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Abstract: The projected increase of the world’s population, coupled with the shrinking area of
arable land required to meet future food demands, is building pressure on Earth’s finite agricultural
resources. As an alternative to conventional farming methods, crops can be grown in protected
environments, such as traditional greenhouses or the more modern plant factories. These are usually
more productive and use resources more efficiently than conventional farming and are now receiving
much attention—especially in urban and peri-urban areas. Traditionally, protected cropping has
been predominantly practised in temperate climates, but interest is rapidly rising in hot, arid areas
and humid, tropical regions. However, maintaining suitable climatic conditions inside protected
cropping structures in warm climates—where warm is defined as equivalent to climatic conditions
that require cooling—is challenging and requires different approaches from those used in temperate
conditions. In this paper, we review the benefits of protected cropping in warm climates, as well as the
technologies available for maintaining a controlled growing environment in these regions. In addition
to providing a summary of active cooling methods, this study summarises photovoltaic (PV)-based
shading methods used for passive cooling of greenhouses. Additionally, we also summarise the
current humidity-control techniques used in the protected cropping industry and identify future
research opportunities in this area. The review includes a list of optimum growing conditions for a
range of crop species suited to protected cropping in warm climates.

Keywords: greenhouse horticulture; plant factories; climate-control systems; cooling technology;
humidity control; energy use

1. Introduction

Over the past 20 years, the concept of maximising a sustainable yield per unit area has been the
primary goal of agriculture and horticulture industries, due to population growth, climate change,
water shortage, declining arable land and biotic and abiotic stresses to crops [1–3]. More than two-thirds
of the world’s population will be urbanised by 2050 [4], while the available arable land is projected to
decrease by one-third [2]. The arable land per capita of the global population has already decreased
from 0.37 ha in 1961 to 0.19 ha in 2015 (Table S1), with similar trends seen in individual countries [2].
Consequently, farmers are under pressure to increase productivity and look for alternative cropping
techniques that are both energy efficient and environmentally sustainable in the long run [5,6]. Suitable
solutions include protected cropping (or controlled growing) systems, which can be broadly classified
into two categories from the climate-control perspective: greenhouses and plant factories [7–10].

A greenhouse, also known as a glasshouse, is an enclosed environment that generates its own
microclimate. This enables farmers to manipulate inputs and outputs by controlling parameters such as
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heating, cooling, temperature, humidity, CO2 enrichment and fertigation (applying liquid fertiliser via
irrigation). The result is an environment that is conducive for plant growth and development [11,12].
This cropping typology is semi-controlled and mostly relies on solar energy for crop photosynthesis
and heating. Compared with field-grown crops, a greenhouse produces 5–10 times higher yields per
unit area (Table S2) [13] and has 5–10 times higher water-use efficiency [14]. Fully closed or semi-closed
greenhouses use both solar and artificial illumination to reduce energy consumption [15]. A closed
greenhouse can also improve production rate, water conservation and sustainable management [16].
For example, Vadiee et al. [17] showed a >50% energy reduction potential for a closed greenhouse
operating in Nordic climatic conditions. However, reports on closed greenhouses in warm climates
are few.

Plant factories, or indoor farms, are fully enclosed, tightly controlled systems that use 100%
artificial lighting. They are designed for optimising crop production while retaining resources, such as
water and CO2, and are thus gaining popularity in highly populated countries, including Japan, Korea
and Taiwan [18]. Although plant factories do significantly improve water-use efficiency and yield of
vegetable production [15], they make no use of abundant solar energy especially in warm climates.

The energy used for climate control in both systems can be a significant component of their
running cost, and is dependent on factors such as cooling, heating, moisture control, crop type
and variety, physical location and climate. For instance, heating, cooling and dehumidification in
lettuce-production greenhouses accounted for an estimated 30%–40% of energy use per cultivation
area (MJ/m2), although this depended on climatic conditions [15]. While heating technologies for
protective cropping in temperate regions have been extensively studied e.g., [12,19–21], climate-control
approaches for warm regions are limited [22–25]. Protected cropping industries primarily began in
highly populated temperate regions with low temperatures and limited winter sunlight. However, due
to the growing global population and the decline in available arable land, research interest in protected
cropping in warm and arid regions has recently increased.

This review aims to identify climate-control solutions available for protected cropping in regions
that predominantly require cooling methods combined with humidification or dehumidification. The
existing literature lacks enough comprehensive justification for protected cropping in warm climatic
conditions. We address this gap by analysing the benefits of controlled crop cultivation in warm regions
and information on the climate-control requirements with specific emphasis on humidity-control
methods. Findings from our review of both greenhouse climate control and the recently growing area
of plant factory systems are then discussed.

2. Benefits of Protected Cropping in Warm Climates

Warm climates have higher solar radiation than temperate zones. If the water resource is not a
constraint, open field cropping can therefore be practised year-round in warm regions. Consequently,
protected cropping has not been given much consideration in the past. However, a combination of
factors, such as food security, a need to reduce carbon footprints, and growing interest in locally
produced, fresh produce has now prompted governments and farmers in warm and arid climatic zones
to consider protected cropping [26,27]. This is particularly important in warmer climates characterised
by erratic rainfall coupled with higher-than-usual water evaporation [28,29].

As protected cropping allows the control and manipulation of microclimate, thereby creating a
conducive environment for plant health and growth, it could deliver economic, environmental, and
social benefits (Figure 1). Each of these is discussed further below.
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Figure 1. Potential economic, environmental and social benefits of protected cropping in warm climates.

2.1. Economic Benefits

The economic advantages of protected cropping are savings on transportation fuel, storage
and refrigeration [30] and management of pests and weeds [31]. Some of the most profitable leafy
vegetables, such as lettuce (Lactuca sativa L.), perform well in climate-controlled conditions, providing
profitable return to growers in all seasons [31]. Yield components are also higher in protected cropping
than field farming, which can be translated into higher profits [31,32]. A recent study showed that
lettuces grown in vertical systems produce 13.8 times more fresh weight (kg/m2) per unit floor area
than those grown in the field. [33].

