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ABSTRACT

Agriculture accounts for ~70% of freshwater usage worldwide. Seawater desalination alone
cannot meet the growing needs for irrigation and food production, particularly in hot,
desert environments. Greenhouse cultivation of high-value crops uses just a fraction of
freshwater per unit of food produced when compared with open field cultivation. However,
desert greenhouse producers face three main challenges: freshwater supply, plant nutrient
supply, and cooling of the greenhouse. The common practice of evaporative cooling for
greenhouses consumes large amounts of fresh water. In Saudi Arabia, the most common
greenhouse cooling schemes are fresh water-based evaporative cooling, often using fossil
groundwater or energy-intensive desalinated water, and traditional refrigeration-based
direct expansion cooling, largely powered by the burning of fossil fuels. The coastal deserts
have ambient conditions that are seasonally too humid to support adequate evaporative
cooling, necessitating additional energy consumption in the dehumidification process of
refrigeration-based cooling. This project evaluates the use of a combined-system liquid des-
iccant dehumidifier and membrane distillation unit that can meet the dual needs of cooling
and freshwater supply for a greenhouse in a hot and humid environment.
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1. Introduction

1.1. Global context

As the human population has grown and trans-
portation of food has become easier over the past cen-
tury, more and more people have chosen to live in
areas of the world that do not have a favorable ambi-
ent environment for the growth of high-value crops
such as fruits and vegetables. Transportation of food
over long distances and across borders leaves regions
and nations vulnerable to disruptions in food supply,
a phenomenon known as food insecurity. A major
food importer, the Kingdom of Saudi Arabia (KSA)
has vast regions that are not favorable for growth of
food in the outdoor climate. Factors that influence the
poor production potential in these regions include
intense heat, lack of freshwater for irrigation, and poor
soil quality.

Growing fruits and vegetables in greenhouses
offers a promising solution for regions that are not
able to support their outdoor growth. Growing such
high-value crops in greenhouses increases the
potential for harvest per unit area of land by as much
as 20-fold. Despite these advantages, the use of green-
houses in hot climates faces the challenge of providing
plants access to solar photosynthetic energy, while
rejecting or removing the solar heat energy. For exam-
ple, Jeddah, the KSA’s second-largest city, has an out-
door climate that is only favorable for growth of
tomatoes for 25–35% of the year (winter). The remain-
der of the year is too hot, either inducing heat stress
or lethally affecting outdoor production. Jeddah-area
producers also face the dual challenges of accessing
freshwater for irrigation and poor quality soils. Jeddah
is not the only region with these problems: intense
heat, lack of long-term access to freshwater for irriga-
tion, and poor soil quality are common throughout
the KSA. As an unsustainable practice, agriculture
within the KSA currently consumes as much as
70–80% of available freshwater [1]. Unfortunately for
the Kingdom, most of this freshwater currently used
for agriculture is extracted from non-recharging fossil
aquifer systems.

One of the major factors affecting greenhouse pro-
duction is the ability to keep temperatures within the
optimal range, generally 20–25˚C. In hot climates, this
means extensive cooling. The most common method
of cooling of greenhouses worldwide is evaporative
cooling [2]. In evaporative cooling, the sensible heat of
ambient air (temperature) is exchanged for latent heat
(humidity) such that air entering a greenhouse is
cooler and more humid than outside air. It is esti-
mated that the energy use of an evaporative cooling
system is four times less when compared with

mechanical air conditioning processes (www.en
ergy.gov). However, traditional evaporative cooling
consumes a large amount of freshwater, constituting
up to 80% of total greenhouse freshwater consumption
[3,4]. Naturally occurring freshwater resources are
scarce in the KSA desert; most comes from
non-recharging aquifers. In spite of this, pad-and-fan
evaporative cooling is widely used in the central dry
(non-humid) areas of the KSA in both plant and
animal production facilities [5]. The productivity of
such greenhouses is generally low when compared
with technologically sophisticated European green-
houses, and their use of freshwater for cooling is not
sustainable.

Energy-intensive methods for greenhouse cooling
may provide short-term solutions in light of the KSA’s
considerable fossil fuel reserves. Such methods may
include traditional refrigeration-based cooling (air con-
ditioning) or the use of desalinated water for evapora-
tive cooling. Both solutions are energy-intensive and
use energy from the burning of fossil fuels. The con-
tinued intensive use of fossil fuel resources is not a
long-term solution, and other energy resources are not
sufficiently developed at the present time to replace
fossil fuels in the KSA context [6].

