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HIGHLIGHTS

® A review on the different dehumidification methods in the agricultural industry.

® Main dehumidification methods are ventilation, condensation, and adsorption.

® Discussion on the advantages and disadvantages of various dehumidification methods.
® Analyzing energy consumption and operating cost of dehumidification methods.

® Identifying opportunities for further research and development in this area.

ARTICLE INFO ABSTRACT

Keywords: Humidity is one of the important climate parameters in greenhouse food production. Maintaining humidity
Dehumidification levels within the optimal growth range enhances yield. Moreover, excessively high relative humidity leads to
Greenhouse o diseases and deterioration of the crops. This paper presents a state-of-the-art review of the various dehumidi-
Natural ventilation fication technologies available in the agricultural industry. Several novel conceptual designs from the literature
Condensation . — 1 - . s

Adsorption are also discussed. The principal humidity control approaches utilized in greenhouses are ventilation (natural

and forced), maintaining a high temperature, condensation on a cold surface, and adsorption by hygroscopic
materials. The most common method for dehumidification is ventilation due to its minimal infrastructure.
Although this method is considered the simplest, it causes additional sensible heating loads, particularly in
colder climates. The added heating load can be reduced, ideally eliminated, by employing heat recovery systems.
Furthermore, dehumidification by controlled condensation on a cold surface enables the capture and re-use of
the latent energy released in condensation. By adsorption of water vapor using hygroscopic material, the latent
heat of condensation is converted to sensible heat, which can be used for space heating in the greenhouse. Such a
system can reduce the greenhouse humidity while maintaining a more uniform temperature profile over the crop
canopy and reducing energy consumption. Finally, it is essential to emphasize that an appropriate dehumidi-
fication method should prevent condensation on plant surfaces, and also its operational cost should be as low as
reasonably achievable to remain beneficial for growers.

1. Introduction

Climate control plays a vital role in high-yield greenhouse food
production [1]. The most essential climatic parameters to be controlled
are temperature, humidity, CO, concentration, and supplemental
lighting. An optimum crop growth condition is crucial to increase crop
quality and yield. Several researchers concentrated on the climate
control of greenhouses. Hand [2] reported that physiological disorders
and plant diseases occurred for vapor pressure deficit (VPD) of less than
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0.2 kPa. Shamshiri et al. [3] provided a detailed summary of optimal
temperatures, relative humidity (RH), and VPD for the greenhouse
cultivation of tomato. Cuce et al. [4] reviewed various environmentally-
friendly, energy-efficient, and cost-effective innovations for potential
use in greenhouses to reduce the emission levels and energy con-
sumption. Li et al. [5] discussed the crucial parameters affecting the
greenhouse performance and reported that the inside flow pattern,
thermal characterizes, total solar radiation, wind velocity and direction,
and the greenhouse shape and its orientation had a significant impact
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Nomenclature

Cp specific heat (J/kg K)

cop coefficient of performance

h enthalpy (kJ/kg)

HRV heat recovery ventilator

L, heat of vaporization (kJ/kg)
m mass flow rate (kg/s)

MRR moisture removal rate (kg/s)
P pressure (Pa)

Q heat transfer rate (W)

RH relative humidity (%)

T temperature (°C)

\% volumetric flow rate (m%/s)
VPD vapor pressure deficit

Weomp compressor power (W)

Greek letters

P density (kg/m>)

9] humidity ratio (kg/kg)
& sensible effectiveness
Subscripts

cond condenser

eva evaporator

sat saturation

w water

on the greenhouse performance. Singh et al. [6] reviewed studies of
natural ventilation, shading, and evaporative cooling to control the
inside climate of the greenhouse in the summer. Torre-Gea et al. [7]
summarized the state-of-the-art computational fluid dynamics studies
on the climatic conditions of greenhouses.

Humidity is the most complicated climatic parameter to control in
the horticulture industry. Maintaining set points for the moisture is a
challenge for control and monitoring devices. Relative humidity varies
with air temperature and plants continuously release moisture to the
air. Additionally, humidity control is vital for the health of the crops
and the prevention of diseases. Fig. 1 demonstrates that humidity in the
horticulture industry is a big challenge. Too dry of an environment
slows down the plant growth, while excessive moisture causes plant
diseases [8]. Moreover, humidity control is rather energy-intensive,
especially in colder climates. Therefore, humidity control plays a vital
role in climate control of greenhouses.

Several researchers summarized the studies on the indoor climate
control of agricultural greenhouses. Singh et al. [6] reviewed natural
ventilation, shading, and evaporative cooling techniques for controlling
the microclimate of greenhouses. Syed and Hachem [9] and Li et al. [5]
discussed the influential parameters affecting the heating, ventilation,
and air-conditioning of a greenhouse. Ghani et al. [10] highlighted the
merits of energy-efficient cooling methods implemented in modern
greenhouses in the hot and arid environments. While climate control in
greenhouse horticulture has been the subject of numerous studies, an
energy-focused review and assessment of the humidity control

Lower humidity %

O Increase of possibility of condensation

c Increase of fungal diseases

Reduction of stem lengths

Reduction of leaf sizes

methodologies is missing from the literature. The present paper is an
attempt to address that gap by providing an overview of the general
approaches to humidity control in greenhouses, namely conventional
natural ventilation, forced ventilation, maintaining a high temperature,
condensation on a cold surface by using refrigeration-based systems or
heat exchangers, and adsorption by a hygroscopic material such as
various types of desiccants. A detailed review of the corresponding
research studies, with a focus on energy consumption, is presented.
Opportunities for further research and development in this area have
been identified in the hope that they will guide future research efforts.

2. Why dehumidification is needed?

Humidity in greenhouses is monitored and controlled for different
reasons. The humidity of air can be quantified in terms of the humidity
ratio, defined as the mass ratio of water vapor and dry air, as shown in
Eq. (1) [11].

Myapor
w = —— [kg/kg]
Mair (1)
Another standard parameter to quantify the humidity content of air
is relative humidity (RH), which is defined as the ratio of the partial
water vapor pressure in moist air to the saturation pressure at the air
temperature (see Eq. (2)) [11].

pvapor [

RH = %]

DPsat (2

Reduction of solar radiation entering the greenhouse

Higher humidity

o Reduction of transpiration and nutrient uptake in the plants

Fig. 1. Effects of lower and higher humidity levels in greenhouses.
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While the air temperature varies throughout the greenhouse as
dictated by various factors such as solar radiation, transpiration by
crops, heating, and ventilation [12], the absolute humidity (humidity
ratio) is generally uniform [13]. Therefore, RH can be taken as a
function of the temperature distribution. Where the temperature is
lower, RH is larger, increasing the chance of condensation.