2.2. Environmental Benefits

Protected cropping enables urban dwellers to grow crops in soil-free substrates using fertigation,
which benefits the environment by preventing fertiliser runoffs contaminating the natural and pristine
ecosystems [31,34]. It also conserves our precious water resources, with plant factories shown to
reduce water consumption by up to 97% compared to conventional farming [30,32]. The need for toxic
pesticides and herbicides is also reduced. These chemicals are not only dangerous to human wellbeing,
but also a threat to entire biomes and ecosystems [34,35]. Furthermore, protected cropping decreases
food miles and greenhouse gas emissions generated by long-distance transportation, cooling, storage
and packaging [36]. It may also minimise fossil-fuel dependency by using wind, solar and geothermal
energy [30,37,38].

2.3. Social Benefits

One of the key social advantages of protected cropping is the creation of local employment for
urban dwellers [39]. For instance, Orsini et al. [40] reported that urban and peri-urban farming in
its various forms (e.g., greenhouse horticulture, plant factories) would provide jobs for marginalised
social classes, including women and minority groups. In addition, given the proximity of residences
and schools to protected cropping premises, parents with school-age children will be able to combine
paid jobs with unpaid home duties [37,41,42]. Moreover, price of the produce for urban dwellers
will be comparable to traditional farming, given that there is much less fuel, transportation and
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middleman involvement which usually accounts for 60% of product prices [34]. Similar studies
have shown that engaging low socioeconomic populations in protected cropping leads to better
health, food security and education [37,41–43]. Advanced greenhouses and plant factories also offer
employment opportunities for engineers, architects, plumbers, electricians, agricultural scientists,
growers, agronomists, horticulturists, economists and marketers.

Another social benefit of protected cropping is the educational aspect, which can give young and
adult citizens lifelong, hands-on skills that may ultimately boost their overall environmental awareness
and help them make informed choices about healthy food habits [37]. Protected cropping premises
could also play an important role in research and development, as well as providing training and
education for the next generation of skilled employees in the horticultural industry.

3. Climate-Control Requirements for Horticultural Crops in Warm Climates

To grow healthy, productive plants in protected cropping conditions, temperature (air and soil),
humidity, light (Photosynthetically Active Radiation: PAR), CO2, nutrition, electrical conductivity (EC)
and pH need to be controlled [44]. Of these variables, temperature, humidity and light are the vital
determinants of the microclimate inside greenhouses and plant factories [45].

3.1. Temperature

Temperature is the premier environmental factor that influences all stages of plant growth
cycles, such as germination, vegetative growth, flowering and fruit ripening [46]. It also affects
many biochemical and physiological functions, including photosynthesis, transpiration and enzymatic
activities [47–49]. In a greenhouse microclimate, the level of light will influence both the ambient and
plant leaf temperature [50]. Exposing plants to high relative humidity and continuous light reduces
stomatal functions by interfering with the regulation of abscisic acid (ABA), a key plant hormone [51].
Similarly, high relative humidity and high temperature affects stomatal movement, thereby affecting
plant growth, photosynthesis, transpiration and desiccation tolerance [50]. Low chilling temperatures
disrupt radiation absorption by impeding the Calvin–Benson cycle of photosynthesis [52]. Temperature
also plays an important role in cuticle wax morphology and chemical composition, depending on plant
species [53].

3.2. Humidity

Humidity affects plant water status, which in turn influences all processes related to transpiration,
including ion translocation, water balance and transpiration cooling [49,54]. Vapour pressure deficit
(VPD) is the driving force for transpiration in plants and it changes exponentially with change in the
ambient temperature [55]. Low humidity and high temperature usually increase VPD, which in turn
heightens stomatal resistance and increases transpiration [45]. Similarly, low VPD is associated with
reduced plant transpiration, causing dehydration, wilting and necrosis [45]. Extreme humidity affects
both plant vegetative growth and fruit quality and increases the likelihood of disease [46].

3.3. Solar Radiation (PAR Irradiance)

Solar energy is vital for plant metabolism, growth and development [50]. In general,
photosynthetically active radiation (PAR) is commonly described as the electromagnetic radiation
component used by green plants for photosynthesis and is measured as PAR irradiance (W/m2) or
photosynthetic photon flux density (µmol·m−2

·s−1) [55]. PAR is more specifically defined as the
electromagnetic radiation in the waveband of 400–700 nm [56]. PAR irradiance varies, depending on
latitude, season, clouds, greenhouse location and transmissivity of greenhouse covering materials.

The interaction between temperature, humidity and solar radiation has been reported in many
studies [45,46,50,57–60]. For example, temperature directly affects plant water availability, because of
its ability to modulate plant water use via effects on VPD [61,62].
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3.4. Climate-Control Requirements for Crops in Warm Climatic Zones

To sustainably control temperature, humidity and light intensity in warmer climates, growers
must be able to adjust the microclimate of their protected farms through independent control of these
three factors. Temperature inside a greenhouse structure is determined by heat exchange with the
surroundings. This includes air exchange with the surroundings, soil surface, heat exchange through
the walls and the roof. Similarly, humidity inside a greenhouse is determined from the ventilation and
the evapotranspiration from the plants. Joudi and Farhan [22] have established the importance of soil
heat exchange in estimating energy requirement for greenhouses in Mediterranean climates. They
have shown the soil temperature and heat transfer as important parameters predicting the greenhouse
heating and cooling load requirements. However, at the sub surface (~up to 100 m) the earth surface
maintains more stable temperatures that can be used for greenhouse cooling. Further details of this
cooling method are provided in Section 4.4.

