case 
is expressed as the fraction of the AHR obtained by means of the complete model. 
The absolute values are rather low, due to the simulation circumstances that were 
adopted. Furthermore, calculating the heat requirement implies that heat losses in 
pipes and less than unity efficiencies of the heating system are not taken into account. 
Since for this comparative study, only the relative values are important, this is of 
course no problem. From Table 3 it can be concluded that when condensation is 
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neglected, the sequence of the materials from lowest to highest AHR is the same as 
the sequence from lowest to highest transmittance for far infrared radiation. This 
sequence is also the one that can be established by means of the standardized overal 
heat transmission coefficients (so-called k- or U-values), at least if the far infrared 
radiative properties are included. However, for comparing the performances to be 
expected on a yearly basis under real circumstances, this method seems to be too 
simple for greenhouses where condensation occurs during most of the time. As can be 
seen in Table 3, the occurrence of condensation completely alters the heat transfer 
through the several materials 
 

Table 3  Survey of the AHR for the several greenhouses 
simulated by (+) the complete model and by (-) the 
model neglecting condensation and evaporation 

 
# / + cladding τ (IR) AHR / + 

[MJ/(m2.yr)] 
AHR / - 

[MJ/(m2.yr)] 
Error 

[%] 
# / - 

 1 IM 0.00 1076  589  -45  1 
 2 LEG 0.00 1282  1075  -16  2 
 3 PP 0.50 1431  1785  +25  12 
 4 EVA 0.38 1483  1705  +15  11 
 5 PVCf 0.33 1510  1652  +9  10 
 6 PVCr 0.16 1525  1442  -5  6 
 7 PEth 0.18 1552  1547  -0  9 
 8 PCt 0.10 1588  1447  -9  8 
 9 PVCp 0.08 1606  1446  -10  7 
 10 PMMA 0.00 1619  1380  -15  5 
 11 SG 0.00 1629  1357  -17  3 
 12 PC 0.00 1632  1365  -16  4 

 
and consequently, the order from best to worst insulating material is completely 
changed. This can be explained by the following (opposite effects) of condensation : 
  - on the opacity to far infrared radiation; 

Since water is opaque to far infrared radiation, the presence of a condensate layer 
eliminates the direct radiative heat loss from the vegetation and the floor through 
the cladding to the sky. For a cladding already opaque in the dry state, this effect is 
not a benefit. 

  - on the inner surface emittance; 
Water has a very high far infrared radiation emittance of 0.93. This implies that the 
net radiative heat flux from the floor and the vegetation will be higher if the cover 
is wet for nearly all the materials under investigation. 

  - on the latent heat flux. 
During the condensation process, latent heat is brought from the inside air to the 
cover.  

For materials that are highly transparent to far infrared radiation, the effect of the 
eliminated direct radiative heat loss from the vegetation and the floor to the sky is 
much higher than the effect of the latent heat transfer and the higher radiative heat 
flux to the inner cover surface (due to the increased emittance). As a consequence, the 
magnitude of the reduction or increase of the AHR due to the neglection of inclusion 
of condensation effects is of course related to the radiative properties of the 
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claddings : the higher the transmittance the more important the reductions are. Values 
for the actually used materials are seen to be situated between -17 % for SG and 
+25 % for PEth. From column 6 of Table 3, it can be concluded that for these 
simulation circumstances, the “break-even” value for the transmittance is about the 
one for PEth, namely 18 %, which is rather low when compared to the values found 
by Pieters (1996) for static circumstances and in the absence of solar radiation, which 
were mentioned in the Literature review.   
The fact that in the presence of condensation only the outside radiative properties 
differ for the different cladding materials, explains why the performance of the 
materials in the presence of condensation is almost completely determined by their 
outside surface emittance.  
As a general conclusion, it can be stated that for both dry and wet circumstances, 
materials having a very high reflectance to far infrared radiation give rise to the 
lowest AHR. This is also clearly demonstrated by the results for the ideal material, 
which performed best for both series of simulations. As can be seen, low emissivity 
glass, having an outside reflectance of about 0.80, approaches this ideal situation the 
best. 
It was also observed that for all materials the reduction or the increase of the AHR is 
subjected to small seasonal variations. Fig. 2 gives the monthly AHR for PCt obtained 
with both models (including and neglecting condensation and evaporation).  
As can be seen, the relative effect of condensation is generally smallest during 
summer. The highest relative difference between the results for the two versions of 
the model is not found during winter but during April. This is to be explained by the 
fact that during winter, the transpiration flux densities of the little plants are very 
small, so that transpiration flux densities are also small. This results in a rather small 
condensation flux density to the cover, but at the same time in an almost complete 
coverage of the cladding by water, annuling the direct radiative heat fluxes from the 
inside to the sky. From Fig. 2, it can be seen that during the first month of the culture 
period (December), the beneficial effect of condensation is the strongest, in contrast 
to the situation for the other months. 
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Fig. 2  Monthly AHR for a PCt covered greenhouse, simulated by the complete model 
(grey bars) and by the model neglecting condensation phenomena (white bars) 

 
 
5.2. Humidity levels and latent heat fluxes 
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Table 4 gives the yearly average daytime and nighttime relative humidities (RH) in 
the several greenhouses, in the order of decreasing humidity levels. Again values 
obtained by means of the model including and by means of the one neglecting 
condensation and evaporation are given. 
 