Generally, it is suggested that greenhouse air RH should be kept in
the range of 60-80% for healthy growth. Low humidity leads to re-
duced stem lengths and leaf sizes, which inhibit plant growth [14].
Also, few fungi develop in low RH. On the other hand, higher humidity
levels increment the possibility of condensation on leaves, especially at
night, which results in developing Botrytis and other fungal diseases. At
high humidity levels, plants cannot evaporate water from their leaves,
so the uptake of nutrients such as boron and calcium may be limited.
Moreover, condensation on the greenhouse cover can reduce the solar
radiation entering the greenhouse by as much as 23% [15]. Bakker
[16], for instance, has reported that high humidity in greenhouses has a
significant influence on light interception which leads to the decrement
of photosynthesis and leaf area index (calcium deficiency), an increase
in the number of the leaves, and growth of fungi [17]. The principal
sources of moisture in greenhouses are plant transpiration and the
evaporation of water from the soil. The combination of transpiration
from plant and evaporation from the soil is referred to as evapo-
transpiration. It must be noted that preventing excessive humidity le-
vels is particularly challenging in closed greenhouses which are gaining
popularity in colder climates [18].

The ideal humidity levels for a plant are usually determined based
on water stresses, extreme weather conditions, danger of fungus/pest/
insect attack, maturity stage, and plant growth stage [19,20] and re-
ported in terms of VPD, defined as the difference between the absolute
humidity of the air and the absolute humidity of saturated air at the
temperature of the greenhouse (see Eq. (1)) [21].

VPD = Psat — Pvapor [kPa] 3)

Fig. 2 illustrates the ideal and typical greenhouse growth zones for
horticultural crops: VPDs in the range of 0.45-1.25 kPa are usually
suitable for greenhouse crops with 0.8-0.9 kPa being the ideal range
[22].

Saturation line at VPD= 0 kPa

100
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3. Dehumidification methods

The methods used to dehumidify greenhouses can be categorized
into four groups based on their working principle: ventilation (natural
and forced), maintaining a high temperature, condensation on a cold
surface, and adsorption by hygroscopic materials. In the following,
these categories and their application in greenhouses are discussed, and
a review of the relevant literature is presented.

3.1. Ventilation

Ventilation is the most prevalent method for climate control in
greenhouses, specifically for dehumidification and sensible cooling
[24]. Kacira et al. [25] have proposed that the ratio of the opening area
to the ground area of the greenhouse must be in the range 0.15-0.25 to
ensure adequate ventilation in the greenhouse. Ventilation achieved by
merely opening the vents, without active pressurization, is referred to
as natural or passive [26]. When fans are used to augment air exchange,
ventilation is referred to as forced [27].

3.1.1. Natural ventilation

Natural ventilation does not create additional heating demand when
used to reduce the greenhouse temperature while excess heat is avail-
able in the greenhouse. If the need for ventilation to remove moisture
from the greenhouse is larger than the need for sensible cooling (re-
ducing the temperature), ventilation leads to additional heating loads.
The warm, humid greenhouse air is replaced by cold, dry outdoor air,
lowering the temperature inside the greenhouse. The sensible heat loss
in the greenhouse is given by [11]:

Qsensible = Cpluir Vient (T; - TZ)) [W] (4)

where ;. is the density of air, c, is the specific heat of air, V., is the air
exchange rate through the vent (window), and T; and T, are the tem-
peratures of the air inside and outside of the greenhouse.

In addition to sensible heat, latent heat is also removed through
ventilation [11]:

Qlatem = vaair Vient (Wi - Wo) [W] 5)

where w; and w, are the humidity ratio of indoor and outdoor air
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Fig. 2. Typical and ideal greenhouse growth conditions based on VPD [23].
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respectively, and L, is the latent heat of vaporization.

The air exchange rate Vinumia needed to maintain the humidity ratio
set point w; in the greenhouse

is calculated by
¢trans - ¢c

ond [m3/s]

\ % g =
dehumid W, — w, ( 6)

Table 1
Summary of studies conducted on the natural ventilation in greenhouses.
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where ¢, and ¢, ; are the vapor mass fluxes due to transpiration and
condensation. The desirable air exchange rate is the larger of the ven-
tilation rates required for humidity and temperature control.

Natural ventilation is driven by a difference in the pressure of
greenhouse indoor and outdoor. This pressure difference depends on
many factors, e.g., temperature, size, and location of the openings, wind

