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ABSTRACT  20 

Agriculture accounts for ~70% of freshwater usage worldwide. Seawater desalination alone cannot meet 21 

the growing needs for irrigation and food production, particularly in hot, desert environments.  22 

Greenhouse cultivation of high-value crops uses just a fraction of fresh water per unit of food produced 23 

when compared with open field cultivation.  However, desert greenhouse producers face three main 24 

challenges: fresh water supply, plant nutrient supply and cooling of the greenhouse. The common 25 

practice of evaporative cooling for greenhouses consumes large amounts of fresh water.  In Saudi 26 

Arabia, the most common greenhouse cooling schemes are fresh water-based evaporative cooling, 27 

often using fossil groundwater or energy-intensive desalinated water, and traditional refrigeration-28 

based direct expansion cooling, largely powered by the burning of fossil fuels.  The coastal deserts have 29 

ambient conditions that are seasonally too humid to support adequate evaporative cooling, 30 

necessitating additional energy consumption in the dehumidification process of refrigeration-based 31 

cooling.  This project evaluates the use of a combined-system liquid desiccant dehumidifier and 32 

membrane distillation unit that can meet the dual needs of cooling and fresh water supply for a 33 

greenhouse in a hot and humid environment.  34 
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1. Introduction 36 

1.1 Global Context 37 

As the human population has grown and transportation of food has become easier over the past 38 

century, more and more people have chosen to live in areas of the world that do not have a favorable 39 

ambient environment for the growth of high-value crops such as fruits and vegetables.  Transportation 40 

of food over long distances and across borders leaves regions and nations vulnerable to disruptions in 41 

food supply, a phenomenon known as food insecurity.  A major food importer, the Kingdom of Saudi 42 

Arabia (KSA) has vast regions that are not favorable for growth of food in the outdoor climate.  Factors 43 

that influence the poor production potential in these regions include intense heat, lack of fresh water 44 

for irrigation, and poor soil quality.  45 

Growing fruits and vegetables in greenhouses offers a promising solution for regions that are not able to 46 

support their outdoor growth.  Growing such high-value crops in greenhouses increases the potential for 47 

harvest per unit area of land by as much as 20-fold.  Despite these advantages, the use of greenhouses 48 

in hot climates faces the challenge of providing plants access to solar photosynthetic energy while 49 

rejecting or removing the solar heat energy.  For example, Jeddah, the KSA’s second -largest city, has an 50 

outdoor climate that is only favorable for growth of tomatoes for 25-35% of the year (winter).  The 51 

remainder of the year is too hot, either inducing heat stress or lethally affecting outdoor production.   52 

Jeddah-area producers also face the dual challenges of accessing fresh water for irrigation and poor 53 

quality soils.  Jeddah is not the only region with these problems: intense heat, lack of long-term access 54 

to fresh water for irrigation, and poor soil quality are common throughout the KSA.  As an unsustainable 55 

practice, agriculture within the KSA currently consumes as much as 70-80% of available fresh water [1]. 56 

Unfortunately for the Kingdom, most of this fresh water currently used for agriculture is extracted from 57 

non-recharging fossil aquifer systems. 58 

One of the major factors that affect greenhouse production is the ability to keep temperatures within 59 

the optimal range, generally 20-25° C. In hot climates, this means extensive cooling.  The most common 60 

method of cooling of greenhouses world-wide is evaporative cooling[2].  In evaporative cooling, the 61 

sensible heat of ambient air (temperature) is exchanged for latent heat (humidity) such that air entering 62 

a greenhouse is cooler and more humid than outside air.  It is estimated that the energy use of an 63 

evaporative cooling system is four times less when compared with mechanical air conditioning 64 

processes (www.energy.gov).  However, traditional evaporative cooling consumes a large amount of 65 

fresh water, constituting up to 80% of total greenhouse fresh water consumption [3, 4]. Naturally 66 

occurring fresh water resources are scarce in the KSA desert; most comes from non-recharging aquifers.  67 

In spite of this, pad-and-fan evaporative cooling is widely used in the central dry (non-humid) areas of 68 

the KSA in both plant and animal production facilities[5]. The productivity of such greenhouses is 69 

generally low when compared with technologically sophisticated European greenhouses, and their use 70 

of freshwater for cooling is not sustainable.  71 

Energy-intensive methods for greenhouse cooling may provide short-term solutions in light of the KSA’s 72 

considerable fossil fuel reserves.  Such methods may include traditional refrigeration-based cooling (air 73 

conditioning) or the use of desalinated water for evaporative cooling.  Both solutions are energy -74 
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intensive and use energy from the burning of fossil fuels.  The continued intensive use of fossil fuel 75 

resources is not a long-term solution, and other energy resources are not sufficiently developed at the 76 

present time to replace fossil fuels in the KSA context[6]. 77 

An additional challenge facing greenhouses on coastal deserts is that the high humidity levels limit the 78 

use and effectiveness of evaporative cooling.  Ambient air in such areas is already near saturation with 79 

water vapor, leaving little capacity to exchange sensible heat for latent heat in the evaporative cooling 80 

process.  Greenhouse cooling in hot and humid climates is a significant challenge, both in terms of 81 

economics and engineering[7].  This research aims to advance the science and knowledge of systems 82 

designed for greenhouse cooling in hot and humid climates. 83 

Efforts to build greenhouses using alternative water sources and renewable energy for irrigation and 84 

cooling have demonstrated the feasibility of the approach, but have left substantial room for 85 

improvement. The ‘Seawater Greenhouse for Arid Lands’ project, constructed in Tenerife in 1993, used 86 

evaporative cooling pads perfused with seawater to provide a cooling effect that was satisfactory in the 87 

local climate  (www.seawatergreenhouse.com, [8]). The same method of seawater-evaporative cooling 88 

was subsequently applied in the UAE and in Oman through collaborations between Seawater 89 