Table 4  Resulting yearly average daytime and nighttime RH for the 
several greenhouses, simulated by (+) the complete model and 
by (-) the model neglecting condensation and evaporation [%] 

 
   day    night  
 ε (IR) + - error  + - error 
IM 0.00 83 93  10  85 96  11 
LEG 0.20 84 92  8  84 93  9 
PP 0.45 84 91  7  83 88  6 
EVA 0.59 83 91  7  82 89  8 
PVCf 0.62 83 91  8  82 90  8 
PVCr 0.69 83 91  8  81 91  10 
PEth 0.79 83 91  8  81 91  10 
PCt 0.81 83 91  9  81 91  11 
PVCp 0.85 83 91  9  81 92  11 
SG 0.90 83 92  9  80 92  12 
PC 0.91 83 92  9  80 92  12 
PMMA 0.93 83 92  9  80 92  12 

 
From this table, it can be seen that neglection of condensation leads to an 
overestimation of the RH by on average 10 %, since in that case no water vapour is 
removed from the inside air by condensation. Since condensation fluxes are 
somewhat higher during nighttime, the corresponding errors are also higher. From 
Fig. 3, giving the average values for each week since the start of the culture period 
(starting on 1 December) for the LEG covered greenhouse, it follows that the 
differences are almost negligible during summer, while they are highest during winter 
and mainly during the growth phase of the crop.  
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Fig. 3  Weekly average RH values for a LEG covered greenhouse, simulated by (+) the 

complete model and by (-) the model neglecting condensation and evaporation 
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From Table 4, it can also be concluded that for the claddings considered here, there 
are nearly no differences between the respective yearly average daytime RH, whereas 
for nighttime values, differences can be as large as 5 %. It is found that the order of 
decreasing humidity in the greenhouse exactly matches the order of increasing far 
infrared radiation emittance. This was to be expected, since in the case of 
condensation, higher emittances give rise to higher heat losses from the cover and 
consequently to higher condensation fluxes and lower RH in the greenhouse. This 
complies with the experiences of growers using low emissivity claddings. It is also 
illustrated by Table 5, where yearly total latent heat flux densities are listed together 
with the relative contribution of condensation to the water vapour removal from the 
inside air for the several greenhouses. 
 
Table 5   Total yearly latent heat flux densities to and from the cover and the floor and relative 

contribution of condensation to the water vapour removal from the inside air 
 

  
ε (IR) 

cond. flux 
dens. cover 
[MJ/(m2.yr)] 

evap. flux 
dens. cover 
[MJ/(m2.yr)] 

cond. flux 
dens. floor 

[MJ/(m2.yr)] 

contribution to 
vapour removal 

[%] 
IM 0.00 410 -21 1.3 79 
LEG 0.20 408 -12 4.7 83 
PP 0.45 449 -11 5.0 87 
EVA 0.59 477 -24 4.3 88 
PVCf 0.62 482 -24 4.2 88 
PVCr 0.69 494 -24 3.5 88 
PEth 0.79 512 -23 3.5 89 
PCt 0.81 510 -11 4.3 89 
PVCp 0.85 516 -11 4.2 89 
SG 0.90 524 -11 3.6 89 
PC 0.91 526 -11 4.0 89 
PMMA 0.93 531 -11 3.6 89 

