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ABSTRACT 

A Liquid Desiccant Cycle for Dehumidification and Fresh Water Supply in 

Controlled Environment Agriculture 

Ryan Lefers 

Controlled environment agriculture allows the production of fresh food indoors from 

global locations and contexts where it would not otherwise be possible.  Growers in 

extreme climates and urban areas produce food locally indoors, saving thousands of 

food import miles and capitalizing upon the demand for fresh, tasty, and nutritious 

food.  However, the growing of food, both indoors and outdoors, consumes huge 

quantities of water - as much as 70-80% of global fresh water supplies.   The utilization 

of liquid desiccants in a closed indoor agriculture cycle provides the possibility of 

capturing plant-transpired water vapor.  The regeneration/desalination of these liquid 

desiccants offers the potential to recover fresh water for irrigation and also to re-

concentrate the desiccants for continued dehumidification.  Through the utilization of 

solar thermal energy, the process can be completed with a very small to zero grid-

energy footprint. 

The primary research in this dissertation focused on two areas: the dehumidification of 

indoor environments utilizing liquid desiccants inside membrane contactors and the 

regeneration of these desiccants using membrane distillation.   Triple-bore PVDF hollow 

fiber membranes yielded dehumidification permeance rates around 0.25-0.31 g m-2 h-1 
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Pa-1 in lab-scale trials.   A vacuum membrane distillation unit utilizing PVDF fibers yielded 

a flux of 2.8-7.0 kg m-2 hr-1.  

When the membrane contactor dehumidification system was applied in a bench scale 

controlled environment agriculture setup, the relative humidity levels responded 

dynamically to both plant transpiration and dehumidification rates, reaching dynamic 

equilibrium levels during day and night cycles.  In addition, recovered fresh water from 

distillation was successfully applied for irrigation of crops and concentrated desiccants 

were successfully reused for dehumidification.  If applied in practice, the liquid desiccant 

system for controlled environment agriculture offers the potential to reduce water use 

in controlled environment agriculture by as much as ~99%. 
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Chapter 1 

1 Introduction 

1.1 Background1 

1.1.1 Global and Local Agriculture and Water Context 

Agriculture is essential to human life, as it provides the food that is consumed daily by 

inhabitants of planet Earth.  Although humans have practiced agriculture for ages, new 

challenges are facing agriculture today that in the past were non-issues.  Land that was 

traditionally used for agriculture is disappearing as population growth and urban sprawl 

compete for surface area.  Climate change presents a challenge to traditional food 

crops: greater variability in temperature and rainfall patterns across the globe threatens 

growth and yields of common foods.  Population growth of the human species has led to 

a higher demand for food.  Standard of living increases have led to demands for higher 

quality food, including better quality vegetables and more meat. Local water resources, 

                                                      

 

1
 Much of the background information presented here has been compiled and published as part of a 

stand-alonepaperentitled“Liquiddesiccantdehumidificationandregenerationprocesstomeetcooling
and freshwater needs of desert greenhouses,” included in this thesis in Chapter 5.  The introductory
information included in this section of the Doctoral Thesis has been updated and revised from what was 
included in the original publication; but much is the same as what was originally published. 
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essential for agricultural productivity, face threat of overuse and pollution, threating 

water security.   

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

the past century, more and more people have chosen to live in areas of the world that 

do not have sufficient locally available plant resources ( 

Figure 1-1).  In general, these locations may have a very high population density 

(intensely urban areas), local conditions that are not favorable for the cultivation of 

plant material (harsh climate, desert conditions, or urban areas), or both. Such locations 

do not have a consistent local supply of common fresh food items such as fruits and 

vegetables enough to meet the local demand.  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.  Locally, the Kingdom of Saudi 

Arabia (KSA) has vast desert regions devoid of favorable conditions for cultivation of 

fresh food, and contains large urban areas where demand for food is high.  Factors 

influencing the poor production potential in these areas include the daunting trio of a 

lack of rain or fresh water for irrigation, lack of access to high quality soil (e.g. lack of soil 

nutrients, poor soil structure and/or no access due to urbanization), and a harsh climate.  