An additional challenge facing greenhouses on
coastal deserts is that the high humidity levels limit
the use and effectiveness of evaporative cooling.
Ambient air in such areas is already near saturation
with water vapor, leaving little capacity to exchange
sensible heat for latent heat in the evaporative cooling
process. Greenhouse cooling in hot and humid
climates is a significant challenge, both in terms of
economics and engineering [7]. This research aims to
advance the science and knowledge of systems
designed for greenhouse cooling in hot and humid
climates.

Efforts to build greenhouses using alternative
water sources and renewable energy for irrigation and
cooling have demonstrated the feasibility of the
approach, but have left substantial room for improve-
ment. The “Seawater Greenhouse for Arid Lands” pro-
ject, constructed in Tenerife in 1993, used evaporative
cooling pads perfused with seawater to provide a
cooling effect that was satisfactory in the local climate
(www.seawatergreenhouse.com [8]). The same method
of seawater-evaporative cooling was subsequently
applied in the UAE and in Oman through collabora-
tions between Seawater Greenhouse Ltd and Sultan
Qaboos University [9]. Seawater Greenhouse Ltd
implemented a further project in Australia, which
remains in operation under the name of Sundrop
Farms (www.sundropfarms.com), also incorporating a
solar-PV fan system to reduce fossil fuel consumption
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[10]. More recently, the Sahara Forest Project imple-
mented a greenhouse in Qatar that uses seawater
evaporative cooling (http://saharaforestproject.com).
However, existing designs using seawater for evapora-
tive cooling processes still face the fundamental limita-
tion of evaporative cooling becoming ineffective when
outdoor ambient air humidity is already near satura-
tion. In humid regions similar to the coast near Jed-
dah, this means that average internal greenhouse
conditions will often exceed 30˚C during the hot and
very humid months (August and September), which
reduces product quality and prevents year-round cul-
tivation of certain types of produce.

1.2. Liquid desiccant dehumidification

A critical step towards enabling the adoption of
seawater-based evaporative cooling for greenhouses,
which is both energy and freshwater efficient as com-
pared with other forms of greenhouse cooling, is to
make it effective for use in humid climates. One
potential solution to reduce the amount of humidity
present in ambient air is the use of chemical desic-
cants to dehumidify the air before it enters the evapo-
rative cooling system. The absorption of water vapor
can be accomplished using liquid or solid desiccants
directly or indirectly through a membrane contactor
[11]. Liquid desiccants are increasingly being used for
dehumidification because of their operational flexibil-
ity [12]. Suitable liquid desiccants include highly con-
centrated salt solutions like magnesium chloride,
calcium chloride, or lithium chloride. The driving
force behind the effectiveness of a liquid desiccant is
its vapor pressure. A cool desiccant solution has a
lower vapor pressure than the ambient vapor. Under
these conditions, moisture is transferred from the air
to the desiccant solution. However, when the moisture
transfer takes place, latent heat is exchanged for sensi-
ble heat as the heat of condensation is released into
the liquid and/or the air. The capacity of a liquid des-
iccant to remove humidity from the air is limited by
both its concentration and its temperature: a concen-
trated cool desiccant is a good dehumidifying solution
[13].

Therefore, to improve the performance of any liq-
uid desiccant system, attention must be given to create
sufficient contact between the ambient air and the liq-
uid desiccant to induce desiccation, removing the heat
of condensation from the desiccator using a heat rejec-
ter or exchanger, and keeping the concentration of the
liquid desiccant sufficiently high using a mass regen-
erator so that the vapor pressure is maintained below
that of the ambient air. Freshwater can also potentially
be recovered for reuse within the greenhouse for

evaporative cooling or irrigation by the liquid
desiccant system as shown in Fig. 1. Use of these cou-
pled processes has the potential of markedly reducing
the freshwater footprint of greenhouse agriculture
within a greenhouse to near zero, resulting in a “self-
watering” greenhouse.