Greenhouse Ltd and Sultan Qaboos University[9]. Seawater Greenhouse Ltd implemented a further 90 

project in Australia, which remains in operation under the name of Sundrop Farms 91 

(www.sundropfarms.com), also incorporating a solar-PV fan system to reduce fossil fuel 92 

consumption[10]. More recently, the Sahara Forest Project implemented a greenhouse in Qatar that 93 

uses seawater evaporative cooling (http://saharaforestproject.com). However, existing designs using 94 

seawater for evaporative cooling processes still face the fundamental limitation of evaporative cooling 95 

becoming ineffective when outdoor ambient air humidity is already near saturation.  In humid regions 96 

similar to the coast near Jeddah, this means that average internal greenhouse conditions will often 97 

exceed 30°C during the hot and very humid months (August and September), which reduces product 98 

quality and prevents year-round cultivation of certain types of produce. 99 

1.2 Liquid Desiccant Dehumidification 100 

A critical step towards enabling the adoption of seawater-based evaporative cooling for greenhouses, 101 

which is both energy and fresh-water efficient as compared with other forms of greenhouse cooling, is 102 

to make it effective for use in humid climates.  One potential solution to reduce the amount of humidity 103 

present in ambient air is the use of chemical desiccants to dehumidify the air before it enters the 104 

evaporative cooling system.  The absorption of water vapor can be accomplished using liquid or solid 105 

desiccants directly or indirectly through a membrane contactor[11]. Liquid desiccants are increasingly 106 

being used for dehumidification because of their operational flexibility[12]. Suitable liquid desiccants 107 

include highly concentrated salt solutions like magnesium chloride, calcium chloride, or l ithium chloride. 108 

The driving force behind the effectiveness of a liquid desiccant is its vapor pressure.  A cool desiccant 109 

solution has a lower vapor pressure than the ambient vapor.  Under these conditions, moisture is 110 

transferred from the air to the desiccant solution.   However, when the moisture transfer takes place, 111 

latent heat is exchanged for sensible heat as the heat of condensation is released into the liquid and/or 112 

the air.  The capacity of a liquid desiccant to remove humidity from the air is limited by both its 113 

concentration and its temperature: a concentrated cool desiccant is a good dehumidifying solution[13].   114 

http://www.seawatergreenhouse.com/
http://www.sundropfarms.com/
http://saharaforestproject.com/
file:///C:/Users/lefersr/Desktop/PhD/Thesis/Proposal/Reducing%20the%20Fresh%20Water%20and%20Fossil%20Energy%20Footprint%20of%20Desert%20Greenhouses%20DRAFT%20110414.docx%23_ENREF_25
file:///C:/Users/lefersr/Desktop/PhD/Thesis/Proposal/Reducing%20the%20Fresh%20Water%20and%20Fossil%20Energy%20Footprint%20of%20Desert%20Greenhouses%20DRAFT%20110414.docx%23_ENREF_25
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Therefore, to improve the performance of any liquid desiccant system, attention must be given to 115 

creating sufficient contact between the ambient air and the liquid desiccant to induce desiccation, 116 

removing the heat of condensation from the desiccator using a heat rejecter or exchanger, and keeping 117 

the concentration of the liquid desiccant sufficiently high using a mass regenerator so that the vapor 118 

pressure is maintained below that of the ambient air.  Fresh water can also potentially be recovered for 119 

reuse within the greenhouse for evaporative cooling or irrigation by the liquid desiccant system as 120 

shown in Figure 1.  Use of these coupled processes has the potential of markedly reducing the fresh 121 

water footprint of greenhouse agriculture within a greenhouse to near zero, resulting in a ‘self-watering’ 122 

greenhouse.  123 

1.3 Fresh Water Recovery from Liquid Desiccant Regeneration 124 

To achieve continuous dehumidification for cooling of greenhouse air, the liquid desiccant must be 125 

regenerated by removal of fresh water mass from the desiccant on a regular basis.  To move closer to 126 

the goal of creating a greenhouse with a near-zero fresh water footprint, it is absolutely critical that an 127 

appropriate regenerator be developed and optimized to recover the fresh water that is extracted from 128 

the liquid desiccant. 129 

 130 

 131 
Figure 1: Process diagram showing fresh water cycle within a proposed self-watering greenhouse 132 

2. Theory of self-watering greenhouse using liquid desiccant cooling 133 

The principle of the proposed self-watering greenhouse is shown in Figure 2 below. The illustration is of 134 

a closed greenhouse in which air is recirculated and cooled continuously by an evaporative pad wetted 135 

with seawater, brackish water, or recovered fresh water. For effective cooling to be maintained, 136 