Table 1 provides a list of crops normally grown under controlled conditions along with their
temperature and humidity control requirements. Additionally, these plants need to be exposed to
enough photosynthetic flux, as also noted in Table 1.

Table 1. Optimum temperature, relative humidity (RH) and photosynthetically active radiation,
measured as photosynthetic photon flux density (PPFD), for selected greenhouse crops grown in warm
climatic regions.

Crop Optimum Temperature (◦C) Optimum RH (%) PPFD (µmol m−2·s−1) References

Eggplant 25–28 day
14–16 night 65–75 504 [63,64]

Cucumber 25–30 80–90 400 [63]

Tomato 23–27 day
13–16 night 50–60 400 [38,63]

Peppers 22–30 day
14–16 night 60–65 504 [63,64]

Lettuce 24–28 day
13–16 night 65–80 260–290 [64–66]

Strawberry 20–26 day
13–16 night 50–65 200–400 [67]

Beans 22–26 day
16–18 night 70–80 336–420 [63]

Peas 25–30 day
16–18 night 70–80 672 [64,68]

As a result, protected cropping structures in warm climatic conditions may require a combination
of technologies, depending upon the location, to maintain indoor conditions and deliver year-round
output. From a commercial viewpoint, the cost of climate control needs to be economically viable
for growers in these regions. For example, literature-based evidence suggests that cost of lighting
in indoor farms accounts for nearly 40% of operating costs [69], which could negate any financial
advantages over field farming. Upfront and operational energy costs of a protected cropping system
can be reduced through (i) optimum design, (ii) energy-efficient cooling, dehumidification and lighting
technologies, and (iii) incorporating renewable energy. This paper therefore provides a qualitative
comparison of various technologies for climate control from the perspective of reducing energy use.

3.5. Climate Control in Closed Greenhouses and Plant Factories

Closed horticultural production systems have recently garnered much attention given their higher
yield and resource efficiency [18,70]. However, as described above, these systems require microclimate
control and illumination, which are both energy intensive [71,72]. In addition, since these structures
are airtight with little natural ventilation, evapotranspiration from crops tends to increase humidity
levels, thus introducing a requirement for continuous dehumidification. Managing humidity and
temperature in closed greenhouses and plant factories has therefore been the focus of many studies.
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For example, Vadiee et al. [16] reviewed available technologies used in closed greenhouse systems
in different geographical locations and found they all used some form of active cooling to maintain
suitable microclimate conditions. The cooling technologies varied from use of ground-source thermal
storage to heat pumps. However, technological systems for closed greenhouses in tropical or warm
climatic conditions were not considered.

Buchholz et al. [73] developed a prototype closed greenhouse in Spain. The system, which uses a
central cooling tower for cooling and dehumidification, forces hot air to rise to the roof area where it is
further humidified via sprinklers. The humidified air is then directed to the greenhouse floor, while
simultaneously being cooled by a ducted heat exchanger.

Harbick and Albright [70] compared energy use in greenhouses and plant factories in different
climatic conditions in the United States, where greenhouses were cooled using an evaporative pad and
the plant factories were cooled using a chiller. Their analysis showed that plant factories were more
energy intensive than greenhouses for all the climatic conditions tested.

In a similar study, Graamans et al. [15] compared greenhouses and vertical farms (plant factories)
for growing lettuce in three different climatic regions: Sweden, The Netherlands and the United Arab
Emirates (UAE). Plant factories in all regions required dehumidification to maintain internal conditions
along with a substantial cooling energy requirement. The energy required for air conditioning varied
based on location. For instance, in hot and humid regions such as the UAE, air conditioning and
dehumidification energy use (per kg of lettuce production) was reduced by 50% in a plant factory
compared with a greenhouse [15]. However, from the overall energy-use perspective, greenhouses
fared better, due to their use of natural solar radiation.

4. Cooling Technologies for Greenhouses and Plant Factories

Cooling technologies used for maintaining conditions inside a greenhouse can be broadly classified
into two categories: active and passive (Figure 2). Active cooling technologies use a cooling energy
source (e.g., chillers) and a fluid-moving device (e.g., fan or pump) to deliver cooling to the greenhouse.
Passive cooling technologies use mechanisms to control the heat energy source (i.e. solar radiation)
through means such as shading the roof. The suitability of these technologies varies depending upon
the climatic conditions, greenhouse design and crop species. A few researchers have documented
cooling technologies suitable for tropical and subtropical regions [74,75]. These reviews have mainly
focused on simple and cost-effective systems, and rarely cover technologies suitable for fully closed
systems (e.g., chillers) or systems such as desiccant cooling, which control the humidity of the air
stream to make evaporative-cooling technologies more effective.
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4.1. Ventilation-Based Cooling

Natural ventilation techniques use roof and side vents of a greenhouse to replace warm, internal
air with cool, external air. These methods are strictly passive, since they depend upon outside wind
speed and vertical thermal gradients inside the greenhouse to move the air stream. Often these
methods are also used for removing moisture from inside the greenhouse. They are economically
the most attractive solution, due to their minimal infrastructure and operational energy costs, and
considerable research has been dedicated to these systems.

For example, Teitel and Tanny [76] modelled the efficacy of natural ventilation, which was later
validated by experiments carried out in a four-span greenhouse in Israel. The results showed that
opening roof windows decreased temperature and humidity ratio over time. Kittas et al. [77] presented
a model to test air exchange rate with ridge and side openings, which was also validated through
experiments. Demrati et al. [78] conducted a large-scale study of the performance of natural ventilation
in a multi-span greenhouse and compared the results with those of various types of greenhouse designs.
Teitel et al. [79] examined the effect of continuous side openings on the ventilation rate, flow patterns,
temperature, humidity and air velocity in a mono-span greenhouse. The results showed a linear
increase of ventilation rate with wind speed. In addition, the temperature and humidity ratios were
higher closer to the roof, while air velocity was greater near the crops. Dayan et al. [80] developed a
simplified model to calculate the rate of ventilation in a greenhouse used for growing roses and obtained
a good agreement between the predicted numerical values and the validation experiment. They
used this model to demonstrate the influence of forced ventilation on canopy and plant temperatures.
Similarly, Khaoua et al. [81] presented a two-dimensional model using computational fluid dynamics
(CFD) to test the performance of vent arrangement temperature patterns and air flow. The highest
ventilation rate (11–26 h–1) was achieved when the roof vent was placed to in the direction of wind.
Impron et al. [82] presented a simplified model to predict the temperature and humidity of greenhouse
in tropical lowlands of Indonesia This model included ventilation rates as an input parameter. Ganguly
and Ghosh [83] developed and validated a thermal model for a naturally ventilated greenhouse with
ridges and side vents in India.