 
In Table 5, materials are given in the sequence of increasing net total yearly latent 
heat flux density to the cover, i.e., the sum of columns 3 and 4. It can indeed be seen 
that this sequence is exactly the same as the one of increasing emittance for far 
infrared radiation. As a result, the yearly total condensation flux density in the LEG 
covered greenhouse (158 l/m2) is about 30 % lower than in the greenhouse covered 
with a single PMMA plate (208 l/m2). 
For the cover, the evaporation fluxes are about an order of magnitude lower than the 
condensation fluxes. This means that nearly all water that condenses onto the cover is 
evacuated via the condensation gutters, while only a small fraction reevaporates. It is 
seen that for most materials, a higher emittance in the spectrum of far infrared 
radiation gives rise to a lower evaporation flux, as was to be expected, since 
evaporation is most likely to occur in the most insulating greenhouses. As an 
example, monthly total condensation and evaporation flux densities are given for 
EVA in Fig. 4. Evaporation is only observed during summer, while condensation flux 
densities are highest during the early spring, since in winter the young and little plants 
do not bring much water in the air. 
The results of Table 5 point out that condensation and consequently evaporation flux 
densities to the floor are always negligible. Condensation fluxes are only about 1 % of 
the corresponding values for the cover.  Condensation on the floor is mainly observed 
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during spring when the soil, having a very high thermal inertia, is relatively cool with 
respect to the surroundings. For the simulation circumstances and for the materials 
investigated in this study, no condensation on the vegetation was observed. 
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Fig. 4   Monthly latent heat flux densities to or from the cover for an EVA covered greenhouse 
 
Humidity in the greenhouse is mostly not actively controlled. However, an 
appropriate humidity level is very important. When the inside air is too dry, the plants 
will of course wilt. In greenhouses, problems with humidity levels are mostly related 
to air that is too moist, slowing down the growth of plants and fruits. Excess water 
vapour is normally evacuated by ventilation. However, since energy prices have 
increased, ventilation systems mainly aim at keeping the inside air temperature within 
some predefined optimum zone. Control of humidity is mostly a secondary task of the 
ventilation system, for which only smaller modifications in the ventilation rates are 
allowed. Values in the last column of Table 5 allow to assess to what extent 
ventilation and condensation contribute to the nighttime water vapour removal from 
the greenhouse. It is seen that condensation is the far most important sink of water 
vapour; for nearly all greenhouses, it is responsable for 88 to 89 % of the nocturnal 
dehumidification of the greenhouse air. Only for the IM and the LEG covered 
greenhouses, the role of condensation is slightly less important. This implies that 
activally controlling the humidity by ventilation is indeed very difficult during 
nighttime, since increasing the air renewal rate will not only increase the direct water 
vapour removal to the outside air, but also decrease the water vapour removal by 
condensation. Of course, since the relative contribution of ventilation is higher in 
summer (up to 30 %), the efficiency of ventilation for removing water vapour will 
also be higher during this period.  
 
 
5.3. Inside air and vegetation temperatures 
 
Although neglection of condensation and evaporation was seen to give rise to 
relatively important errors of between 0.5 and 1°C on the yearly average cover 
temperature, this case will not be treated here. The discussion will be restricted to the 
inside air temperature, the vegetation temperature and the temperature difference 
between plants and air, because of the importance of the first in current climate 
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control strategies and because of the physiologycal importance of the other two 
parameters. 
 
 
5.3.1. Inside air temperature 
 
Since active greenhouses were assumed for these simulations, neglection of 
condensation did not lead to significant errors in simulating the inside air temperature. 
Fig. 5 gives the example of the PP covered greenhouse. 
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Fig. 5   Weekly average inside air temperature (Ti) values for a PP covered greenhouse, 

simulated by (+) the complete model and by (-) the model neglecting condensation 
and evaporation 

 
The inside air temperature is probably the main parameter in validating (greenhouse) 
climate simulation programs. This might explain why models, neglecting the 
condensation and evaporation phenomena or treating them only in an approximative 
way, are so widely used, although they lead to important errors in estimating the AHR 
or the RH, as demonstrated above.  
Differences in yearly mean inside air temperatures were of course also insignificant, 
since the same setpoints were imposed to all greenhouses. 
 
 
5.3.2. Vegetation temperature and temperature difference 
 
Since photosynthesis by leaves is a temperature dependent process, the vegetation 
temperature is very important with respect to plant growth and fruit setting. In this 
view, it is not important to control the inside air temperature, but the vegetation 
temperature. Of course, it can be expected that the vegetation temperature will be 
closely related to the inside air temperature, so that for climate control systems, the 
inside air temperature is nowadays still the parameter of interest. 
Since plants need energy for transpiration, the leaf temperature is mostly somewhat 
lower than the surrounding air temperature. But when exposed to high radiation 
levels, their temperature on sunshiny summer days might also be higher. This can be 
seen in Figs. 6 and 7, giving the weekly average temperature differences between the 
vegetation and the inside air for a SG and a PP covered greenhouse. 
Fig. 6 clearly shows that for glass products, neglection of condensation leads to an 
important underestimation of the temperature difference and thus also to an 
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overestimation of the vegetation temperature. The largest errors are found for 
wintertime. This can be simply explained by the fact that condensation (which is most 
important during winter) withdraws a lot of water vapour from the air. As already 
discussed in section 5.2., this leads to an important decrease of the RH of about 10 %. 
Since the air becomes dryer when condensation goes on, the evaporation of the plants 
is stimulated, so that part of their sensible heat is converted into latent heat, resulting 
in a lower vegetation temperature. 
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Fig. 6   Weekly average temperature differences between the vegetation and the inside air 