1.3. Freshwater recovery from liquid desiccant regeneration

To achieve continuous dehumidification for cooling
of greenhouse air, the liquid desiccant must be regen-
erated by the removal of freshwater mass from the
desiccant on a regular basis. To move closer to the
goal of creating a greenhouse with a near-zero fresh-
water footprint, it is absolutely critical that an appro-
priate regenerator be developed and optimized to
recover the freshwater that is extracted from the liquid
desiccant.

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

The principle of the proposed self-watering green-
house is shown in Fig. 2. The illustration is of a closed
greenhouse in which air is recirculated and cooled
continuously by an evaporative pad wetted with sea-
water, brackish water, or recovered freshwater. For
effective cooling to be maintained, moisture must be
removed from the air: otherwise the air will become
saturated and the cooling will no longer be effective.
Removal of moisture is the function of the liquid des-
iccant that comes into contact with the air upstream of
the evaporator. As a result, the liquid desiccant
becomes diluted slightly, and so it has to be regener-
ated to the initial concentration. In the process of
regeneration, the moisture that is absorbed by the

Application: by  
irrigation and/or 

evaporative cooling 
systems

Evapotranspiration: via 
plant transpiration and 

evaporative cooling

Condensation: into 
liquid desiccant during 
dehumidification

Recovery: from liquid 
desiccant regeneration 

Fig. 1. Process diagram showing freshwater cycle within a
proposed self-watering greenhouse.
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desiccant is separated and returned to the greenhouse
for irrigation. This makes the system self-sufficient in
freshwater. Whatever water evaporates inside the
greenhouse—either from the plants or from the evapo-
rator—is returned to the greenhouse. Thus, no exter-
nal source of freshwater is required.

Note that removal of moisture by the desiccant
results in release of heat, as water vapor is condensed
to liquid state. This latent heat is taken away by a heat
exchanger embedded in the desiccator. Seawater or
other cool, brackish water circulates through the heat
exchanger as the cooling medium.

As a whole, the system can be viewed as a refrig-
erator, which removes heat from a greenhouse and
pumps it to the sea, the ground, or the ambient envi-
ronment. From the general standpoint of the second
law of thermodynamics, this process must require an
energy input. Specifically, energy is needed for regen-
eration. In this case we prefer to use solar energy as
the input, but other sources are possible, like electric-
ity from the grid. The usual criterion of performance
of a refrigeration system is the coefficient of perfor-
mance (COP). It is the heat removed from the cooled
space divided by the work supplied to the system, i.e.:

COP ¼ Qout

Win
(1)

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

Assumption 1: The heat Qout removed from the
greenhouse corresponds to the latent heat of the water
vapor absorbed by the desiccant. In reality, the heat
removed will be slightly greater because there is also
heat associated with the dilution of the desiccant. In
addition, there could be a contribution to heat removal

if the liquid desiccant enters and leaves at different
temperatures. However, both of these contributions
are in fact small compared to the large contribution
from the latent heat of water vapor:

Qout ¼ m hfg (2)

where hfg is the specific enthalpy of evaporation and
m is the mass of water evaporated. For water vapor in
saturated air at 25˚C, hfg = 2,440 kJ/kg.

Assumption 2: The work input Win of regeneration
corresponds to the minimum thermodynamic work of
separating the water from the liquid desiccant—in
other words the osmotic pressure. This assumption is
much less realistic, but it is used here to indicate the
ideal performance that can be obtained:

Win ¼ PosmV ¼ Posmm=q (3)

where V is the volume of water removed from the
desiccant and q is the density of pure water
(= 1,000 kg/m3). An interesting point is that the osmo-
tic pressure is not independent of the desiccant prop-
erties of the liquid. On the contrary, it is closely
related because both vapor pressure and osmotic pres-
sure are colligative properties. This relationship allows
a simple expression to be derived for the ideal COP.