moisture must be removed from the air: otherwise the air will become saturated and the cooling will no 137 
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longer be effective. Removal of moisture is the function of the liquid desiccant that comes into contact 138 

with the air upstream of the evaporator. As a result, the liquid desiccant becomes diluted slightly, and so 139 

it has to be regenerated to the initial concentration. In the process of regeneration, the moisture that is 140 

absorbed by the desiccant is separated and returned to the greenhouse for irrigati on. This makes the 141 

system self-sufficient in freshwater. Whatever water evaporates inside the greenhouse – either from the 142 

plants or from the evaporator – is returned to the greenhouse. Thus no external source of freshwater is 143 

required. 144 

145 
Figure 2: Schematic of the self-watering greenhouse. 146 

Note that removal of moisture by the desiccant results in release of heat, as water vapor is condensed 147 

to liquid state. This latent heat is taken away by a heat exchanger embedded in the desiccator. Seawater 148 

or other cool, brackish water circulates through the heat exchanger as the cooling medium. 149 

As a whole, the system can be viewed as a refrigerator, which removes heat from a greenhouse and 150 

pumps it to the sea, the ground, or the ambient environment. From the general standpoint of the 2nd 151 

law of thermodynamics, this process must require an energy input. Specifically energy is needed for 152 

regeneration. In this case we prefer to use solar energy as the input, but other sources are possible, like 153 

electricity from the grid. The usual criterion of performance of a refrigeration system is the Coefficient 154 

of Performance (COP). It is the heat removed from the cooled space divided by the work supplied to the 155 

system i.e.: 156 

  157 
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 158 

𝐶𝑂𝑃 =
𝑄𝑜𝑢𝑡

𝑊𝑖𝑛
 159 

          [Eq.1] 160 

The COP can be calculated for this system using certain simple and reasonable assumptions as follows: 161 

Assumption 1: the heat 𝑄𝑜𝑢𝑡 removed from the greenhouse corresponds to the latent heat of the water 162 

vapor absorbed by the desiccant. In reality, the heat removed will be slightly greater, because there is 163 

also heat associated with the dilution of the desiccant. In addition, there could be a contribution to heat 164 

removal if the liquid desiccant enters and leaves at different temperatures. However, both of these 165 

contributions are in fact small compared to the large contribution from the latent heat of water vapor. 166 

𝑄𝑜𝑢𝑡 = 𝑚 ℎ𝑓𝑔 167 

         [Eq.2]  168 

Where  ℎ𝑓𝑔 is the specific enthalpy of evaporation and 𝑚 is the mass of water evaporated.  For water 169 

vapor in saturated air at 25°C,  ℎ𝑓𝑔 =2440 kJ/kg. 170 

Assumption 2: the work input 𝑊𝑖𝑛 of regeneration corresponds to the minimum thermodynamic work 171 

of separating the water from the liquid desiccant – in other words the osmotic pressure. This 172 

assumption is much less realistic, but it is used here to indicate the ideal performance that can be 173 

obtained. 174 

𝑊𝑖𝑛 = 𝑃𝑜𝑠𝑚 𝑉 = 𝑃𝑜𝑠𝑚𝑚/𝜌 175 

          [Eq.3] 176 

where 𝑉 is the volume of water removed from the desiccant and 𝜌 is the density of pure water (=1000 177 

kg/m3). An interesting point is that the osmotic pressure is not independent of the desi ccant properties 178 

of the liquid. On the contrary it is closely related because both vapor pressure and osmotic pressure are 179 

colligative properties. This relationship allows a simple expression to be derived for the ideal COP. 180 

The vapor pressure of a solution can be expressed as a fraction of that of the pure solvent. This fraction 181 

is called activity 𝑎, or equilibrium relative humidity (ERH%).  In this case, the relation needed is[14]: 182 

− ln 𝑎 = 𝑉′𝑃𝑜𝑠𝑚𝑅𝑇 183 

          [Eq.4] 184 

Where 𝑅 is the universal gas constant (8.3 kJ/kmol K), 𝑇 is the absolute temperature (taken here as 298o 185 

K) and 𝑉′ is the specific molar volume of the solvent. For most aqueous solutions, 𝑉′ ≈ 0.018 m3/kmol. 186 

Combining the above equations provides the approximate expression: 187 
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𝐶𝑂𝑃 =
22

− ln 𝑎
 188 

          [Eq.5] 189 

It is straightforward to estimate the needed value of 𝑎 because 𝑎 equals the limiting minimum relative 190 

humidity (Equilibrium Relative Humidity) to which the air can be dried in contact with the liquid 191 

desiccant. For an evaporator to cool to the desired temperature, the ERH should be low enough to 192 

provide a desirable wet bulb temperature as an evaporator cannot cool below the wet bulb 193 

temperature of the air.  Bearing in mind that the desiccator will not be perfectly effective in drying the 194 

air, a lower value of ERH for the desiccant is preferred (e.g., if an air of 50% relative humidity is desired, 195 

an appropriate desiccant ERH is 35-40%.) The exact choice will depend on the design and sizing of the 196 

desiccator, the temperature of the liquid used for cooling, and the target temperature inside the 197 

greenhouse. 198 

Figure 3 shows how the ideal COP varies with ERH based on Eq.5. With an ERH of 35% a COP of about 20 199 

is achievable and at ERH 20% we get ideal COP=14. These values of COP are very promising considering 200 

that conventional refrigeration equipment typically gives COP in the range  of only 36. 201 