Author Ventilation Analysis Location of Area of greenhouse Crop Studied parameters
greenhouse (m?)
Baptista et al. [24] Wind-driven Experimental & United Kingdom 205 Tomato ® wind speed
Theoretical ® wind direction
® in/out temperature difference
® ventilator aperture
Kacira et al. [25] Wind-driven Numerical Japan 2400 - ® wind speed
® side ventilators
® greenhouse span numbers
Papadakis et al. [28] Wind-driven Experimental Greece 384 - ® wind speed
® wind direction
® ventilator opening area
Boulard and Baille [29] Wind-driven Theoretical France 416 - ® wind speed
® wind direction
® opening angle
Bartzanas et al. [30] Wind-driven Numerical Greece 160 Tomato ® vents configuration
Rico-Garcia et al. [31] Buoyancy-driven Numerical Mexico 1872 - ® inside temperature
Benni et al. [32] Wind-driven Numerical Italy 307 - ® wind direction
® roof opening configuration
Boulard and Draoui [33] Wind-driven Theoretical France 416 - ©® wind speed
® wind direction
® opening angle
Boulard et al. [34] Wind-driven Experimental & France 200-400 Tomato ® opening position and type
Theoretical ® wind speed
Boulard et al. [35] Wind-driven Experimental & France 368 Tomato ® wind speed
Theoretical ® vent opening rate
Bournet et al. [36,37] Wind-driven Numerical France 2500 Ornamental plants ® vents configuration
Campen and Bot [38] Wind-driven Numerical Spain 881 No crop ® wind speed
® wind direction
® roof openings configuration
Fernandez and Bailey Wind-driven Experimental United Kingdom 422 Tomato ® wind speed
[39,40] ® wind direction
® in/out temperature difference
® ventilator aperture
Boulard et al. [41] Buoyancy-driven Numerical - 3.3 - ® vent arrangement
Ganguly and Ghosh [42] Wind-driven Numerical India 920 Flowers ® wind speed
® solar radiation
® greenhouse dimension
De Halleux and Gauthier Wind-driven Simulation Canada 10,000 Tomato ® mode of ventilation
[43]
Harmanto et al. [44] Wind-driven Experimental Thailand 200 Tomato ® size of ventilation opening
area
He et al. [45] Wind-driven Numerical China 1980 Lettuce ® vents configuration
® vent opening size
Montero et al. [46] Wind-driven Experimental United Kingdom 0.8 No crop ® vents configuration
Ould Khaoua et al. [47] Wind-driven Numerical France 2600 Ornamental plants ® wind speed
® roof opening configuration
Roy and Boulard [48] Wind-driven Numerical France 176 Tomato ® wind direction
Shklyar and Arbel [49] Wind-driven Numerical Israel 10,200 No crop ® wind direction
® opening angle of the vent
Baeza et al. [50] Buoyancy-driven Numerical Spain 881 No crop ©® vents arrangement
® greenhouse dimensions
® anti-insect screen
Short and Lee [51] Wind-driven Numerical - - - ® wind speed
® wind direction
® side opening size and location
Teitel and Tanny [52] Wind-driven Experimental & Israel 960 Pepper ® opening of roof windows
Theoretical ® height of window opening
® wind speed
® solar radiation
Teitel et al. [53] Wind-driven Experimental & Israel 960 Pepper ® wind direction
Numerical
Teitel et al. [54] Wind-driven Theoretical Israel 69 Rose wind speed
Kittas et al. [27] Wind-driven Experimental France 179 - wind speed

wind direction
opening angle
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velocity and direction, making the characterization and modeling of
ventilation complicated. A summary of research studies investigating
the effects of wind and buoyancy forces on natural ventilation in
greenhouses is presented in Table 1.

There are two fundamental driving forces causing pressure differ-
ence, hence inducing natural ventilation: the wind and the buoyancy
force created by gradients in the density of air. The density is affected
by the temperature and the moisture content of air, which are most
importantly influenced by the solar heat gain, envelope heat losses,
transpiration, and photosynthesis. Ventilation in a greenhouse is
usually caused by a combination of wind and buoyancy effects.
Mistriotis et al. [26,55] reported that for wind speeds in the range of
0.5-2 m/s, the main driving force for ventilation was wind, and the
buoyancy effects remained remarkable and cannot be neglected.
However, Boulard et al. [56], Kittas et al. [57], Papadakis et al. [28],
and Boulard and Baille [29] concluded that the wind forces overcome
the buoyancy forces when the wind speed exceeds 1.8-2 m/s. Never-
theless, Boulard and Baille [29] have shown that the wind speed
threshold is dependent on some factors, including the temperature
difference between the indoor and outdoor air, greenhouse geometry,
opening positions, and height of the equivalent chimney.

Some studies have shown the buoyancy effect to be the dominant
driving force in greenhouses when the wind speed is low. Boulard et al.
[41] observed some air loops between the roof openings and the
greenhouse warm floor and Rico-Garcia et al. [31] reported a stagnant
effect in the center of the greenhouse. Baeza et al. [50] concluded that
employing roof and sidewall openings leads to improved ventilation
rates. Additionally, Fernandez and Bailey [39,40] and Baptista et al.
[24] reported that the inside-outside temperature difference affected
ventilation rate under low wind speeds and has no influence on the
ventilation rate of the greenhouse located in a windy area.

In the case of prevailing wind effect, most of the studies concluded
that the air exchange rate in greenhouses is linearly dependent on the
wind speed [24,28,33,35,39,40,47,54]. Boulard et al. [34], Kacira et al.
[25], and Campen and Bot [38] have presented linear correlations be-
tween the air exchange rate and wind speed only in case of negligible
buoyancy effects. In contrast, Boulard and Baille [29] have reported
that the dependency of the ventilation rate on the wind speed slightly
decreases as the wind speed increases. In addition to the wind speed,
the effect of wind direction on the ventilation has been the subject of
several studies. In some studies, the wind direction has been reported to
have no significant influence on the ventilation rate in greenhouses
[24,28,29,33,39,40]. In contrast, several other studies have reported
considerable effects on the air velocity, temperature, and humidity in-
side the greenhouse [32,38,48,49,53]. For example, Campen and Bot
[38] observed a 50% increase in the ventilation rate by only 10° change
in the wind direction. Since the wind is never constant in speed and
direction, climate differences in the greenhouse are never constant,
which could be the reason for the discrepancy of the reported results.
Therefore, it would be desirable to carry out more studies on the effect
of the wind direction.

The effects of the opening arrangement on natural ventilation in
greenhouses have also been the subject of several studies. The majority
of studies showed that the maximum greenhouse ventilation rate is
achieved when both sidewall and roof vents are used [25,28,36,37,45].
For instance, He et al. [45] demonstrated that the sidewall plus roof
openings are 1.2-6.4 times more efficient than roof or sidewall open-
ings alone, respectively. Ganguly and Ghosh [42] revealed that the
distance between the roof and side openings significantly influences
greenhouse ventilation. Simulations by Bournet et al. [36,37] showed
that sidewall openings at the lowest parts of the wall must be avoided as
they cause a jet stream directly impinging on the crop. However, Short
and Lee [51] revealed that by embedding the sidewall opening in the
lower section of the greenhouse wall, the air mixing is enhanced, and
the temperature at the canopy level becomes more uniform. Bartzanas
et al. [30] showed that the replacement of roll-up openings with
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pivoting openings creates a distinct airflow pattern where the flow
along the roof was intensified. At the same time, in the rest of the
greenhouse, the flow patterns was more homogeneous. Similar ob-
servations have been reported by Montero et al. [46], while conflicting
results were obtained by Campen and Bot [38], who found the roll-up
opening to have higher ventilation rates than the pivoting type.