Benni et al. [84] evaluated the efficacy of natural ventilation in greenhouses in hot climates. They
used CFD modelling to study different vent-opening strategies on natural ventilation and suggested
specific control approaches that consider wind speed and direction as the input. Espinoza et al. [85]
studied the effect of ventilator configuration on the flow pattern in a Mediterranean greenhouse
with obstacles to air flow (surrounding greenhouses). The ventilation rate was affected by ventilator
distribution and obstruction to ventilation systems. They found that a configuration with two roof and
two side vents improved overall air movement. He et al. [86] also used CFD to study the effect of back
wall vents in a greenhouse during hot summer conditions in Jiangsu, China. Removing the back-wall
vents reduced the maximum temperature inside the greenhouse by 5.8 ◦C.

Natural ventilation systems can be very effective in mild climates, and during winter in warm
climates. However, they are not effective during summer in the tropical and subtropical regions where
daytime temperatures are higher than that needed for maintaining greenhouse cultivation conditions.
Ventilation-augmented cooling designs are used in such scenarios. For example, McCartney and
Lefsrud [87] carried out field trials of a natural-ventilation-augmented cooling greenhouse in Barbados.
They identified active cooling as a necessity along with ventilation for year-round growing of crops in
these regions and showed that this method used much less electricity than traditional cooling methods.

In contrast to natural ventilation, fan-forced artificial ventilation uses blowers, draught and
exhausts to lower or match the internal air temperature of the greenhouse to that of the ambient
air [75,88]. A few researchers [89–93] have studied forced ventilation in greenhouses and established
its benefits. Kittas et al. [94] presented a model for forecasting air temperature in a greenhouse with
fan-induced ventilation and found that the variation between greenhouse and ambient air temperature
was strongly related to incoming solar radiation and the rate of ventilation. Teitel et al. [95] compared
the temperature and humidity gradient of fan-forced ventilation and fan-pad systems. Both systems
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reduced the inside temperature, but humidity inside the greenhouse was higher than the ambient
humidity. Gazquez et al. [96] tested various cooling methods for growing sweet pepper and concluded
that the forced-ventilation method does not control the maximum temperature as effectively as other
cooling methods.

Several researchers have investigated the effect of insect screens and nets on greenhouse ventilation
rates. Insect screens offer additional resistance (pressure drop) to air flow. Hence, depending upon
the mesh size, they can alter air flow inside a greenhouse. For example, Soni et al. [97] identified
that different porosities of screens affects the vertical temperature gradients in tropical greenhouses.
Similarly, Fatnassi et al. [98] conducted mathematical modelling using CFD to evaluate the effects
of insect screens on airflow, humidity and temperature. The insect mesh increased humidity and
temperature when the greenhouse roof and side vents were closed. Harmanto et al. [99] established
that the effects of insect nets on humidity and temperature are dependent on mesh netting size.

4.2. Evaporative-Cooling Approaches

Evaporative cooling is the most commonly used method for greenhouse temperature control
and has been the subject of numerous studies [74,89,100–104]. The principle behind evaporative
cooling is to use latent cooling provided by evaporated water to cool the air stream. This process
is isenthalpic: that is, while it reduces the temperature of the air stream, humidity in the air stream
increases. Evaporative-cooling systems used for protected cropping can be broadly classified into three
categories based on the mechanism of water delivery and air movement: fogging (misting), fan-pad
evaporative cooling and roof evaporative cooling. These systems are described below.

4.2.1. Fogging Systems

These designs use a fine mist (or fog) produced by spraying water inside the protected cropping
structure. Fogging systems with reduced water droplet size of between 2–60 µm prevent water droplets
adhering to plant foliage [105]. This method combats leaf dehydration and heat stress due to excessive
temperatures [106,107] and maintains favourable leaf water status when evaporation demands are
higher [106].

Montero et al. [108] used a micro-fogging cooling system in two identical multi-arch greenhouses
fitted with a shading screen of 45% transmissivity, and reported a temperature decrease of 5 ◦C during
hot days compared with an un-fogged greenhouse. Katsoulas et al. [109] investigated the effects of
fogging on plant transpiration and water vapour conductance of a greenhouse-grown rose canopy.
They found that crops were less stressed, but only 40%–45% of fogging water was found to be effective
in cooling rose plants. In another study, Arbel et al. [106] carried out a study combining mechanical
ventilation and fogging, which maintained an air temperature of 28 ◦C and a relative humidity of
80% inside the greenhouse. Ozturk [110] tested the efficacy of fogging in a multi-span greenhouse
and found that it reduced greenhouse temperature by 6.6 ◦C compared with the ambient temperature.
Abdel-Ghany and Kozai [111] investigated evaporation behaviour in a naturally ventilated greenhouse
in a hot day in Tokyo. They reported that evaporating mist absorbed sensible heat from the greenhouse.
In another study, the same authors [112] computed the fraction of mist evaporated after the absorption
of sensible heat from the greenhouse. Toida et al. [113] used an upward airstream fogging system that
increased fog evaporation, thus cooling more efficiently while preventing fungal growth. In a similar
experiment, Perdigones et al. [114] used pulse-width modulation to control fogging in a greenhouse
in summer and found that this method reduces water consumption by 8%–15% compared to fixed
fogging cycle. Zhang et al. [115] examined the effectiveness of micro-fog systems for greenhouse
tomatoes during summer and found that they effectively promote biomass growth, which in turn
increased yield.
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4.2.2. Fan-Pad Evaporative Cooling

This method consists of an evaporative-cooling pad on one side of the greenhouse and an exhaust
fan/blower on the opposite sidewall. Water is circulated in the pad via pumps while hot ambient air is
forced through the wet pad, cooling the air inside the greenhouse while raising relative humidity levels.
This technique is effective if the air inlet humidity level is low, so that additional moisture can be added
to the airstream to reduce its temperature. However, the method is not effective in humid climates.