 202 

Figure 3: The ideal achievable COP increases with the ERH of the desiccant solution. This is because a 203 

liquid desiccant solution that is better at drying and cooling the air will require more energy input for its 204 

regeneration. This relation applies to a range of liquid desiccants, rather than any one in particular, 205 

because it is based on general thermodynamic relations. 206 

It is also interesting that Eq.5 is valid for any aqueous desiccant solution in principle, or in fact for any 207 

liquid desiccant with 𝑉′ adjusted accordingly. As long as the correct value of 𝑎 is used in Eq.5, this 208 

equation is valid regardless of the composition of the liquid desiccant solution.  209 

The real performance of the system depends crucially on the method of regeneration. Possible methods 210 

include, but are not limited to:  211 
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 Open regenerators. These are simple, but inefficient[15] 212 

 Membrane distillation. This includes direct contact, air-gap, vacuum gap  and multistage systems 213 

[16, 17] 214 

 Reverse osmosis or nano filtration. This is potentially very efficient, but the operating pressures 215 

may be prohibitively high[18] 216 

 Electrodialysis[19, 20] 217 

3. Calculations of Greenhouse Fresh Water Needs 218 

3.1 Evapotranspiration of Tomato Crop 219 

Using the Priestley-Taylor Method to estimate evapotranspiration (ET) and assumptions as described by 220 

Valdes-Gomez et al. [21], a peak day in mid-summer was chosen to estimate greenhouse irrigation 221 

needs.  The required inputs for the calculation come from solar radiation data collected in Thuwal, Saudi 222 

Arabia for one day from August 15, 2014 at 19:30 through August 16, 2014 at 19:30 and from assumed 223 

indoor conditions necessary for tomato production (Table 1). 224 

Table 1: Input conditions and expected evapotranspiration at multiple indoor climate goals  225 

Variable 
Indoor 

climate #1 
Indoor 

climate #2 
Indoor 

climate #3 Description 

τ (Tau) 
0.68 0.68 0.68 

Coefficient of solar radiation 
transmission of covering material 

Solar radiation 
(Rge) 

22.3 MJ/ 
m2/day 

22.3 MJ/ 
m2/day 

22.3 MJ/ 
m2/day 

Solar radiation measured outside 
of greenhouse 

Indoor average 
temperature 29.5°C 28°C 25°C 

Average temperature goal in 
greenhouse 

Indoor average 
relative humidity 78% 75% 69% 

Average relative humidity goal in 
greenhouse 

Indoor vapor 
pressure 3.20 kPa 2.83 kPa 2.19 kPa 

Average vapor pressure goal in 
greenhouse 

ET after 
transplant 

2.6 
mm/m2/day 

2.4 
mm/m2/day 

2.0 
mm/m2/day 

Average ET after transplant of 
tomatoes (min) 

ET at start of 
harvest 

8.3 
mm/m2/day 

7.6 
mm/m2/day 

6.3 
mm/m2/day 

Average ET at start of tomato 
harvest (max) 

Total minimum 
greenhouse ET 951 L/day 872 L/day 720 L/day Assuming 9x40m greenhouse 
Total maximum 
greenhouse ET 2970 L/day 2726 L/day 2251 L/day Assuming 9x40m greenhouse 

 226 

Applying these inputs, the estimated ET of a tomato crop just after transplant (crop coefficient 227 

(Kc)=0.4)[22] varies from 2.0 to 2.6 mm and at the start of harvest (Kc=1.25), from 6.3 to 8.3 mm.  This is 228 

more than the maximum measured ET of 5 mm in the cited Chilean study[21], probably due to 229 

variations in solar radiation and temperature.  It should be noted that some water will also be “lost” as 230 
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crops are harvested and plant material is removed from the greenhouse.  The total amount of this water 231 

loss is small in comparison to ET, but will require replacement.    232 

3.2 Water Use by Evaporative Cooler 233 

To estimate water use by the evaporative cooler, the limiting conditions within the greenhouse must 234 

first be set.  The greenhouse under evaluation in this study is a single-pass or recirculating plug-flow 235 

type of greenhouse 40 m long by 9 m wide by 4 m tall.  Cooled air enters at one end and exits or is 236 

recirculated to the cooling system at another, with 40 m between entry and exit.  The maximum 237 

temperature will be realized as solar radiation heats the indoor environment and will reach its highest 238 

point just before exit at the far side of the greenhouse.  For calculations, the average daily maximum 239 

greenhouse temperature was set at 30 °C and the instantaneous maximum temperature was set at 33 °C 240 

[23].  Figure 4 shows the variation in solar radiation and outdoor temperature over the course of the 241 

design day from before sunrise to after sunset. 242 

 243 

Figure 4: Outdoor temperature and solar radiation from before sunrise to after sunset on August 16, 244 

2014 in Thuwal, Saudi Arabia. 245 

To calculate heat gain, the solar radiation accrued inside the greenhouse was found by multiplying the 246 

outdoor solar radiation by the coefficient of solar radiation transmission (τ) of the covering material, in 247 

this case estimated at 0.68 for polycarbonate [24].   The solar radiation (J/m2.s) was converted to energy 248 

added to the greenhouse (J/s) by multiplying the radiation by the floor area of the greenhouse (360 m2) 249 