The vapor pressure of a solution can be expressed
as a fraction of that of the pure solvent. This fraction
is called activity a, or equilibrium relative humidity
(ERH %). In this case, the relation needed is [14]:

� ln a ¼ V0PosmRT (4)

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

ai
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Fig. 2. Schematic of the self-watering greenhouse.
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and V´ is the specific molar volume of the solvent. For
most aqueous solutions, V´ = 0.018 m3/kmol. Combin-
ing the above equations provides the approximate
expression:

COP ¼ 22

� ln a
(5)

It is straightforward to estimate the needed value of a
because a equals the limiting minimum relative
humidity (equilibrium relative humidity) to which the
air can be dried in contact with the liquid desiccant.
For an evaporator to cool to the desired temperature,
the ERH should be low enough to provide a desirable
wet bulb temperature as an evaporator cannot cool
below the wet bulb temperature of the air. Bearing in
mind that the desiccator will not be perfectly effective
in drying the air, a lower value of ERH for the
desiccant is preferred (e.g. if an air of 50% relative
humidity is desired, an appropriate desiccant ERH is
35–40%). The exact choice will depend on the design
and sizing of the desiccator, the temperature of the
liquid used for cooling, and the target temperature
inside the greenhouse.

Fig. 3 shows how the ideal COP varies with ERH
based on Eq. (5). With an ERH of 35% a COP of about
20 is achievable and at ERH 20% we get ideal
COP = 14. These values of COP are very promising
considering that conventional refrigeration equipment
typically gives COP in the range of only 3–6.

It is also interesting that Eq. (5) is valid for any
aqueous desiccant solution in principle or in fact for
any liquid desiccant with V´ adjusted accordingly. As
long as the correct value of a is used in Eq. (5), this
equation is valid regardless of the composition of the
liquid desiccant solution.

The real performance of the system depends cru-
cially on the method of regeneration. Possible methods
include, but are not limited to:

(1) Open regenerators. These are simple, but
inefficient [15].

(2) Membrane distillation (MD). This includes
direct contact, air-gap, vacuum gap and multi-
stage systems [16,17].

(3) Reverse osmosis or nanofiltration. This is
potentially very efficient, but the operating
pressures may be prohibitively high [18].

(4) Electrodialysis [19,20].

3. Calculations of greenhouse freshwater needs

3.1. Evapotranspiration of tomato crop

Using the Priestley-Taylor Method to estimate
evapotranspiration (ET) and assumptions as described
by Valdes-Gomez et al. [21], a peak day in mid-sum-
mer was chosen to estimate greenhouse irrigation
needs. The required inputs for the calculation come
from solar radiation data collected in Thuwal, Saudi
Arabia for one day from 15 August 2014 at 19:30
through 16 August 2014 at 19:30 and from assumed
indoor conditions necessary for tomato production
(Table 1).

Applying these inputs, the estimated ET of a
tomato crop just after transplant (crop coefficient (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 more
than the maximum measured ET of 5 mm in the cited
Chilean study [21], probably due to variations in solar
radiation and temperature. It should be noted that
some water will also be “lost” as crops are harvested
and plant material is removed from the greenhouse.
The total amount of this water loss is small in compar-
ison to ET, but will require replacement.

3.2. Water use by evaporative cooler

To estimate water use by the evaporative cooler,
the limiting conditions within the greenhouse must
first be set. The greenhouse under evaluation in this
study is a single-pass or recirculating plug-flow type
of greenhouse 40 m long by 9 m wide by 4 m tall.
Cooled air enters at one end and exits or is
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Fig. 3. The ideal achievable COP increases with the ERH
of the desiccant solution. This is because a liquid desiccant
solution that is better at drying and cooling the air will
require more energy input for its regeneration. This
relation applies to a range of liquid desiccants, rather than
any one in particular, because it is based on general
thermodynamic relations.
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recirculated to the cooling system at another, with
40 m between entry and exit. The maximum tempera-
ture will be realized as solar radiation heats the indoor
environment and will reach its highest point just
before exit at the far side of the greenhouse. For calcu-
lations, the average daily maximum greenhouse tem-
perature was set at 30˚C and the instantaneous
maximum temperature was set at 33˚C [23]. Fig. 4
shows the variation in solar radiation and outdoor
temperature over the course of the design day from
before sunrise to after sunset.

To calculate heat gain, the solar radiation accrued
inside the greenhouse was found by multiplying the
outdoor solar radiation by the coefficient of solar radi-
ation transmission (τ) of the covering material, in this
case estimated at 0.68 for polycarbonate [24]. The solar
radiation (J/m2 s) was converted to energy added to
the greenhouse (J/s) by multiplying the radiation by
the floor area of the greenhouse (360 m2) (Table 2).

Energy added to the greenhouse through the walls
was not considered, only solar radiation was consid-
ered in the calculations of energy flux into the green-
house between the inlet from the cooling system and
the outlet. The amount of energy transferred through
the walls is expected to be small compared with the
amount of energy added via solar radiation; therefore,
it was ignored.