Abdel-Wahab [116] developed a mathematical model to test the air flow rate, evaporation rate
and cooling potential of a greenhouse in Saudi Arabia. A combination of fan-pad cooling and
external shading greatly reduced water and energy consumption. Jain and Tiwari [101] used statistical
modelling, validated through experiments, to evaluate the cooling efficacy of a greenhouse fitted
with a fan-pad cooling system. They reported a temperature reduction of 4–5 ◦C in the greenhouse.
Ganguly and Ghosh [117] developed a thermal model for a fan-pad cooled greenhouse located in India.
The model showed that their system was not effective during the monsoon period. Xu et al. [104]
studied fan-pad cooling systems in Shanghai, China and reported to a reduction in temperature of
2–3 ◦C below ambient conditions with relative humidity (RH) values of 80%. Moreover, they found
that these systems were cost effective. Various researchers e.g., [118] have studied the impact of
dehumidifying humid air to improve the effectiveness of evaporative-cooling techniques. These studies
are summarised in the section on humidity-control mechanisms.

4.2.3. Roof Evaporative Cooling

Roof evaporative cooling is achieved by circulating a thin film of water on the roof surface to reduce
heat, which in turn reduces air temperature in the greenhouse. Willits and Peet [119] investigated
the cooling efficacy of two greenhouses (treatment and control) fitted with woven poly-propylene
sheet using an intermittent wetting method. The internal temperature was reduced by 41% in the
wetted greenhouse compared with 18% for the control. In another study, Sutar and Tiwari [120]
experimentally evaluated the effectiveness of roof evaporative cooling with and without shading
cloth. Temperatures were reduced by 10 ◦C in the shaded greenhouse and by 4–5 ◦C in the unshaded
greenhouse. Ghosal et al. [121] presented a mathematical model to test the cooling potential of roof
evaporative cooling under three conditions (shading and water sprinkle, shaded and unshaded) on an
even-span greenhouse in Delhi. The modelling results were experimentally validated and showed that
shading and water sprinkle reduced the air temperature by 6% compared with 2% for shaded, while
no reduction was observed for the unshaded greenhouse. In a similar study, Giacomelli et al. [122]
reported reductions of 4 ◦C for a wetted shade blanket over the roof of a greenhouse, and 10 ◦C for
a mobile sprinkle fog nozzle. Helmy et al. [123] reported that two identical greenhouses combining
roof evaporative cooling and interior evaporative cooling significantly outperform the fan-pad system.
However, another study has shown that the water required for evaporative cooling is approximately
67% of the greenhouse’s total water demand, and thus exceeds the water requirement for greenhouse
irrigation [124]. As a result, growers in arid climates are exploring the use of sea water for evaporative
cooling to meet the high-water demand. As this topic is beyond the scope of this review, it will not be
explored further here.

In summary, evaporative cooling is one of the most economical active cooling methods to control
temperature in protected cropping structures. However, these standalone cooling systems have
limitations, due to the addition of moisture to the closed greenhouse. Hence, evaporative-cooling
systems are augmented with ventilation systems to control humidity. In warm climates, evaporative
cooling can reduce the cooling load inside a greenhouse and may be augmented with other active or
passive cooling methods.
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4.3. Heat-Pump Cooling Systems

Heat-pump cooling systems are driven by electrical energy which runs a compressor that circulates
a refrigerant. As a result, in warm climates, the energy used by these systems for air conditioning can
be a significant component of the total energy input. Various researchers have evaluated use of heat
pumps for greenhouse heating [125–130].

Chou et al. [125] used numerical modelling to study the behaviour of a heat pump for climate
control and observed that it delivered the required conditions with a coefficient of performance (COP)
of 1.2 to 4. A few researchers have investigated heat pumps that use the ground as a heat sink to
improve performance. For instance, Benli [129] compared the thermal performance of heating systems
using ground-source heat pumps with R-22 refrigerant and concluded that vertical systems were more
efficient than horizontal systems. Similarly, Esen et al. [127] compared the greenhouse heating running
costs using ground-coupled heat pumps against heating methods such as coal, oil fuel, electricity,
liquid petroleum gas and natural gas. The ground heat pumps outperformed all the other heating
methods except natural gas. Boughanmi et al. [130] studied a geothermal heat-pump system for
greenhouse cooling in Tunisia. Their experimental studies showed such systems can decrease the
greenhouse temperature by 12 ◦C while obtaining a COP of 3.9. However, heat-pump systems for
cooling in warm-climate greenhouses have not often been studied, given their higher operational
costs. For example, Valino et al. [131] compared cost benefits of heat-pump based radiant cooling
with fogging and ventilation for a greenhouse in Spain. They concluded that heat-pump cooling
could only be justified for high-value crops, given that it costs 38 Euro/m2 to run heat-pump radiant
cooling systems.