3.1.2. Forced ventilation

Forced ventilation by fans or blowers expedites air exchange and the
removal of the excess moisture. It is noteworthy that forced ventilation
offers more control over the ventilation rate, which is essential because
“incomplete” ventilation can lead to uneven CO, distribution, low
greenhouse VPD, and high temperature [58]. In this approach, the in-
take air can be mixed and distributed more homogeneously inside the
greenhouse [59]. Moreover, unlike natural ventilation, forced ventila-
tion is notdependent on the buoyancy or wind forces [60].

Forced ventilation is a common practice for greenhouse dehumidi-
fication in the summertime and in tropical areas [61]. In cold climates,
forced ventilation causes heat loss from the greenhouse, resulting in a
higher heating requirement, which makes it uneconomical [62]. Kittas
et al. [27] showed that forced ventilation reduces overheating in the
greenhouse and is a beneficial tool for reducing solar irradiation and
improving the greenhouse climate conditions. In another study, Flores-
Velazquez et al. [63] concluded that, due to better mixing, the com-
bination of roof openings and fan-induced ventilators improves the
climate conditions in comparison with fan ventilation only. Campen
et al. [64] developed an air distributor to adjust air exchange with the
cold outdoor air (see Fig. 3). The return air passed through thermal
screens and went back to ventilators. They concluded that this system is
easily controllable and increased the ventilation efficiency of the
greenhouse. Therefore, the humidity set points could be adjusted more
strictly, thereby saving energy.

3.2. Maintaining a high temperature

The RH inside the greenhouse tends to increase during the night due
to lower temperatures in the greenhouse, while the humidity ratio is
almost the same as in the daytime. As the greenhouse gets colder at
night, the RH increases and may reach saturation levels, resulting in
condensation on the greenhouse envelope and plants. Thus, main-
taining a high temperature inside a greenhouse in the evening can be an
effective method to reduce RH without reducing the humidity ratio
[62]. For this purpose, supplemental heating or extra thermal insula-
tion, e.g. through thermal screens, are required. Since air temperature
should be maintained at an optimum level in greenhouses, this method
is useful only for reducing the RH in the evenings. It is not helpful for

‘,/

/

T )
@.-...ﬁrwﬁhnﬁnﬁ‘.-ﬁ.u‘-\n.l}uﬁn‘-\«" O
4

Ventilator Air duct

Fig. 3. A schematic of a forced ventilation system by mechanical devices [64].
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regular daytime or nighttime temperature and RH management.

3.3. Condensation on a cold surface

Moisture can be removed from the air through condensation. Once
the humid air in the greenhouse comes in contact with an object with a
lower temperature than its dew point, the water content of the air
condenses and is removed from the air. In this approach, the humid air
inside the greenhouse is cooled down to saturation, for example, by
using chilled water or air. The actual moisture removal rate (MRR) from
the greenhouse by condensation on a cold surface can be calculated
using Eq. (5) [11]:

MRR = Pair Vair (@i — @) [kg/S] )

where V,;, is the volumetric flow rate of the air passing over the cold
surface.

Condensation on a cold surface can occur by utilizing natural con-
vection condensation, mechanical refrigeration with controlled con-
densation, and air-to-air heat exchangers. Table 2 summarizes studies
of dehumidification using this approach.

3.3.1. Natural convection condensation

Water vapor can be removed by natural convection condenstaion on
cold surfaces, e.g. finned tubes cooled by chilled water or air. Campen
and Bot [65] devised a low-energy buoyancy-driven dehumidification
approach for greenhouses consisting of cold and hot surfaces for con-
densation and heating. Their experimental results showed that the
prototype of 1 m length of the finned tube could remove 50-65 ml/h of
water vapor from the greenhouse air. The system has been reported to
be scalable [65]. In another study, they examined finned tubes with
chilled water flowing through them for dehumidification of a green-
house [66]. Fig. 4 shows the finned tubes and their location under the
gutter. The humid air moved across the fins by natural convection. They
have reported 40 g/(hmz) moisture removal from the moist air with
80% RH and a temperature of 20°C during the heating periods. Fig. 5
illustrates the latent heat removal in terms of a temperature difference

Table 2
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for greenhouse air with various RH. As can be seen from the figure, less
than 40, 30, and 25% of total heat removal by finned tubes were as-
sociated with the latent heat for the air with RH of 90, 80, and 70%,
respectively. The capital and energy cost were not taken into account in
their study.

3.3.2. Mechanical refrigeration with controlled condensation

Mechanical refrigeration systems can provide controlled condensa-
tion on a cold surface. Controlled condensation is typically achieved
through heat pumps where an electrically-driven refrigeration cycle
removes water vapor from the air. There is excellent potential in em-
ploying a heat pump system for greenhouse air-conditioning based on
its ability to perform the functions of heating, cooling, and dehumidi-
fication. The energy extracted during condensation can be re-used to
reduce the net energy consumption. In a survey of the energy-saving
options for greenhouses in the Netherlands, Saye et al. [67] have
pointed out the high energy saving potentials of recirculating the heat
absorbed by the heat pump dehumidifier back to the greenhouse. A
schematic view of a dehumidifying heat pump is illustrated in Fig. 6. As
shown in this figure, the heat pump operates in a closed cycle with a
refrigerant. The refrigerant in the evaporator is at temperatures below
the dew point of the air stream. As the humid air from the greenhouse
passes through the evaporator, the temperature drops below the dew
point and the moisture in the air undergoes a phase change. As a result,
the air becomes dryer and colder. The heat exchange at the evaporator
Quq and the condensed water mass was then defined as [11]:

Qeva = IoaiyVair (hl - hZ) [W] (8)

mw = pa,'rVair (wl - C‘)Z) [kg/S] (9)

where h; and h, are the air enthalpies at the inlet and outlet of the
evaporator, respectively. In the next step, the air passes through the
condenser, absorbs heat, and as a result, becomes warmer. Latent heat
released during moisture condensation is used as additional sensible
heat for the greenhouse. The power exchange at the condenser Q.onq
may be written as [11]:

Summary of studies conducted on the dehumidification of greenhouses by using condensation on a cold surface.

Author Dehumidification Analysis Location of Area of greenhouse Crop
greenhouse (m?)