(Table 2).  Energy added to the greenhouse through the walls was not considered, only solar radiation 250 

was considered in the calculations of energy flux into the greenhouse between the inlet from the cooling 251 
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system and the outlet.  The amount of energy transferred through the walls is expected to be small 252 

compared with the amount of energy added via solar radiation; therefore, it was ignored. 253 

Table 2: Dry bulb temperatures and solar radiation input into calculations 254 

Parameter Daily Peak Average Daily Low Comments 

Dry bulb temperature in 
greenhouse 

33°C 30°C 25°C Goal, input into calculations 

Dry bulb temperature 
outside of greenhouse 

36.5°C 32.0°C 29.1°C 
As measured: August 16, 
2014, Thuwal, Saudi Arabia 

Solar radiation outside 851 W/m2 
253 

W/m2 
0 W/m2 

As measured: August 16, 
2014, Thuwal, Saudi Arabia 

Solar radiation inside 579 W/m2 
172 

W/m2 
0 W/m2 

Calculated using coefficient 
of solar radiation 
transmission (τ) = 0.68 [24] 

 255 

The energy added to the greenhouse is then converted into temperature gain.  First, the total energy of 256 

air in the greenhouse at the outlet conditions is found at desired conditions of temperature and relative 257 

humidity.  Then, the total maximum allowable energy at the inlet of the greenhouse can be back 258 

calculated by subtracting the energy added through solar gain.  Next, a desired relative humidity at the 259 

inlet of the greenhouse is chosen. The inlet dry bulb temperature can be calculated using the 260 

psychrometric chart and the inlet enthalpy. The absolute humidity of the air entering can be estimated 261 

using the inlet dry bulb temperature and relative humidity.  The expected transpiration from the tomato 262 

crop can then be added to estimate the outlet absolute humidity, which can be converted to relative 263 

humidity. After iterating a few times, an estimated inlet temperature can be found to satisfy the energy 264 

and mass balances and to provide desired values at the outlet. After these iterations are complete, 265 

simply subtracting the calculated inlet temperature from the outlet temperature allows for an 266 

estimation of the temperature gain within the greenhouse from inlet to outlet (Table 3). 267 

Table 3: Energy addition and temperature increase in greenhouses based on 360 m2 floor area 268 

Parameter Daily 
Peak 

Average Daily 
Low 

Comments 

Air exchanges per hour 60 30 10 
Total volume of air passing 
through greenhouse each hour 
divided by greenhouse volume 

Energy added by solar 
radiation per exchange 

12,500 
kJ/cycle 

7,400 
kJ/cycle 

0 
kJ/cycle 

Energy added per volume of 
greenhouse air evacuated 

Relative humidity of air from 
cooling system into 
greenhouse 

85% 85% 85% Goal, input into calculations 

Dry bulb temperature of air 
from cooling system into 
greenhouse 

26°C 26°C 25°C 
Selected based on solar energy 
gain (below) and maximum 
desired conditions (Table 1) 

Estimated temperature gain 
in greenhouse 

7.0°C 4.0°C 0.0°C Maximum minus minimum 
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 269 

Using the values obtained for desired temperature and humidity of air from the evaporative cooler to 270 

the greenhouse, it is easy to calculate both the air conditions desired for input into the evaporative 271 

cooler and the amount of water evaporated by the evaporative cooler.  The temperature and relative 272 

humidity of air into the evaporative cooler are calculated using the expected cooling efficiency (η) [5]. 273 

Using psychrometric equations to calculate the absolute humidity before and after the evaporative 274 

cooler, the difference in absolute humidity is calculated by subtraction.  Multiplying the difference in 275 

absolute humidity (kg/kg) by the expected airflow (kg/s) through the evaporative cooler provides an 276 

estimate of the amount of water evaporated per unit of time (Table 4).  In this case (August 16, 2014 in 277 

Thuwal, Saudi Arabia), the expected daily water evaporated by the evaporative cooler is estimated at 278 

~3,100 liters (assuming preconditioning by a liquid desiccant unit, discussed in the next section) .  279 

Table 4: Calculation inputs and results to estimate water use by evaporative cooler  280 

Parameter Daily 
Peak 

Average Daily 
Low 

Comments 

Expected efficiency of 
evaporative cooling system, (η) 

75% 75% 75% 10 cm pad, 45degree 
angles, [5] 

Max dry bulb temperature into 
evaporative cooler 

31.9°C 31.9°C 30.8°C Calculated from pad cooling 
efficiency 

Max relative humidity into 
evaporative cooler 

52% 52% 52% Calculated from pad cooling 
efficiency 

Calculated water use of 
evaporative cooler 

257 
kg/hr 

129 
kg/hr 

42 
kg/hr 

Calculated based on pad 
cooling efficiency and 
airflow rate 

 281 

If freshwater is used as the evaporative cooling liquid, it can be added with the  estimated tomato crop 282 

evapotranspiration rates to get the total fresh water use rates for the described greenhouse: 3,888 liters 283 

per day for a recently transplanted tomato crop to 5,580 L/day at the start of harvest. If seawater or 284 

another brackish water source is used for evaporative cooling, then only the irrigation system and plant 285 

material removed from the greenhouse (harvested produce) consume fresh water on a daily basis.   286 