The energy added to the greenhouse is then con-
verted into temperature gain. First, the total energy of
air in the greenhouse at the outlet conditions is found
at desired conditions of temperature and relative
humidity. Then, the total maximum allowable energy
at the inlet of the greenhouse can be back calculated
by subtracting the energy added through solar gain.
Next, a desired relative humidity at the inlet of the
greenhouse is chosen. The inlet dry bulb temperature
can be calculated using the psychrometric chart and
the inlet enthalpy. The absolute humidity of the air
entering can be estimated using the inlet dry bulb
temperature and relative humidity. The expected tran-
spiration from the tomato crop can then be added to
estimate the outlet absolute humidity, which can be
converted to relative humidity. After iterating a few
times, an estimated inlet temperature can be found to
satisfy the energy and mass balances and to provide
desired values at the outlet. After these iterations are
complete, simply subtracting the calculated inlet tem-
perature from the outlet temperature allows for an
estimation of the temperature gain within the green-
house from inlet to outlet (Table 3).

Using the values obtained for desired temperature
and humidity of air from the evaporative cooler to the
greenhouse, it is easy to calculate both the air condi-
tions desired for input into the evaporative cooler and

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

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) (MJ/m2/d) 22.3 22.3 22.3 Solar radiation measured outside of
greenhouse

Indoor average temperature (˚C) 29.5 28 25 Average temperature goal in greenhouse
Indoor average relative humidity (%) 78 75 69 Average relative humidity goal in

greenhouse
Indoor vapor pressure (kPa) 3.20 2.83 2.19 Average vapor pressure goal in greenhouse
ET after transplant (mm/m2/d) 2.6 2.4 2.0 Average ET after transplant of tomatoes

(min)
ET at start of harvest (mm/m2/d) 8.3 7.6 6.3 Average ET at start of tomato harvest (max)
Total minimum greenhouse ET, L/d 951 872 720 Assuming 9 × 40 m greenhouse
Total maximum greenhouse ET, L/d 2,970 2,726 2,251 Assuming 9 × 40 m greenhouse
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the amount of water evaporated by the evaporative
cooler. The temperature and relative humidity of air
into the evaporative cooler are calculated using the
expected cooling efficiency (η) [5]. Using psychromet-
ric equations to calculate the absolute humidity before
and after the evaporative cooler, the difference in
absolute humidity is calculated by subtraction. Multi-
plying the difference in absolute humidity (kg/kg) by
the expected airflow (kg/s) through the evaporative
cooler provides an estimate of the amount of water
evaporated per unit of time (Table 4). In this case (16
August 2014 in Thuwal, Saudi Arabia), the expected
daily water evaporated by the evaporative cooler is
estimated at ~3,100 L (assuming preconditioning by a
liquid desiccant unit, discussed in the next section).

If freshwater is used as the evaporative cooling liq-
uid, it can be added with the estimated tomato crop
ET rates to get the total freshwater use rates for the
described greenhouse: 3,888 L/d for a recently trans-
planted tomato crop to 5,580 L/d at the start of har-
vest. If seawater or another brackish water source is
used for evaporative cooling, then only the irrigation
system and plant material removed from the green-

house (harvested produce) consume freshwater on a
daily basis.

4. Calculated desiccator needs and proposed design

4.1. Desiccator design calculations

To meet the needs of humidity and temperature
removal such that the inlet conditions to the evapora-
tive cooler are suitable, a desiccator is proposed to
remove humidity and adjust temperature. The requi-
site performance of the desiccator can be calculated
using the calculated temperature and relative humid-
ity input into the evaporative cooler, along with the
ambient temperature and relative humidity.