Campen and Bot [65] Natural convection CFD & Experimental Netherlands - Cucumber
condensation

Campen and Bot [66] Condensation on finned tubes Experimental & CFD Netherlands 160 Cucumber

Saye et al. [67] Heat pump Theoretical Netherlands - -

Yildiz and Stombaugh [68] Heat pump Simulation USA 244 Cucumber

Gilli et al. [69] Heat pump Experimental Switzerland 358 Tomato

Han et al. [70] Heat pump Experimental Canada 843 Tomato

Chantoiseau et al. [71] Heat pump Experimental France 2350 Flower

Migeon et al. [72] Heat pump Experimental France 2350 Potted plants

Lycoskoufis and Mavrogianopoulos [73]  Heat pump Experimental Greece 63 135 Cucumber

Arbel et al. [74] Heat pump Experimental Israel 1100 Pepper

De Zwart [75] Heat pump Experimental Netherlands 500 Tomato

Céamara-Zapata et al. [76] Heat pump Experimental Spain 877 Tomato

Chasseriaux [77] Heat pump Theoretical France 3000 Rose

Boulard et al. [78] Heat pump Experimental & France 400 Tomato

Theoretical

Chassériaux and Gaschet [79] Heat pump Theoretical France 2340 Flower

Han et al. [80] Heat pump Air-to-air heat Experimental Canada 266 Tomato
exchanger

Campen et al. [81] Heat pump Air-to-air heat Simulation Netherlands - Tomato Pepper Rose
exchanger Cucumber

Rousse et al. [82] Air-to-air heat exchanger Experimental Canada 220 Tomato, Cucumber

Albright and Behler [83] Air-liquid-air heat exchanger Experimental & USA 240 -

Theoretical

De Halleux and Gauthier [43] Air-to-air heat exchanger Simulation Canada 10,000 Tomato

Han et al. [84] Air-to-air heat exchanger Experimental Canada 843 Tomato

Maslak and Nimmermark [85] Air-to-air heat exchanger Simulation Sweden 80,000 Tomato

Zhou et al. [86] Active heat storage release Experimental China 264 Tomato
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Fig. 4. Photo of the greenhouse dehumidification by condensation on finned pipes [66]. The humid air moves across the fins by natural convection.
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Fig. 6. Airflow in a heat pump dehumidifier [71].

Qcond = Lair Vair (h3 - hz) [W] (10)

where h, and h; are the air enthalpies at the inlet and outlet of a con-
denser, respectively.

The efficiency of a heat pump can be expressed in terms of the
coefficient of performance (COP), determined by dividing the desirable
effect of the heat pump by the electrical power needed to run the heat
pump (Compressor energy consumption (Wa,p) and the energy need for
the defrost of the evaporator (Qdefms,)), at a specific temperature. The
higher the COP, the more efficient the heat pump. See Eq. (11) [11]:

cop= — Qo
u/comp + Qdefrost (1 1)

Although dehumidification using heat pumps is very useful, it is also
energy-intensive. For example, for a greenhouse at 22°C and 80% RH,
cooled to 5°C and 100% RH, the absorbed sensible and latent heats are
nearly equal. Thus, only 50% of the power consumption of a heat pump
goes toward dehumidification; the rest results in a cooling effect,which
is not desirable, but unavoidable [65].

Most studies have shown that heat pump dehumidifiers are a pro-
mising option with excellent water and energy savings. This method is
especially attractive for closed greenhouses, facilitating the control of
CO, and humidity levels [68,69]. Han et al. [70,80] compared dehu-
midification options using a heat pump dehumidifier, an air-to-air heat
exchanger, and an exhaust fan system in a commercial tomato green-
house in Saskatchewan, Canada and showed the heat pump system to
have the lowest overall energy consumption. At the same time, it was
the most expensive approach due to its high electricity consumption.
Campen et al. [81] concluded that heat pump dehumidifiers are not
economical, unless used for space heating too. Chantoiseau et al. [71]
and Migeon et al. [72] observed no sign of plant diseases by using a
heat pump dehumidifier with 4 W/m? energy consumption and found
that the energy consumption was 3-8 times less than in the case of
dehumidification through natural ventilation, depending on the out-
door conditions. In another study, Arbel et al. [74] indicated that the
heat pump system was capable of energy savings of about 80% com-
pared to natural ventilation. CAmara-Zapata et al. [76] employed a heat
pump with a COP of 2.5 and water removal of 16.2 g/(hm?) and con-
cluded that it would be beneficial for temperatures higher than 15°C
and RH's of 84-88%. Chasseriaux [77], Boulard et al. [78], and Chas-
sériaux and Gaschet [79] concluded that the system could remove the
excess moisture to avoid condensation on the roof and dripping on the
plants. At the same time, it could not decrease the humidity level of air,
notably if the system was not powerful enough. De Zwart [75] proposed
an internal heat pump dehumidification system, as shown in Fig. 7. The
greenhouse air is cooled to around 14°C to condense some of the water
vapor; then, using a second heat exchanger, the air is heated back to its
original temperature. The results revealed that the heat exchanger re-
quired 2.2 times the latent heat extraction as cooling power. In other
words, on average, condensing 20 g/(hm?) of water vapor content re-
quires 30 W/m? for cooling and 16 W/m? for reheating the air that is
inevitably cooled down during condensation.

3.3.3. Air-to-air heat exchangers

Air-to-air heat exchangers are an alternative controlled condensa-
tion mechanism, preferable in cold climates. These heat exchangers,
known as heat recovery ventilators (HRVs), are designed to extract the
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Fig. 7. A sketch of the internal heat pump dehumidification system proposed in
Ref. [75].

heat from the exhaust air and heat the incoming fresh outdoor air. In
the winter, the warm indoor air is often cooled down to its dew point to
initiate condensation. Fig. 8 shows a schematic view of HRV units.

Heat recovery systems are evaluated based on effectiveness, defined
as the ratio of the actual sensible heat recovered to the maximum
sensible heat that could be recovered by the unit, according to Eq. (10)
[88].

_ maircp,air (TZ - Tl)
(mair cp,air)min(n - Ti) (12)

Es

where T, and T, are the temperature of supply air stream before and
after the heat recovery system, while T; is the temperature of exhaust air
stream before the heat recovery system.