4. Calculated desiccator needs and proposed design 287 

4.1 Desiccator design calculations 288 

To meet the needs of humidity and temperature removal such that the inlet conditions to the 289 

evaporative cooler are suitable, a desiccator is proposed to remove humidity and adjust temperature. 290 

The requisite performance of the desiccator can be calculated using the calculated temperature and 291 

relative humidity input into the evaporative cooler, along with the ambient temperature and relative 292 

humidity.   293 

The ambient outdoor conditions are available for the experimental day from weather station data.  294 

Using the ambient dry bulb temperature and relative humidity, the absolute humidity in kg of water per 295 
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kg of air can be obtained from psychrometric relations.  From the evaporati ve cooler calculations, 296 

desired outlet dry bulb temperature and relative humidity from the desiccator unit are also know n and 297 

can be used to obtain the absolute humidity.  By simply subtracting the absolute humidity after the 298 

desiccator from the absolute humidity before the desiccator, the required humidity removal can be 299 

found in kg water/kg dry air.  Multiplying this value by the flow of air required (already calculated for the 300 

evaporative cooler) allows estimation of the humidity removal required per unit of time desired.   301 

The estimated humidity removal efficiency of the desiccator on the basis of absolute humidity can be 302 

calculated from the following equation: 303 

𝜂𝑑 =
𝑊𝑖 − 𝑊𝑜

𝑊𝑖
 304 

[Eq.6]   305 

Where 𝜂𝑑 is equal to the humidity removal efficiency of the desiccator, 𝑊𝑖represents the absolute 306 

humidity at the inlet of the desiccator and 𝑊𝑜 represents the absolute humidity at the outlet of the 307 

desiccator. 308 

Finally, the required energy removal in kJ/h by the desiccator can be estimated by subtracting the 309 

enthalpy of the air after the desiccator from the enthalpy of the air before the desiccator and 310 

multiplying this value by the total air flow per unit time. Estimated values for a desiccator to meet the 311 

needs of the August 16 design day are shown in Table 6.  These values assume that 100% of the air input 312 

into the desiccator comes from the outdoors. 313 

314 
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Table 5: Desiccator design values using 100% outdoor air as input 315 

Parameter 
Daily 
Peak 

Average Daily Low Comments 

Dry bulb temperature 
into evaporative cooler 

32.5°C 32.5°C 30.8°C 
Calculated from pad cooling 
efficiency 

Relative humidity into 
evaporative cooler 

52% 52% 52% 
Calculated from pad cooling 
efficiency 

Outdoor dry bulb 
temperature 

36.5°C 32°C 29.1°C 
As measured: August 16, 
2014, Thuwal, Saudi Arabia 

Outdoor relative humidity 60% 73% 84% 
As measured: August 16, 
2014, Thuwal, Saudi Arabia 

Required humidity 
removal by desiccator 

839 kg/h 354 kg/h 126 kg/h 
Based on ambient and input 
conditions into evaporator 

Required humidity 
removal efficiency of 
desiccator 

35% 31% 34% 
% of absolute humidity (kg 
water/kg dry air) removed 

Required energy removal 
by desiccator 

256 x 104 
kJ/h 

870 x 103 
kJ/h 

278 x 103 
kJ/h 

Based on temperature and 
heat of condensation removal 

 316 

As a lower-energy alternative, air may be recycled from within the greenhouse to provide a lower-317 

energy input into the desiccator.  Table 6 summarizes required desiccator performance if 100% of air 318 

input into the desiccator is recycled from inside the greenhouse. 319 

Table 6: Desiccator design values using 100% recycled air from greenhouse outlet as input 320 

Parameter Daily 
Peak 

Average 
Daily 
Low 

Comments 

Dry bulb temperature into 
evaporative cooler 

32.5°C 32.5°C 30.8°C 
Calculated from pad cooling 
efficiency 

Relative humidity into 
evaporative cooler 

52% 52% 52% 
Calculated from pad cooling 
efficiency 

Maximum dry bulb 
temperature in greenhouse 

33°C 30°C 25°C 
Goal, input into calculations 

Expected relative humidity 
at greenhouse outlet 

57% 67% 85% 
Calculated based on other 
inputs 

Required humidity removal 
by desiccator 

295 kg/h 147 kg/h 
48 

kg/h 
Based on ambient and input 
conditions into evaporator 

Required humidity removal 
efficiency of desiccator 

16% 16% 16% 
% of absolute humidity (kg 
water/kg dry air) removed 

Required energy removal by 
desiccator 

790 x 103 
kJ/h 

234 x 103 
kJ/h 

6,220 
kJ/h 

Based on temperature and 
heat of condensation 
removal 

4.2 Direct Contact Desiccator 321 

A desiccator has been designed to meet the dual needs of humidity and energy removal, as shown in 322 