(Tv - Ti) for a SG covered greenhouse, simulated by (+) the complete model and 
by (-) the model neglecting condensation and evaporation 
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Fig. 7   Weekly average temperature difference between the vegetation and the inside air 

(Tv - Ti) for a PP covered greenhouse, simulated by (+) the complete model and 
by (-) the model neglecting condensation and evaporation 

 
From Fig. 7, it can be concluded that daytime values obtained for the PP covered 
greenhouse by means of the complete model on the one hand and by means of the 
model neglecting condensation and evaporation on the other hand, do not differ much. 
For nighttime values, however, the model neglecting condensation is seen to give rise 
to an overestimation of the temperature difference, in contrast to what was found for 
glass. For materials that are highly transparent to far infrared radiation, the heat loss 
of the plants due to enhanced transpiration during condensation is more than 
compensated for by the fact that at the same time less sensible heat is lost since the 
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wet cover annules the direct far infrared radiative heat loss from the vegetation to the 
sky. As a consequence, overestimation of the vegetation temperature and consequent 
underestimation of the temperature difference between the vegetation and the inside 
air are found to become smaller or even inversed for increasing values of the far 
infrared radiative transmittance of the cladding material. 
As already stated, the vegetation temperature is a very important parameter with 
respect to plant growth, while the temperature difference between the vegetation and 
the inside air determines the vapour pressure deficit and consequently the 
transpiration flux density. The fact that the temperature difference between vegetation 
and inside air varies not only according to the greenhouse cladding, but also 
according to the weather circumstances, makes clear that the use of the inside air 
temperature as the controlled parameter in current climate regulation systems is not 
sufficient. As already argued, the vegetation temperature should be considered too. To 
this end, feedback systems could be used, measuring the leaf temperature by e.g. 
needle thermocouples. However, as this kind of thermocouples must be treated very 
carefully, they cannot be used in actual greenhouses, where plants are handled quite 
often. Another solution is the use of computer models, such as the U.D.G.C.M. for 
use as feedforward mechanisms in existing climate regulation systems. As has been 
shown here, such models will have to  contain thorough descriptions of the 
condensation and evaporation phenomena in the greenhouse to be reliable. 
 
 
6. SUMMARY AND CONCLUSIONS 
 
The Universal Dynamic Greenhouse Climate Model (U.D.G.C.M.) was used to 
simulate the effect of condensation and evaporation on the auxiliary heating 
requirements, on the inside air humidity and temperature and on the vegetation 
temperature in greenhouses covered with 12 different cladding materials.  
For the circumstances of the simulations, condensation was shown to increase the 
auxiliary heating requirements for materials having a far infrared radiation 
transmittance lower than 0.18, and to reduce them for all other materials. For the 
materials investigated in this study, the savings ranged between +25 % for PP and 
-17 % for standard glass. Thermal insulation properties were shown to depend 
entirely on the far infared radiation transmittance in the absence of condensation, 
while in the presence of condensation, the outside surface emittance was found to be 
predominant, implying that the status of the cover (dry / wet) completely changes the 
classical cladding sequence from poorly to highly insulating materials. Materials 
completely reflecting all far infrared radiation could be shown to be best insulating 
under both wet and dry conditions. 
It was also demonstrated that neglecting condensation and evaporation gives rise to an 
overestimation of the yearly average inside air relative humidity of about 10 % for 
most materials. Since condensation fluxes were found to be lowest in greenhouses 
cladded with low emissivity  materials, yearly average relative humidities were 
somewhat lower in this kind of greenhouses. This also explains why the relative 
contribution of condensation to the nighttime water vapour removal from the inside 
air was found to be lower for low emissivity cladded greenhouses (79-83 %) when 
compared to the other greenhouses (88-89 %). Evaporation fluxes from the cover as 
well as condensation fluxes to the floor were shown to be negligible when compared 
to condensation fluxes to the cover. 
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Neglection of condensation was shown to have nearly no effect on the simulated 
temperature of an active greenhouse, whereas it can result in an overestimation or an 
underestimation of the vegetation temperature, according to the outside climate 
conditions and to the cladding’s far infrared radiation transmittance, high 
transmittances giving rise to underestimates, underlining the necessity of considering 
the vegetation temperature in greenhouse climate control systems. 
As a general conclusion, it might be stated that greenhouse climate models for use in 
climate control systems cannot do without a detailed description of condensation and 
evaporation phenomea inside the greenhouse. 
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