Some studies have considered air-to-air heat exchangers for dehu-
midifying greenhouses. The majority of studies proved air-to-air heat
exchangers to be the most efficient approach, especially during cold
seasons. De Hallaux and Gauthier [43] and Campen et al. [81] con-
cluded that using heat exchangers could lower the energy consumption
and that their benefits depend on the energy consumption and the ef-
fectiveness of the heat exchanger. Campen et al. [81] reported savings
of 0.31-0.84 €/m? for various crops by using air-to-air heat exchangers.
Rousse et al. [82] and Albright and Behler [83] reported that con-
densation plays a significant role in the overall heat exchange and that
only about one-third of the enthalpy could be recovered from the ex-
haust air. Han et al. [84] employed an air-to-air heat exchanger to
provide dehumidification for a commercial tomato greenhouse located
west of Saskatoon, Canada, in cold weather conditions, which is illu-
strated in Fig. 9. They concluded that while the heat exchanger was

(@)
- B e warm and
|~ =N " moist air
outdoor air N | H | l
Q j £ supplied air
Exhaust air e\
Fan
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beneficial during cold and mild weather conditions, it did not meet the
ventilation requirements and was less effective during early mornings
and nights in summer. Increasing the dehumidification capacity of the
heat exchangers to meet the requirements proved to be too costly.
Maslak and Nimmermark [85] modeled a rotary air-to-air heat ex-
changer for dehumidifying a greenhouse, as shown in Fig. 10. The ro-
tary heat exchanger transfers energy in the form of both latent and
sensible heat. The effectiveness of the heat exchanger was reported
70%. The overall energy consumption was reduced by up to 17%
compared to natural ventilation.

3.4. Adsorption by hygroscopic materials

Adsorption of water vapor by hygroscopic materials can be used to
remove moisture from the air and decrease the humidity. Desiccants are
hygroscopic materials that adsorb moisture and are commonly used for
humidity management. Desiccant systems are categorized, based on the
sorbent material, into two types: liquid and solid. Liquid desiccant
systems act based on an open-loop chemical absorption cycle and a low-
grade heat source (see Fig. 11(a)). The moist air is brought in contact
with a rich desiccant solution. The water content of air is absorbed due
to the VPD difference, resulting in dehumidification and dilution of the
desiccant solution. In regeneration, low-grade heat is employed to
desorb the water to an air stream and regenerate the desiccant solution.
Calcium chloride, lithium bromide, and lithium chloride are commonly-
used liquid desiccants [89,90]. Solid desiccants are environmentally-
friendly, non-corrosive, non-flammable, and less expensive than liquid
desiccants. Furthermore, solid desiccants are not chemically reactive
with moist air. Solid desiccant dehumidifier is generally a slowly ro-
tating desiccant wheel or a periodically regenerated adsorbent bed
[91]. Fig. 11(b) illustrates a desiccant wheel dehumidifier consisting of
adsorption and desorption sections. In the adsorption section, the moist
air moves through the desiccant for dehumidification. In the desorption
section, the adsorbed water is removed from the desiccant by a stream
of hot air. Zeolite, titanium silicates, and activated silica gel are typical
solid desiccants [89,90]. Table 3 presents a summary of the studies of
sorption for dehumidifying greenhouses.

As seen in Table 3, most studies focused on the application of liquid-
desiccant dehumidifiers, rather than solid ones, likely due to the pos-
sibility of liquid-desiccant systems to be more easily integrated on the
greenhouse roof. Liquid-desiccant systems are also reported to suc-
cessfully reduce greenhouse humidity and maintain a uniform vertical
temperature distribution over the crop canopy [94,95,100]. On the
other hand, the complexity of the system, the heat required for the
regeneration of the material, and its costly installation pose practical
challenges to the application of hygroscopic dehumidifiers [81]. In
addition, it has been reported that liquid-desiccant systems are only
able to meet 30-50% of the dehumidification load [73,97]. Longo and

(b)
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Fig. 8. Schematic view of HRV systems [87].
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(b)

Fig. 9. An air-to-air heat exchanger used in the study of Han et al. [84]. It was located west of Saskatoon, Canada under cold weather conditions. (a) Schematic view

and (b) image of the setup.
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Return air fan Return air filter

Exhaust air
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Supply air Supply air
filter fan

Rotating
energy wheel

Fig. 10. Schematic view of a rotary heat exchanger used in the study of Ref.
[85]. The rotary heat exchanger transfers energy in the form of both latent and
sensible heat.

Gasparella [96] presented an innovative LiCl desiccant-based dehumi-
dification system for a flower greenhouse (see Fig. 12). The vapor in the
air is absorbed by the hygroscopic solution, while the heat of con-
densation raises the solution temperature above the air temperature.
The desiccant is then heated for regeneration in a hot water coil, con-
nected to a dedicated water heater system. The vapor released from the
heated brine condenses on the inner side of a desiccant solution-vapor
heat exchanger. The heat absorbed by the desiccant is recovered as
sensible heat and transferred to the dehumidified air. The proposed
system was able to remove around 13-20 kg/h of water when the re-
generation water was supplied at 70-85°C. Moreover, 10% energy
saving in the winter season as well as a consistent reduction of Botrytis
and the associated economic and environmental advantages were re-
ported.

There are very few studies conducted on the application of solid-
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desiccant dehumidifiers in the agriculture industry. A solid-desiccant
block system was considered by Sultan et al. [23,101], which is re-
produced in Fig. 13. They analyzed the water uptake of various de-
siccant materials, including activated carbon fiber (ACF), activated
carbon powder (ACP), and silica-gel in the greenhouse. It was shown
that the ACF and ACP dehumidified the greenhouse notably for RH >
40% and RH > 60%, respectively. Silica gel, on the other hand, can
dehumidify the greenhouse at any RH. Nevertheless, according to the
results in [23,101], activated carbons were more efficient, in terms of
the mass of adsorbent required to drive the desiccant. Mahmood et al.
[102] evaluated a desiccant dehumidifier, shown in Fig. 14, for the
storage of agricultural products. They have reported that longer de-
humidification time is required for higher process air RH's. Moreover,
higher COP was observed at a low regeneration temperature, which was
nevertheless not useful for higher latent loads. Rjibi et al. [103] simu-
lated the performance of a desiccant wheel under greenhouse condition
using the TRNSYS software. It was concluded that by increasing the
regeneration air temperature from 60 to 90°C, the humidity ratio can be
decreased from 0.0043 to 0.0007 kg/kg. They reported that a high
regeneration temperature permits better moisture removal during the
adsorptive process.