Figure 5.  The shown desiccator integrates cellulose pads with embedded heat exchange pipes. It is 323 
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based on the design described by Lychnos and Davies. [15, 25] The cellulose pad provides the surface 324 

area for air to desiccant contact and humidity removal.  The embedded heat exchange pipes are 325 

included to remove energy from the system.  Liquid desiccant is distributed over the cellulose pads from 326 

the top and flows via gravity to the bottom, where it is collected and (based on concentration) is either 327 

pumped to a regeneration system (to remove condensed water) or recycled back to the top of the 328 

desiccator (to absorb more humidity).  A cooling liquid (brackish or sea water from the sea, the ground, 329 

or a cooling tower) circulates through the heat exchange pipes from the top left to the bottom left, to 330 

the bottom right, and then finally out through the top right of the proposed system.  As the cooling 331 

liquid moves through the system it acts as a heat sink, collecting energy from the desiccator system and 332 

transporting it out of the system. 333 

 334 

Figure 5: Integrated cellulose pad desiccator with heat removal pipes built in 335 

The shown desiccator is currently under construction in the KAUST workshop and will be tested for 336 

performance during the coming year. 337 

4.3 Hollow Fiber Membrane Desiccator  338 

The second desiccator system proposed for testing integrates hollow fiber membranes to separate the 339 

liquid desiccant from direct contact with the air.  Hollow fiber membranes with a liquid desiccant 340 

solution have been used by other researchers to effectively dehumidify lab-scale experiments[11]. An 341 

advantage of this system is that it prevents any possibility for aerosol s to develop from the desiccant 342 

salts and enter the greenhouse. It also prevents any airborne dust from entering the desiccant stream.  343 

Desiccant In 

Desiccant Out 

Air In 

Air Out 

Cooling Liquid In 

Cooling Liquid Out 
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A disadvantage of this system is that an additional mass transfer barrier exists between the air and the 344 

desiccant.  Testing of a hydrophobic polyvinylidene fluoride (PVDF) based triple-bore hollow fiber 345 

membrane with a circulating calcium chloride desiccant solution is now underway in the KAUST Water 346 

Reuse and Desalination Center.  347 

5. Liquid Desiccant Regenerator Performance and Sizing 348 

A regeneration system is required to remove condensed humidity from the liquid desiccant to enable 349 

continuous operation and to maintain a constant desiccant ERH.  Peak system regeneration needs were 350 

839 kg/h on the design day with 100% outdoor air input and 295 kg/h with 100% recycled air input 351 

(Table 5 and 6.)   352 

5.1 Hollow Fiber Vacuum Membrane Distillation Laboratory Results 353 

A hydrophobic polyvinylidene fluoride (PVDF) hollow fiber membrane was manufactured in the lab using 354 

a 12 wt% polymer solution.  After manufacture, the hollow fibers were investigated using a Quanta 600 355 

FEG scanning electron microscope (Figure 6).  356 

Following characterization of the hollow fibers, a setup was created in the lab to test the regeneration 357 

performance of the fibers under vacuum.  Calcium chloride desiccant solution was pumped through the 358 

lumen of the hollow fiber by a peristaltic pump at a rate of 20 mL/min.   Vacuum was applied at the 359 

outer surface of the hollow fiber to retrieve the vapor passed through the membrane wall.   A pressure 360 

meter was installed between the peristaltic pump and the hollow fiber.  A temperature and conductivity 361 

meter was installed after the hollow fiber to measure solution conditions after the membrane 362 

distillation process.  The solution was recirculated into the primary container where it mixed with the 363 

bulk, lower concentration desiccant solution. The primary container consisted of a jacketed glass tube 364 

with connections for a circulating heating or cooling liquid.  Water heated to 50 °C was circulated in the 365 

outer tube to warm the bulk desiccant. The total amount of water removed from the desiccant so lution 366 

was measured by passing the vacuum line through a condenser trap cooled by liquid nitrogen.  367 

Therefore, all water vapor in the vacuum line condensed and froze inside the trap during the 368 

experiment, allowing the final weight of the recovered water to be measured post-experiment.  The 369 

conductivity of permeate collected was also measured post-experiment to evaluate its potential use as 370 

irrigation water.  Finally, the flux was calculated.   371 

  372 
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Figure 6: Scanning electron microscope images of PVDF hollow fiber membrane 374 

Preliminary test results, including the amount of permeate (fresh water) collected from the laboratory 375 

tests, are shown in Table 7. The final concentration by weight of the CaCl2 desiccant solution was used to 376 

estimate the equilibrium relative humidity of the solution [26].  377 

Table 7: Results of hollow fiber vacuum membrane distillation experiment 378 

Parameter Measured Test #1 Test #2 Test #3 

Fiber inner diameter 0.62 mm 0.62 mm 0.62 mm 

Fiber length 410 mm 395 mm 395 mm 

Active surface area 0.00080 m2 0.00077 m2 0.00077 m2 

Starting concentration CaCl2 35.0% CaCl2 by wt 25.0% CaCl2 by wt 30.0% CaCl2 by wt 

Ending concentration CaCl2 41.2% CaCl2 by wt 29.2% CaCl2 by wt 32.4% CaCl2 by wt 

Temperature of CaCl2 Solution 30°C 27°C 29°C 

Pressure of CaCl2 Solution 0.80 bar 0.57 bar 0.62 bar 

Vacuum pressure ~3 millibar 2 millibar 8 millibar 

Weight of permeate collected 46.1 g 70.5 g 73.0 g 

Conductivity of permeate collected 26 µs/cm not measured 3.2 µs/cm 

Flux 2015 g/(m2.h) 5714 g/(m2.h) 4789 g/(m2.h) 