The ambient outdoor conditions are available for
the experimental day from weather station data. Using
the ambient dry bulb temperature and relative humid-
ity, the absolute humidity in kg of water per kg of air
can be obtained from psychrometric relations. From
the evaporative cooler calculations, desired outlet dry
bulb temperature and relative humidity from the des-
iccator unit are also known and can be used to obtain

Table 2
Dry bulb temperatures and solar radiation input into calculations

Parameter Daily peak Average Daily low Comments

Dry bulb temperature in greenhouse (˚C) 33 30 25 Goal, input into calculations
Dry bulb temperature outside of greenhouse (˚C) 36.5 32.0 29.1 As measured: 16 August 2014,

Thuwal, Saudi Arabia
Solar radiation outside (W/m2) 851 253 0 As measured: 16 August 2014,

Thuwal, Saudi Arabia
Solar radiation inside (W/m2) 579 172 0 Calculated using coefficient of

solar radiation transmission (τ)
= 0.68 [24]

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

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 (kJ/cycle)

12,500 7,400 0 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 (˚C)

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

Estimated temperature gain in
greenhouse (˚C)

7.0 4.0 0 Maximum minus minimum
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the absolute humidity. By simply subtracting the abso-
lute humidity after the desiccator from the absolute
humidity before the desiccator, the required humidity
removal can be found in kg water/kg dry air. Multi-
plying this value by the flow of air required (already
calculated for the evaporative cooler) allows estima-
tion of the humidity removal required per unit of time
desired.

The estimated humidity removal efficiency of the
desiccator on the basis of absolute humidity can be
calculated from the following equation:

gd ¼
Wi �Wo

Wi
(6)

where ηd is equal to the humidity removal efficiency
of the desiccator, Wi represents the absolute humidity
at the inlet of the desiccator and Wo represents the
absolute humidity at the outlet of the desiccator.

Finally, the required energy removal in kJ/h by
the desiccator can be estimated by subtracting the
enthalpy of the air after the desiccator from the
enthalpy of the air before the desiccator and multiply-
ing this value by the total air flow per unit time. Esti-
mated values for a desiccator to meet the needs of the
16 August design day are shown in Table 5. These
values assume that 100% of the air input into the des-
iccator comes from the outdoors.

As a lower energy alternative, air may be recycled
from within the greenhouse to provide a lower energy
input into the desiccator. Table 6 summarizes required
desiccator performance if 100% of air input into the
desiccator is recycled from inside the greenhouse.

4.2. Direct contact desiccator

A desiccator has been designed to meet the dual
needs of humidity and energy removal, as shown in
Fig. 5. The shown desiccator integrates cellulose pads

with embedded heat exchange pipes. It is based on
the design described by Lychnos and Davies [15,25].
The cellulose pad provides the surface area for air to
desiccant contact and humidity removal. The embed-
ded heat exchange pipes are included to remove
energy from the system. Liquid desiccant is dis-
tributed over the cellulose pads from the top and
flows via gravity to the bottom, where it is collected
and (based on concentration) is either pumped to a
regeneration system (to remove condensed water) or
recycled back to the top of the desiccator (to absorb
more humidity). A cooling liquid (brackish or sea
water from the sea, the ground, or a cooling tower)
circulates through the heat exchange pipes from the
top left to the bottom left, to the bottom right, and
then finally out through the top right of the proposed
system. As the cooling liquid moves through the
system it acts as a heat sink, collecting energy from
the desiccator system and transporting it out of the
system.

4.3. Hollow fiber membrane desiccator

The second desiccator system proposed for testing
integrates hollow fiber membranes to separate the liq-
uid desiccant from direct contact with the air. Hollow
fiber membranes with a liquid desiccant solution have
been used by other researchers to effectively dehumid-
ify lab-scale experiments [11]. An advantage of this
system is that it prevents any possibility for aerosols
to develop from the desiccant salts and enter the
greenhouse. It also prevents any airborne dust from
entering the desiccant stream. A disadvantage of this
system is that an additional mass transfer barrier
exists between the air and the desiccant. Testing of a
hydrophobic polyvinylidene fluoride (PVDF)-based
triple-bore hollow fiber membrane with a circulating
calcium chloride desiccant solution is now underway
in the KAUST Water Reuse and Desalination Center.

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

Parameter
Daily
peak Average

Daily
low Comments

Expected efficiency of evaporative cooling
system, (η) (%)

75 75 75 10 cm pad, 45˚ angles [5]

Max dry bulb temperature into evaporative
cooler (˚C)

31.9 31.9 30.8 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
(kg/h)

257 129 42 Calculated based on pad cooling efficiency
and airflow rate
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5. Liquid desiccant regenerator performance and
sizing

A regeneration system is required to remove con-
densed humidity from the liquid desiccant to enable
continuous operation and to maintain a constant des-
iccant ERH. Peak system regeneration needs were
839 kg/h on the design day with 100% outdoor air
input and 295 kg/h with 100% recycled air input
(Tables 5 and 6).