4.4. Geothermal Cooling Systems

Often referred to as shallow geothermal systems (<100 m), geothermal cooling uses the relatively
stable, low-temperature earth surface to exchange heat and deliver cooling in warm and hot climates.
For example, studies from Thailand found that the average temperatures of undisturbed soil ranged
between 26 and 28 ◦C at a depth of 1 m, while daily summer temperatures can reach 50 ◦C inside
greenhouses [25,132]. The differences between these temperatures suggest the viability of a ground
heat exchanger (GHE) as a cooling solution for warm climate greenhouse crops (Table 1). Horizontal
and vertical earth-tube heat-exchanger systems have been touted as an effective cooling method for
protected cropping in tropical and subtropical regions [6]. This renewable form of energy has been
extensively tested in many countries, including India [133–138], Greece [139], Turkey [20,126,140–142],
China [143], Thailand [25,132,144], Kuwait [145] and Iran [146].

Ozenger et al. [142] experimented with the cooling potential of a closed-loop GHE for a greenhouse
in Turkey and observed a variation in the daily COP ranging from 0.98 to 1.88. Similarly, Ghosal and
Tiwari [134] tested the cooling efficiency of a GHE acquired from a depth of 1 m for a greenhouse and
observed a reduction in temperature of 5–6 ◦C. Al-Ajmi et al. [145] evaluated the cooling potential of a
GHE at a depth of 1.7 m in desert conditions in Kuwait, and found that this method reduced indoor
temperatures by 2.8 ◦C. In Iran, Sanaye and Niroomand [146] examined the cooling and heating loads
of a GHE and noted an increased COP of 3.9–5.4. In a recent study, Mongkon et al. [25] modelled
the cooling performance of a GHE in two identical greenhouses and experimentally validated the
model, showing predicted COPs of 2.41 and 1.9. Although the results of these studies were largely
positive and demonstrate a potential for cooling glasshouses during sunny periods, the reduction
in temperature and RH may not be conducive to plant growth at certain growth stages. Thus, to
create a microclimate suitable for plants at different growth stages, complementary cooling methods,
such as fogging, evaporative cooling and natural ventilation, could be used in conjunction with a
GHE [25,128,147]. A few researchers have pointed out the importance of estimating the undisturbed
ground temperature of areas surrounding the greenhouses, given the spatial variation of deep soil
temperatures [25,132,144].
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4.5. Passive Cooling Technologies: Shading and Reflection

Crops grown in greenhouses in tropical and subtropical regions require different forms of
shading, given the high levels of solar irradiation, which can be detrimental [148]. This form of
greenhouse cooling, using cloths, blinds or reflective material to reduce incoming radiation, is perhaps
economically the second-best option after ventilation. Ahmed et al. [149] categorised shading methods
into (i) whitewash shading, (ii) plastic net shading, and (iii) thermo-reflective shading materials. They
also summarised the literature related to shading available for controlling greenhouse microclimates in
hot regions and reported that it reduces greenhouse internal temperature by 5–10 ◦C in sunny regions.
Garcia et al. [150] compared the efficacy of mobile external shading and fogging vs fixed shading for a
Mediterranean greenhouse and reported that retractable shading with temperature sensors addressed
shading limitations.

In recent years, photovoltaic (PV) panels on greenhouse roof surfaces have been popular in
European Union countries, particularly Mediterranean countries, for generating solar energy while
providing shade during summer months [151]. Driven by high public incentives, some growers
covered most of the roof with PV panels without factoring in plant requirements, resulting in poor
growth and productivity [152,153]. To test the efficacy of this method, Cossu et al. [154] investigated
the light distribution of one fully covered and uncovered greenhouses located in southern Italy. The
authors observed varying light distribution inside the fully covered greenhouse, with only 33% of the
available light detected in comparison to a greenhouse with a transparent roof [154]. More notably,
only 23% and 20% of available natural light were detected at the centre and north aspect of the covered
greenhouse, respectively [154]. These findings are supported by Ahmed et al. [149] who reported
that shading reduces roof transmissivity by 30%–50%. Low levels of solar radiation decrease plant
photosynthesis and respiration, which might increase susceptibility to various plant pathogens [155].
Therefore, mounting PV panels on greenhouses may generate free energy and shading, but comes
at the cost of crop development and yield [154]. However, Dinesh and Pearce [156] suggested that
the introduction of shade-adapted plants in these greenhouses could add economic value to the
crops grown. Marrou et al. [157] also recommended the use of shade-tolerant plants in PV-mounted
greenhouses. In India, Ganguly et al. [158] used a PV-covered greenhouse to grow ornamental plants
with good results, showing the profitability of this method. In another study, Carlini et al. [159]
found that roof-mounted PV panels provided optimal cooling and heating for greenhouse-grown
tomatoes. In Japan, Cossu et al. [154] presented an algorithm to measure the global radiation within
the greenhouse, thus enabling growers to choose agronomically compatible crops in PV-shaded
greenhouses. Marucci et al. [160,161] used transparent, flexible PV on tunnel-type greenhouses and
obtained consistent shading of less than 40%. Klaring and Krumbein [162] in Germany reported that
shading greenhouses with PV reduced growth and yield of tomato plants, but without compromising
fruit quality. In Greece, studies by Kavga et al. [163] and Trypanagnostopoulos et al. [164] revealed
that lettuces grown in 20% PV-shaded greenhouses were of comparable quality to the lettuce grown in
open roof greenhouses.