Ending equilibrium relative humidity 37.3% ERH 63.1% ERH 56.3% ERH 

 379 
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 380 

Assuming that performance of the hollow fiber membrane regenerative system is maintained upon 381 

scale-up to field size, a regenerator can be sized to meet the peak demand and the average hourly 382 

regeneration demands.  Meeting the average hourly regeneration demand for a desiccator 383 

dehumidifying outdoor air at input conditions would produce ~8,496 liters of fresh water for use within 384 

the greenhouse over the course of a day.  If the indoor air is recycled through the desiccator, the daily 385 

water removal required from the desiccant drops to ~3,528 L/day. As the required fresh water for 386 

irrigation ranged from 2,250 to 2,970 L/day (Table 1), a properly functioning liquid desiccant 387 

dehumidification system with a regenerator system outputting fresh water would meet crop production 388 

needs. 389 

6. Discussion 390 

This work has highlighted the potential to realize a self-watering greenhouse system based on liquid 391 

desiccation and regeneration of the desiccant by solar thermal energy in a membrane distillation 392 

system. Effective and economical regeneration is the key challenge in realizing such a system. Advances 393 

in membrane distillation (MD) technology such as those based on PVDF membranes, demonstrated in 394 

this work, show great promise in this respect. The hollow fiber reported here was able to withstand the 395 

high concentrations of desiccant solution needed to lower the humidity in the greenhouse sufficiently. 396 

Nonetheless, there remain several challenges in implementing these advances in a full -scale 397 

greenhouse. In a large membrane distillation system, localized concentration in the fiber bundles could 398 

present a risk of crystallization and blockage, if the system is not designed carefully. In addition, the 399 

thermal input requirement to the membrane distillation system may be excessive unless the system is 400 

configured (by multiple stages or regenerative arrangement) to provide a gain output ratio (GOR) 401 

substantially greater than 1. Because of the high boiling point of the liquid desiccant solution, 402 

substantial driving temperature gradients may be needed to achieve GOR>1, presenting challenges for 403 

the membrane materials as feed temperatures are increased. The on-going program of work will 404 

address these challenges through construction of pilot systems at progressively larger scale, connected 405 

to solar thermal collectors so that the engineering issues can be identified and resolved. Noting that the 406 

thermodynamic analysis allows very high COP values in principle, it is anticipated that – notwithstanding 407 

these challenges – an attractive COP allowing a compact solar collector arrangement will be achieved in 408 

practice. Thus, a the solar thermal collector of compact size compared to the gre enhouse footprint 409 

would allow for integration with the same structure or an adjoining structure, without adding 410 

excessively to capital cost. As the system is driven by solar energy, running costs will be minimal.  411 

7. Conclusions 412 

Calculations have been done to estimate the mass and energy balance within a 360 m2 greenhouse 413 

cooled by a combined liquid desiccant and evaporative cooling system during a design summer day  414 

(August 16, 2014) in Thuwal, Saudi Arabia.  Based on literature values, theoretical performance, and 415 

achieved preliminary lab results for the various components of such a system, we conclude that the 416 

fresh water needs can be met. We draw the following specific conclusions: 417 
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 A liquid desiccant air dehumidifier followed by evaporative cooling provides a potential solution 418 

to meeting both cooling and freshwater supply requirements in desert greenhouses 419 

 A COP of 10-30 is theoretically achievable and attractive compared with the efficiency of 420 

mechanical refrigeration technology 421 

 Peak crop irrigation needs for tomatoes grown in a 9 x 40 m greenhouse have been estimated at  422 

~2,200-3,000 liters/day based on a hot summer day (August 16, 2014 in Thuwal, Saudi Arabia) 423 

 Recycling air from the greenhouse to the cooling system lowers the energy and humidity 424 

removal required from a desiccator when compared with cooling of outdoor air for the design 425 

day. 426 

 Average flux achieved by a hollow fiber vacuum membrane distillation system varied from 2.0-427 

5.7 liters/m2.h related to the input concentration of the desiccant. 428 

 The membrane distillation system was able to produce output desiccant concentrations with an 429 

equilibrium relative humidity of ~38%, near to the theoretical recommended value of 35-40%. 430 

 The recovered fresh water from the membrane distillation system was of suitable quality to be 431 

used as irrigation water. 432 

 A properly functioning desiccant regenerator can theoretically meet both crop irrigation and 433 

desiccant regeneration needs. 434 
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𝑄𝑜𝑢𝑡: Heat removed by cooling system 442 

𝑊𝑖𝑛: Work input into cooling system 443 

𝑚: Mass of water evaporated 444 
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ERH: Equilibrium relative humidity 450 

𝑉′: Specific molar volume of the solvent 451 

𝑅: Universal gas constant (8.3 kJ/kmol.K) 452 

𝑇: Absolute temperature in Kelvin 453 

τ: Coefficient of solar radiation transmission of greenhouse covering material  454 

Rge: Solar radiation measured outside of greenhouse 455 

Kc: Crop coefficient for evapotranspiration equation 456 

η: Efficiency of evaporative cooling system 457 

𝜂𝑑: Absolute humidity removal efficiency of the desiccator 458 

𝑊𝑖: Absolute humidity of air into the desiccator 459 

𝑊𝑜: Absolute humidity of air out of the desiccator  460 
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