This leaves the country, and its neighbors in the desert Gulf countries of the Gulf 

Cooperation Council (GCC), dependent largely on food imports ( 

Figure 1-2).   
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Figure 1-1 Human appropriation of net primary production (HANPP) as a percentage of the local net 
primary production (NPP). The map provides insight into the percent of plant resource used by 
people in an area compared to the amount of plant resource that is actually available locally 
[1] 

 
 

Figure 1-2 Food imports in the GCC countries as a percentage of consumption. Source: The Economist [2] 

 

As it relates to water, the Kingdom of Saudi Arabia is considered to be in a regional zone 

of physical water scarcity (Figure 1-3). As an unsustainable practice, agriculture within 

the KSA currently consumes as much as 70-80% of available fresh water resources. [3]  
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Unfortunately for the Kingdom, most of the freshwater resources currently used for 

agriculture are extracted from fossil, non-recharging aquifer systems.  In these systems, 

the rate of groundwater consumption greatly exceeds the expected natural recharge 

rate (Figure 1-4). [4] In the immediate area around King Abdullah University of Science 

and Technology (KAUST), near to the large population centers of Jeddah and Mecca, 

area producers face the trio challenges of having no or limited access to fresh water, 

poor/no soils, and a harsh climate.  Although the land is flat in the regional sabkhas2, 

the naturally occurring groundwater is brackish at best, and often even saltier than the 

Red Sea water located just off the coast. [5]  In Jeddah and the surrounding region, the 

outdoor climate is only favorable for growth of commonly consumed vegetables like 

tomatoes and lettuce in winter (Figure 1-5).  The Mecca/Jeddah region is not the only 

region with these challenges. Intense heat, lack of long-term access to fresh water for 

irrigation, and poor quality soils are common throughout the KSA.  

                                                      

 

2
 A sabkha is a coastal, flat area with salts and evaporates typically present at the surface.  The word 
“sabkha”isatransliterationoftheArabicfor“saltflats.” 
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Figure 1-3 The Kingdom of Saudi Arabia is located in a regional zone of physical water scarcity. 

 
Figure 1-4 The groundwater footprint of Saudi Arabian freshwater aquifers are significantly larger than 

their geographic areas. [4] 
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Figure 1-5 Jeddah average temperatures vs. the optimum growing temperature range. Source for Jeddah 

climate data: weatherspark.com 

 

1.1.2 Controlled Environment Agriculture 

The growing of fruits and vegetables in controlled environment agriculture (CEA), such 

as greenhouses and artificially lighted agricultural buildings (ALABs) offers a promising 

solution for urban areas and regions that are not able to support outdoor food growth.  

Growing food in CEA greatly increases (as much as 20x) the potential for harvest per unit 

area of land use.  Growing crops in greenhouses offers the use of natural solar radiation 

for crop photosynthesis, as the solar rays pass through transparent or semi-transparent 
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cover material (Figure 1-6).  Despite this advantage, farmers using greenhouses in hot 

climates face the challenge of providing crops with access to solar energy for 

photosynthesis while rejecting or removing the solar heat energy gained from the same 

solar rays.  Growing crops indoors in ALABs, including in urban and vertical farms, offers 

the triple advantages of protection from solar heat gain for hot regions, vertical stacking 

of crop production surfaces, and precision in control over the intensity and hours per 

day of lighting provided to crops (Figure 1-7).  These advantages allow for reduced 

cooling energy requirements, greater outputs from the same land area, and shorter 

cropping cycles.  However, agricultural lighting systems often consume a large amount 

of energy.  Therefore, any energy saved on cooling may be offset by the energy required 

for lighting.  For energy sustainability in these systems, efforts must be taken to reduce 

grid energy consumption from heating/cooling equipment and indoor lighting systems. 

 
Figure 1-6 Polycarbonate structure greenhouse, typical for the Arabian Peninsula region. Although the 

covering material allows the transfer of natural sunlight for plant photosynthesis, it also has a 
large solar heat input as a result.  To compensate for the solar heat gain, outdoor air is 
continually blown first through an evaporative cooling pad, then through the greenhouse, and 
finally out of the greenhouse.  A large amount of water, estimated as much as 80% of the total 
greenhouse water use, is evaporate for the cooling process as a result.  Photos taken by author 
at United Arab Emirate University in Al Ain, UAE on September7, 2014. 
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Figure 1-7 Indoor ALAB in Minnesota, USA.  Light for plant photosynthesis is provided by artificial lighting.  

This allows stacking of crop production surfaces and a higher crop output per unit area, but 
requires additional energy input for lighting.  Photo taken from Urban Organics website, 
www.urbanorganics.com. 

 

One of the major factors that allows CEA to produce large amounts of food is the control 

of temperatures within the system at optimal levels (generally, in the range of 20-25 °C). 

In hot climates, this means extensive cooling for greenhouses inundated with solar 

thermal heat loads.  The most common practice for cooling of greenhouses world-wide 

is evaporative cooling. [6] In the process of 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 conditions (Figure 1-8).  It is 

estimated that the energy use of an evaporative cooling system is four times less when 

compared with traditional air conditioning processes (www.energy.gov).  However, 
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traditional evaporative cooling also consumes water in the process.  Up to 80% of the 

total greenhouse fresh water use can come from evaporative cooling. [7, 8] Naturally 

occurring fresh water resources are scarce in the KSA desert, and most are non-

recharging (fossil).  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. 

[9] The productivity of these greenhouses is generally low when compared with high 

technology European greenhouses, and their use of freshwater for cooling is not 

sustainable.  