To circumvent some of the limitations posed by opaque PV panels, Cossu et al. [165] suggested
the use of semi-transparent PV modules specifically designed for greenhouses. In another study,
Cossu et al. [154] reported that semi-transparent PV with spherical microcells, which has a solar
transmissivity of about 73%, has the potential to replace opaque PV panels. Other studies (e.g.,
Kozai et al. [166]), have asserted that PV panels can be used on greenhouses without hindering
solar radiation by carefully factoring in the latitude, time of year, number of panels and greenhouse
orientation. Similarly, Fatnassi et al. [153] observed simply reconfiguring PV panels into a chessboard
shape allowed enough solar radiation for greenhouse crops. Although many of these studies justify
the application of PV in greenhouse as a shading and energy-generating system, other studies reveal a
need for crop-specific shading percentages.
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5. Humidity-Control Methods Suitable for Protected Cropping

The humidity requirements for selected crops grown in greenhouses ranges between RH levels of
50% to 80% (Table 1). These requirements are less stringent than for buildings that aim to maintain
human comfort. Humidity is the most difficult environmental factor to control in terms of greenhouse
heating, cooling and related equipment [49]. The problem is exacerbated by the introduction of
energy-saving mechanisms for tropical and subtropical protective cropping, including shading,
insulation and reduced air exchange, which are all associated with an increase in humidity [54]. For
example, Ahmed et al. [149] documented the impact of greenhouse shading on RH inside greenhouses.
Shading reduced the inside temperature by up to 10 ◦C, which increased RH by up to 20%. Although
shading does not change the moisture content of air, it does affect its moisture-holding capacity through
a reduction in temperature [149]. Similarly, Garcia et al. [150] documented the humidification benefit
provided by fogging methods used for reducing greenhouse internal temperature.

Evapotranspiration from plants plays an important role in determining the air moisture content
inside a greenhouse. It is dependent on plant type, total leaf area, and irradiance levels. As a result,
evapotranspiration rates are higher during the daytime in greenhouses that use solar irradiance. Plants
continually release moisture, which needs to be removed to maintain RH levels. As a result, most
research activities have focused on removing moisture from greenhouses. An intended benefit of
condensing moisture from inside a greenhouse is the release of latent heat of condensation, which can
reduce the energy required for heating. However, for greenhouses that require cooling, the latent heat
associated with condensation needs to be removed continually.

Humidity-control methods for greenhouses can be classified as active or passive (Figure 3).
Kempkes et al. [167] evaluated three standard dehumidification strategies for greenhouses in cold
climates: (i) exchange of dry, outside air through ventilation, (ii) condensation on a cold surface and
(iii) using hygroscopic materials to adsorb moisture. A summary of humidity-control approaches used
for various climatic zones is given in Table 2.
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5.1. Ventilation Based Humidity Control Methods

The easiest and common method of dehumidification is using ventilation to replace the air inside
the greenhouse with outside air. This removes the moisture produced by plant transpiration and
consumes the least amount of energy compared with other dehumidification methods. However, its
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suitability depends upon factors such as ambient conditions, and the fine climatic control required for
the greenhouse crop. For heating-dominated climatic regions, a heat exchanger is often used to recover
some of the heat energy removed, along with ventilation methods that are used to remove moisture.
Rousse et al. [168] and Campen et al. [169] established the benefits of incorporating a heat exchanger
while using ventilation. Various researchers have studied dehumidification methods used for cold
regions and compared ventilation-based energy use with other dehumidification approaches [169,170].
For instance, Han et al. [170] identified that mechanical, refrigeration-based dehumidification is
effective in maintaining greenhouse control conditions throughout the year, including summer.
Campen et al. [169] concluded that the use of hygroscopic materials to adsorb moisture can be effective
but would have higher capital and regeneration energy costs. Piscia et al. [171] carried out coupled
energy balance and CFD simulations to study the efficacy of humidity control in greenhouses and
reported that ventilation was found to be useful until external RH reaches 85%.

5.2. Humidity-Control Methods using Heat Pump Dehumidification

Using heat pumps to condense the moisture in air streams is common in the built environment
industry. As shown in Figure 4, the heat pump operates in a thermodynamic closed cycle with a
refrigerant. The refrigerant in the evaporator is available at temperatures below the dew point of the
air stream. As a result, when the air stream passes over the evaporator coils, the moisture in the air
condenses, resulting in recovery of water. Latent heat released during moisture condensation is used
as additional sensible heat for climatic zones that require heating.Energies 2019, 12, x FOR PEER REVIEW 14 of 24 
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Figure 4. Schematic representation of a dehumidifying heat pump for a greenhouse (Modified from
Chantoiseau et al. [172]).

Humidity-management benefits of heat pumps were reported by researchers in the 1980s [173,174].
The researchers concluded that heat pumps reduce moisture condensation on the interior roof of plastic
greenhouses. Campen et al. [169] quantified the energy used for preventing condensation inside a
greenhouse using heat pumps. Although the operating energy costs were reasonable, they asserted that
the initial cost of equipment was nearly 66% of the total system installation costs. Chantoiseau et al. [172]
compared heat-pump dehumidification with ventilation methods for maintaining humidity inside
greenhouses. They identified that the sensible heating benefit provided by condensation-based
dehumidification effectively reduced the heat needs of the greenhouse. For a heating-dominated
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greenhouse during spring and autumn, the sensible heat released from dehumidification process was
enough without resorting to natural gas for heating. The authors also identified the importance of
control strategies in saving energy costs.

Zapata et al. [175] evaluated the suitability of a heat-pump dehumidifier for mild weather
conditions (15 ◦C, 85% RH). The method was not effective for the tested conditions, and the author
recommended further studies to improve this approach.

5.3. Humidity-Control Methods using Adsorption Methods

The use of desiccant materials (solid and liquid) to actively control humidity inside a greenhouse
has been studied by many researchers [176–178]. Most of this research has focused on liquid desiccants,
rather than solid, likely due to the ability of liquid-desiccant systems to be more easily integrated on
the greenhouse roof.

To control humidity through adsorption, the process must operate continually. The adsorbed
desiccant therefore needs to be regenerated using thermal energy. Given the abundance of solar
radiation in many tropical and subtropical regions, solar heat can be used for this task. As shown
in Figure 5, a solar-based, liquid-desiccant unit comprises a solar regenerator, a dehumidifier and a
sensible cooling system. The hygroscopic liquid removes the moisture from the air stream. The liquid
is regenerated using sunlight, while an indirect or direct evaporative-cooling system is used to provide
sensible cooling.
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Figure 5. Schematic representation of a solar assisted liquid desiccant system with evaporative pad
cooling for greenhouse crops (Modified from Davies [176]).