5.1. Hollow fiber vacuum MD laboratory results

A hydrophobic PVDF hollow fiber membrane was
manufactured in the lab using a 12 wt.% polymer

solution. After manufacture, the hollow fibers were
investigated using a Quanta 600 FEG scanning elec-
tron microscope (Fig. 6).

Following characterization of the hollow fibers, a
setup was created in the lab to test the regeneration
performance of the fibers under vacuum. Calcium
chloride desiccant solution was pumped through the
lumen of the hollow fiber by a peristaltic pump at a
rate of 20 mL/min. Vacuum was applied at the outer
surface of the hollow fiber to retrieve the vapor passed
through the membrane wall. A pressure meter was
installed between the peristaltic pump and the hollow
fiber. A temperature and conductivity meter was
installed after the hollow fiber to measure solution
conditions after the MD process. The solution was

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

Parameter
Daily
peak Average

Daily
low Comments

Dry bulb temperature into evaporative
cooler (˚C)

32.5 32.5 30.8 Calculated from pad cooling efficiency

Relative humidity into evaporative cooler
(%)

52 52 52 Calculated from pad cooling efficiency

Outdoor dry bulb temperature (˚C) 36.5 32 29.1 As measured: 16 August 2014, Thuwal,
Saudi Arabia

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

Required humidity removal by desiccator
(kg/h)

839 354 126 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
(kJ/h)

256 × 104 870 × 103 278 × 103 Based on temperature and heat of
condensation removal

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

Parameter
Daily
peak Average

Daily
low Comments

Dry bulb temperature into evaporative
cooler (˚C)

32.5 32.5 30.8 Calculated from pad cooling efficiency

Relative humidity into evaporative cooler
(%)

52 52 52 Calculated from pad cooling efficiency

Maximum dry bulb temperature in
greenhouse (˚C)

33 30 25 Goal, input into calculations

Expected relative humidity at greenhouse
outlet (%)

57 67 85 Calculated based on other inputs

Required humidity removal by desiccator
(kg/h)

295 147 48 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
(kJ/h)

790 × 103 234 × 103 6,220 Based on temperature and heat of
condensation removal
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recirculated into the primary container where it mixed
with the bulk, lower concentration desiccant solution.
The primary container consisted of a jacketed glass
tube with connections for a circulating heating or cool-
ing liquid. Water heated to 50˚C was circulated in the
outer tube to warm the bulk desiccant. The total
amount of water removed from the desiccant solution

was measured by passing the vacuum line through a
condenser trap cooled by liquid nitrogen. Therefore,
all water vapor in the vacuum line condensed and
froze inside the trap during the experiment, allowing
the final weight of the recovered water to be measured
post-experiment. The conductivity of permeate col-
lected was also measured post-experiment to evaluate
its potential use as irrigation water. Finally, the flux
was calculated.

Preliminary test results, including the amount of
permeate (fresh water) collected from the laboratory
tests, are shown in the following table (Table 7). The
final concentration by weight of the CaCl2 desiccant
solution was used to estimate the equilibrium relative
humidity of the solution [26].

Assuming that performance of the hollow fiber
membrane regenerative system is maintained upon
scale-up to field size, a regenerator can be sized to
meet the peak demand and the average hourly
regeneration demands. Meeting the average hourly
regeneration demand for a desiccator dehumidifying
outdoor air at input conditions would produce
~8,496 L of freshwater for use within the greenhouse
over the course of a day. If the indoor air is recycled
through the desiccator, the daily water removal
required from the desiccant drops to ~3,528 L/d. As
the required freshwater for irrigation ranged from
2,250 to 2,970 L/d (Table 1), a properly functioning
liquid desiccant dehumidification system with a
regenerator system outputting freshwater would meet
crop production needs.