The heating and dehumidification of desiccants by humidity swing
adsorption is an innovative approach for applications with restricted
heat sources [104,105]. Tsujiguchi et al. [106] evaluated the feasibility
of simultaneous heating and dehumidification by employing a silica gel-
based desiccant. Their experimental setup is shown in Fig. 15. They
have reported successful dehumidification with increased temperature.
By increasing the rotation speed, the amount of water uptake increased
regardless of the air velocity ratios. It was unlikely that the highest

(b) regeneration
air stream
moister dry
desorption
adsorption

%

process
air stream

Fig. 11. A schematic of (a) a liquid desiccant [92] and (b) a solid desiccant [93].
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temperature increment was obtained at a lower rotation speed. They
also observed that increasing the regeneration temperature improves
both dehumidification and heating. It was concluded that in order to
gain heating effects, the regeneration temperature must be above 13°C.

4. Employment of renewable energy sources

Dehumidification driven by renewable energy sources (RES) is
generally economically competitive compared to the conventional
processes powered by fossil energy. Many researchers have investigated
the applicability of RES for dehumidification purposes. Lychnos and
Davies [100] evaluated the performance of a solar-powered liquid de-
siccant system using MgCl, desiccant for greenhouse food production in
hot climates. Their results revealed that this concept is technically vi-
able and could enable year-round cultivation of all the crops and at all
the locations studied. Bouadila et al. [107] employed a solar air heater
collector using a latent heat system. They observed that the system was
able to dehumidify the greenhouse at night and decrease the RH by
! 10-17%. Moreover, it has been reported that using geothermal energy
systems could decrease the greenhouse energy consumption by 20-70%
at various locations [108]. Ozgener and Hepbasli [109,110] in-
vestigated the performance of a solar-assisted ground-source heat pump
system for heating, cooling, and dehumidifying greenhouses. They re-
vealed that this system is economically preferable to the conventional
heating/cooling systems in the Mediterranean and Aegean regions of
Turkey. Effective use of ground source heat pump systems with suitable
technology in modern greenhouses could play a leading role in sus-
, tainable environment control of greenhouses.

Tomato Pepper Rose Cucumber
Lettuce Soy Bean Tomato Cucumber

Crop

Cucumber
Cucumber

Flower

Flower

Cucumber Lettuce
Lettuce

Area of greenhouse (m?)

1500
300
224
1000

63
40
45

Location of greenhouse
Netherlands

Saudi Arabia

India

India Bangladesh Italy Cuba

Greece
Netherlands
Canada
Italy

Italy

5. Summary and discussion

Some growers seek to decrease moisture generation in the green-
house by upgrading the methods of irrigation and culture media. Still,
the effectiveness of such methods is limited because plant transpiration
is the main source of moisture generation. Currently, ventilation is the
most common and simplest dehumidification method in agricultural
greenhouses due to its minimal infrastructure. However, its appro-
priateness depends on the ambient conditions and the fine climatic
control needed for the greenhouse plant. A major problem with this
method is the corresponding heat loss during the cold season, which
increases the heating costs. To illustrate this, Maslak and Nimmermark
[85] and Campen and Bot [38] reported that 20-30% of the total use of
thermal energy for climate control of greenhouses located in Sweden
and Spain is dedicated to natural ventilation for dehumidification de-
pending on the crop transpiration level. In order to overcome this
challenge, the employment of heat recovery by using air-to-air heat
exchangers could be a promising option to save energy. An air-to-air
heat exchanger is an excellent choice for greenhouse dehumidification
in cold regions because it can be applicable usually year around.

Controlled condensation on a cold surface by using heat pump
systems offers a much larger energy-saving potential than heat recovery
exchangers. Heat pumps limit the energy consumption by recycling the
inside air instead of heating the cold outside air. They supply the energy
retrieved from water vapor condensation back to the greenhouse.
Consequently, the main advantage of such a device is to minimize en-
ergy losses by re-using the energy extracted through condensation. In
addition, heat pumps are easy to set up, operate, and maintain, and
their effectiveness in controlling the humidity is independent of the
external air conditions, making them suitable for high humidity
greenhouses in the heating season. The main challenge in using heat
pumps to replace natural ventilation for dehumidification is their high
electricity consumption. The economic and environmental advantage of
this approach depends on the price and source of electricity.

Adsorption or desiccant-based systems are other alternatives for
energy-efficient dehumidification of greenhouses. The main advantage
of adsorption systems is that the latent heat is directly converted into

LiCl LiBr KCOOH
Silica-gel ACP ACF
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CaCl, LiCl
LiCl

CaCl

LiCl
MgCl,
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Fig. 12. Schematic conceptual diagram of the liquid desiccant dehumidification
system proposed by Longo and Gasparella [96].

sensible heat. In other words, the latent heat released during the ad-
sorption process goes back to the greenhouse and assists in heating the
greenhouse air. Since adsorption processes are thermally-driven, they
can be used as an alternative to traditional electricity-driven vapor
compression refrigeration systems, resulting in electricity consumption
reduction. Once this type of thermally-driven system is powered by free
energy sources, such as waste heat or solar energy, it can reduce the
operating costs remarkably; however, the complexity of the system, the
environmental risks, and the heat required for regeneration of the
material make soprtion less practical for use in greenhouses. As dis-
cussed, desiccant systems can be categorized into liquid desiccant, and
solid desiccant systems and their advantages and disadvantages are
listed in Table 4. It can be concluded that solid desiccant dehumidifi-
cation systems have the potential to be employed in greenhouse en-
vironments.

For better illustration, a comparison analysis was conducted to
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Fig. 15. A desiccant wheel dehumidifier with humidity swing adsorption in a
greenhouse [106].

evaluate the energy consumption as well as operating cost of each de-
humidification approach. For this purpose, an outdoor design condition
of T = —10°C and RH = 75% was selected, which represents a con-
tinental climate [111]. The indoor temperature and RH set points were
considered as 20°C and 70%, respectively, and an average

Desiccant Heat Heat Evaporative
wheel source exchanger cooling
Cooling Outdoor air
€« Q |€ € device
Exhaust Regeneration
air air inlet

Process air inlet

Cooling

hot and dry air

device

Greenhouse

Process air

Greenhouse
air

outlet

Fig. 13. A block diagram of a solid desiccant system for agricultural greenhouses [23].
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Table 4
Advantages and disadvantages of each desiccant methods.
Desiccant type  Advantages Disadvantages
Solid ® Highly durable ® Higher regeneration temperature
® Environmentally friendly ® Higher pressure drop in the air flow
® Inexpensive
Liquid ® Lower pressure drop across the system ® Corrosive and can damage the system
® Low regeneration temperature ® Capable of chemically reacting with moist air
.