Davies [176] studied the suitability of liquid desiccant for cooling greenhouses in the hot and
humid Gulf state of Abu Dhabi and claimed to have reduced the greenhouse summer temperature
by 5 ◦C, thus allowing the cultivation of lettuce, cucumber and tomatoes for 6–7 months of the
year. Similarly, Lychnos and Davies [177] tested the efficacy of a solar-assisted, liquid-desiccant,
air-conditioning system for greenhouses in hot climates. They reported a 5.5–7.5 ◦C reduction of
greenhouse temperature, which in turn extended the growing season. In Saudi Arabia, Abu-Hamdeh
and Almitani [178] built and evaluated a solar-assisted, liquid-desiccant cooling system with Al2O3-W,
Fe3O4-W, ZnO and Al2O3 nanofluids. This system reduced the mean daily maximum temperature by
6 ◦C. Ali et al. [179] proposed a modelling and simulation process specifically designed to counter
the evapotranspiration generated by crops inside a closed greenhouse. The results obtained showed
the process to be effective in removing greenhouse water vapour. In addition, simulation results for a
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greenhouse without desiccant humidity control and with desiccant dehumidification were 100% and
75%–85% RH, respectively.

Ghosh and Ganguly [65] evaluated the benefits of a solar-assisted, solid-desiccant system for a
greenhouse in a subtropical climate using a silica gel wheel as the active desiccant material with an
auxiliary fan-pad. This combination restricted the maximum temperature inside the greenhouse to
26 ◦C during the monsoon season. Sultan et al. [180] studied the suitability of various solid-desiccant
materials for use in greenhouse applications. Activated-carbon-based systems were suitable for
applications with RH requirements in the range of 40%–60%, whereas hydrophilic silica gel was found
to be suitable for applications that required RH values of 20%.

Table 2. Summary of studies related to relative humidity (RH) and temperature approaches used in
different geographical locations with varying climatic conditions.

Geographical Location Humidity-Control
Approach, Details

Humidity & Temperature
Control Range Source

The Netherlands Liquid desiccant: calcium chloride Outside humidity of 70%–85% RH [167]

Canada Ventilation with air-to-air heat
exchanger for recovery of heat Below 75% RH inside the greenhouse [168]

The Netherlands Condensing water vapour onto
finned pipes Outside air at 80% RH [169]

France Heat-pump dehumidification
Avoid condensation inside the
greenhouse while maintaining

temperature at 16 ◦C
[172]

The Netherlands Forced ventilation with heat exchange Maintain RH at 80% [181,182]

Cold regions Mechanical refrigeration
dehumidification Maintain RH at 75% [170]

The Netherlands Liquid desiccant, calcium chloride Maintain RH between 75% and 85% [179]

Spain Heat pump dehumidifier 80 to 85% RH @ ambient temperature
above 15 ◦C [175]

Abu Dhabi Liquid desiccant, lithium chloride,
calcium chloride Outside RH in the range of 40%–60% [176]

Coastal cities in hot climatic
zones (e.g., Mumbai)

Liquid desiccant with
magnesium chloride

Various outside humidity ranges.
Humidity control used to improve

effectiveness of sensible cooling
[177]

Saudi Arabia Liquid desiccant, calcium chloride Temperature reduction by 6 ◦C in
humid regions due to use of desiccants [178]

India (tropical, subtropical) Solid desiccant, silica gel
Maintain temperature inside the

greenhouse during monsoon conditions
below 27 ◦C

[118]

India (tropical, subtropical) Liquid desiccant, lithium chloride Maintain greenhouse conditions below
27 ◦C [65]

NA
Solid desiccants: silica gel, activated

carbon powder (ACP), activated
carbon fibre (ACF)

60% RH (silica gel, ACP/ACF)
40% RH (silica gel/ACF)

20% RH (silica gel)
[180]

6. Concluding Remarks and Future Perspectives

Around the globe, protected cropping has contributed significantly to food security for the last few
decades and is expected to increase in future. Traditionally restricted to temperate climates, we have
discussed here the economic, environmental and social benefits of protected cropping in warm climates.
There is limited literature on suitable control methods for protected cropping in warm climates, and
more research is needed. However, through reviewing the available literature, we have been able to
summarise the cooling and humidity-control methods used in various protected cropping designs and
identified that traditional crops grown in warm-climate conditions will require active climate control
to improve productivity and year-round yield. We conclude that suitable climate-control solutions for
specific regions will depend upon the primary objective of the design, such as reducing operating costs
or increasing the accuracy of climate control.

We have also identified the following three research perspectives to help the protected cropping
industry embrace suitable climate-control technology:
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(1) Establish the energy-saving potential of various climate-control approaches for warm climates.
As evident from our literature review, different energy management strategies may be necessary
depending upon warm-climate zone requirements. A combination of solutions may be required to
address this need.

(2) Identify suitable humidity-management systems for various warm-climate conditions.
Although ventilation is the simplest and preferred approach for greenhouse humidity control, in
cooling-dominated climatic conditions (e.g., if the mean day time temperature is >30 ◦C), the sensible
heat addition due to ventilation would increase cooling demand. Similarly, active ventilation in tropical
or subtropical climates will require controlling the humidity of fresh air before it enters the greenhouse.

(3) Primary energy-use reduction in protected cropping for warm-climate zones has received little
attention. These zones have high solar availability during the day, and the highest solar radiation
intensity of all climatic zones. Very few studies have investigated the benefits of using solar energy
in warm-climate regions. Some studies have explored solar cooling for humidity and temperature
control, but practical experience is lacking in real-life operational systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/14/2737/s1.
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between greenhouse and field grown crops.
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