Fig. 5. Integrated cellulose pad desiccator with heat
removal pipes built in. The shown desiccator is currently
under construction in the KAUST workshop and will be
tested for performance during the coming year.
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Fig. 6. Scanning electron microscope images of PVDF hollow fiber membrane.
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6. Discussion

This work has highlighted the potential to realize a
self-watering greenhouse system based on liquid desic-
cation and regeneration of the desiccant by solar ther-
mal energy in a MD system. Effective and economical
regeneration is the key challenge in realizing such a
system. Advances in MD technology such as those
based on PVDF membranes, demonstrated in this work,
show great promise in this respect. The hollow fiber
reported here was able to withstand the high concentra-
tions of desiccant solution needed to lower the humid-
ity in the greenhouse sufficiently. Nonetheless, there
remain several challenges in implementing these
advances in a full-scale greenhouse. In a large MD sys-
tem, localized concentration in the fiber bundles could
present a risk of crystallization and blockage, if the sys-
tem is not designed carefully. In addition, the thermal
input requirement to the MD system may be excessive
unless the system is configured (by multiple stages or
regenerative arrangement) to provide a gain output
ratio (GOR) substantially greater than one. Because of
the high boiling point of the liquid desiccant solution,
substantial driving temperature gradients may be
needed to achieve GOR > 1, presenting challenges for
the membrane materials as feed temperatures are
increased. The on-going program of work will address
these challenges through construction of pilot systems
at progressively larger scale, connected to solar thermal
collectors so that the engineering issues can be identi-
fied and resolved. Noting that the thermodynamic anal-
ysis allows very high COP values in principle, it is
anticipated that—notwithstanding these challenges—
an attractive COP allowing a compact solar collector
arrangement will be achieved in practice. Thus, the
solar thermal collector of compact size compared to the

greenhouse footprint would allow for integration with
the same structure or an adjoining structure, without
adding excessively to capital cost. As the system is dri-
ven by solar energy, running costs will be minimal.

7. Conclusions

Calculations have been done to estimate the mass
and energy balance within a 360 m2 greenhouse
cooled by a combined liquid desiccant and evapora-
tive cooling system during a design summer day (16
August 2014) in Thuwal, Saudi Arabia. Based on the
literature values, theoretical performance, and
achieved preliminary lab results for the various com-
ponents of such a system, we conclude that the fresh-
water needs can be met. We draw the following
specific conclusions:

(1) A liquid desiccant air dehumidifier followed
by evaporative cooling provides a potential
solution to meeting both cooling and freshwa-
ter supply requirements in desert greenhouses.

(2) A COP of 10–30 is theoretically achievable and
attractive compared with the efficiency of
mechanical refrigeration technology.

(3) Peak crop irrigation needs for tomatoes grown
in a 9 × 40 m greenhouse have been estimated
at ~2,200–3,000 L/d based on a hot summer
day (16 August 2014 in Thuwal, Saudi Arabia).

(4) Recycling air from the greenhouse to the cool-
ing system lowers the energy and humidity
removal required from a desiccator when com-
pared with cooling of outdoor air for the
design day.

Table 7
Results of hollow fiber vacuum MD experiment

Parameter measured Test #1 Test #2 Test #3

Fiber inner diameter (mm) 0.62 0.62 0.62
Fiber length (mm) 410 395 395
Active surface area (m2) 0.00080 0.00077 0.00077
Starting concentration CaCl2 (wt.%) 35.0 25.0 30.0
Ending concentration CaCl2 (wt.%) 41.2 29.2 32.4
Temperature of CaCl2 solution (˚C) 30 27 29
Pressure of CaCl2 solution (bar) 0.80 0.57 0.62
Vacuum pressure (millibar) ~3 2 8
Weight of permeate collected (g) 46.1 70.5 73.0
Conductivity of permeate collected (μs/cm) 26 Not measured 3.2
Flux (g/(m2 h)) 2,015 5,714 4,789
Ending equilibrium relative humidity (%) 37.3 63.1 56.3

23440 R. Lefers et al. / Desalination and Water Treatment 57 (2016) 23430–23442



(5) Average flux achieved by a hollow fiber vac-
uum MD system varied from 2.0 to 5.7 L/m2 h
related to the input concentration of the desic-
cant.

(6) The MD system was able to produce output
desiccant concentrations with an equilibrium
relative humidity of ~38%, near to the theoreti-
cal recommended value of 35–40%.

(7) The recovered freshwater from the MD system
was of suitable quality to be used as irrigation
water.

(8) A properly functioning desiccant regenerator
can theoretically meet both crop irrigation and
desiccant regeneration needs.
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