Higher moisture removal capacity
occupants.

® Any carry-over of liquid desiccant along with supply air stream can cause significant harm to the health of the

® Crystallization occurrence

evapotranspiration rate of 200 g/(hm?) was assumed. In this analysis, a
heat pump with COP of 4, heat exchanger with sensible effectiveness of
65%, and a desiccant-based system with COP of 0.5 were considered,
which are easily available in the market. For example, the Mitsubishi
Electric Corporation manufactures heat pump systems with COP in the
range of 3-5 with various cooling/heating capacities [112]. Daikin
Industries designs and produces heat recovery exchangers for a wide
range of residential and commercial applications with sensible effec-
tiveness in the range of 60-80% and different air flow rates [113]. The
Desiccant Technologies Group, a European company, produces de-
siccant dehumidifiers with various air flow rates (160-18,000 m>/h),
dehumidification capacities (0.6-102.6 kg/h), and power supplies
(1-165 kW) [114].

Fig. 16 shows the performance of various dehumidification methods
in terms of their energy consumption and operating cost. As can be seen
from Fig. 16(a), the net energy consumption of the heat pump is ne-
gative, which means that the heat pump generates more heat energy
than required input energy since its COP is greater than unity. By using
heat pumps, the greenhouse heating system can be even shut down for
some time. In terms of energy, the heat pump system is the most effi-
cient method for greenhouse dehumidification in cold climates, fol-
lowed by heat recovery exchangers and desiccant systems and then
conventional ventilation systems. Fig. 16(b) illustrates the operating
cost of each method, assuming natural gas and electricity prices of $2/
GJ and $0.12/kWh respectively. The desiccant-based dehumidification
system has the lowest operating cost, followed by the air-to-air heat
exchanger, ventilation, and the heat pump system. Although heat pump
systems are the most energy-efficient option, their operating cost is the
highest, making them unpopular for greenhouse dehumidification,
especially in cold climates. It should be noted that the operating cost of
heat pumps is highly dependent on the price and source of energy. It is
concluded that desiccant-based systems and air-to-air heat exchangers
are promising dehumidification systems in greenhouses, considering
energy consumption and operating cost.

5.1. Future research prospects

The present review shows that most studies on alternative dehu-
midification methods concentrate on condensation on a cold surface by
using a heat pump, followed by air-to-air heat exchangers and ad-
sorption systems. All the existing literature on adsorption-based dehu-
midification focuses on liquid desiccants. Solid-desiccant systems are
promising but understudied alternatives for energy-efficient dehumi-
dification of greenhouses. A hybrid of heat pump and desiccant systems
can also increase the energy efficiency and cost-effectiveness of hu-
midity control in greenhouses. Finally, in closed greenhouses, a heat
recovery system integrated into the condensation or adsorption-based
dehumidification system can reduce the net energy consumption. Based
on the present review, very few dehumidification methods are com-
mercially suitable for greenhouse producers in cold regions, such as the
Canadian Prairie Provinces. The systems have drawbacks, such as high
energy consumption, maintenance requirements, high capital and op-
eration costs, and undue complexities of installation. Development of
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efficient, economical, and practical dehumidification technologies is in
order.

6. Conclusions

Humidity control is crucial in greenhouse horticulture, mainly to
provide optimal growth conditions and prevent fungal diseases. While
humidification and dehumidification are both conventional in green-
house horticulture, dehumidification is more complicated and more
energy-intensive. The main approaches to greenhouse dehumidification
are ventilation, maintaining a high temperature, condensation on a cold
surface, and adsorption by hygroscopic materials, which were reviewed
and discussed in this paper.

Ventilation has been proposed as the most common approach, in-
cluding natural and forced ventilation. Although natural ventilation is
the simplest method, it leads to considerable heat losses, especially in
colder climates. Moreover, natural ventilation is difficult to control and
hardly delivers uniform climate conditions inside the greenhouse.
Ventilation can also be induced by mechanical fans or blowers and an
air distribution system inside the greenhouse. Forced ventilation offers
more control over the ventilation rate, and the intake air can be mixed

and distributed more homogeneously inside the greenhouse.
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Fig. 16. (a) Energy consumption; and (b) the operating cost of different de-
humidification approaches.



M. Amani, et al.

Maintaining a high temperature inside the greenhouse is another
method that is effective only for reducing the RH in the evening.

Controlled condensation on a cold surface is widely used in the
horticulture industry, usually done by heat pumps and air-to-air heat
exchangers. Using heat pumps, less than 50% of the total energy con-
sumption is spent on dehumidification, i.e., the removal of latent heat.
The rest must be spent on sensible cooling of the air to reach the sa-
turation point. In order to reduce energy losses, the energy extracted
from the condensation process can be used to re-heat the supply air. The
relative cost advantage of heat pumps over natural ventilation for de-
humidification purposes is directly dictated by the energy costs, i.e.,
electricity vs. natural gas. Air-to-air heat exchangers are another type of
controlled condensation mechanism which is preferred in cold climates.
Additional energy efficiency enhancements can be achieved using heat
recovery systems that recover energy from the warm exhaust air, de-
creasing the net heating demand in the greenhouse.

Adsorption by hygroscopic materials is another method for green-
house dehumidification. The main advantage of this method is the di-
rect transformation of the latent heat into sensible heat, which can be
used for heating the greenhouse. Moreover, desiccant systems can work
with low-grade heat such as solar thermal energy or waste heat, thereby
significantly reducing electricity demand. Sorption-based dehumidifi-
cation systems can effectively reduce the greenhouse humidity, main-
tain a homogeneous vertical temperature profile over the crop canopy,
and reduce the overall energy consumption. Nonetheless, the com-
plexity of the current sorption systems makes them less practical for
application in commercial greenhouses. Further research and develop-
ment aimed at scalable, cost-effective, low-temperature systems can
help the proliferation of sorption technology for environmental control
in greenhouses, bringing about significant cost savings and greenhouse
gas emission reductions.
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