 
Figure 1-8 Results from a greenhouse evaporative cooler located on the KAUST campus in Thuwal, Saudi 

Arabia on February 21, 2014 at 13:00.  The hot, dry outdoor air is sucked through a wetted 
porous media by electric fans located at the opposite end of the greenhouse.  When the 
incoming dry air has sufficient contact with the wetted surface, sensible heat (temperature) is 
exchanged for latent heat (humidity) due to vapor pressure differences between the air and 
the water. Therefore, the air is cooled and humidified. 
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Energy-intensive solutions for greenhouse cooling may provide short-term solutions in 

light of the KSA’s considerable fossil fuel reserves.  Such solutions may include

traditional refrigeration-based cooling (air conditioning) or the use of desalinated water 

for evaporative cooling.  Both solutions are energy-intensive for greenhouse agriculture 

and (within the context of the KSA) derive their energy from the burning of fossil fuel 

resources.  The continued intensive use of fossil fuel resources is not a long-term 

solution for the KSA, and other energy resources are not sufficiently developed at the 

present time to replace fossil fuels in the local context. [10]   

An additional challenge faces the coastal deserts (like Jeddah), most of which have high 

humidity levels that limit the use and effectiveness of evaporative cooling technology.  

Hot air in these areas is already near saturation with water vapor, such that there is not 

enough capacity within the ambient air 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. [11] 

Modern efforts over the past several decades to build greenhouses that rely entirely on 

seawater and renewable energy for irrigation and cooling have demonstrated the 

feasibility of the approach, but have left substantial room for improvement. [12-17] The 

‘Seawater Greenhouse for Arid Lands’ project, constructed in Tenerife in 1993, used 

evaporative cooling pads perfused with seawater to provide a cooling effect that was 
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satisfactory in the local climate  (www.seawatergreenhouse.com). [18] The same 

method of seawater-evaporative cooling was subsequently applied in UAE, and then in 

Oman. [19, 20] A further project was implemented 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.[21] More 

recently, the Sahara Forest Project implemented a greenhouse in Qatar that uses 

seawater evaporative cooling, and plans are underway to construct a similar greenhouse 

in Jordan (http://saharaforestproject.com). Another recent study focused on using 

brackish groundwater for greenhouse cooling in the Abu Dhabi emirate. [22] However, 

existing designs using seawater or brackish water for evaporative cooling processes still 

face the fundamental limitation of poor evaporative cooling performance when outdoor 

ambient air is already near saturation.  In humid regions similar to the Red Sea coast 

near Jeddah, this means that internal greenhouse conditions will often exceed 30°C 

during the hot and very humid months (July through September), which reduces 

product quality for some crops and prevents year-round cultivation of other crops 

(Table 1-1). 

 

 

 

http://www.seawatergreenhouse.com/
http://www.sundropfarms.com/
http://saharaforestproject.com/
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Table 1-1  Estimated cooling potential from a cellulose pad based greenhouse evaporative cooler located 
on the KAUST campus in Thuwal, Saudi Arabia for the year October 2012-September 2013.  
Estimates assume an air velocity of 1.5 m

 
s

-1 
and 85% cooling efficiency. [23] Ambient humidity 

levels are too high to provide adequate cooling via evaporation for temperate crop production 
during the hot, summer months. 

 
 

As it relates to ALABs, the cooling requirements are reduced because solar loads are 

excluded from the building.  Therefore, these buildings have the potential to use 

significantly less water for evaporative cooling and/or less energy for traditional cooling 

based upon vapor compression air conditioning.  However, ALABs are not immune from 

the need for dehumidification.  The multiple layers of crops that can be cultivated in 

such buildings means that the potential plant transpiration load is also increased.  

Increased plant transpiration leads to elevated humidity levels within the building.  

Month

Average 

Temperature °C

Average 

Relative 

Humidity %

Average 

Temperature °C

Average

 Relative

Humidity %

Oct-2012 32.1 77.0 29.1 96.6

Nov-2012 30.0 64.1 25.4 94.6

Dec-2012 27.5 59.8 22.5 94.0

Jan-2013 26.1 65.6 22.0 94.8

Feb-2013 27.4 67.3 23.4 95.1

Mar-2013 28.9 72.3 25.5 95.8

Apr-2013 28.6 70.9 25.0 95.6

May-2013 31.7 77.2 28.8 96.6

Jun-2013 32.9 72.0 29.2 95.8

Jul-2013 33.6 75.3 30.3 96.3

Aug-2013 34.2 74.5 30.7 96.2

Sep-2013 33.4 83.2 31.2 97.5

Before Evaporative Cooler After Evaporative Cooler
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When humidity levels are too high, problems such as disease, fungus, and reduced 

transpiration can affect crop health and the quality of outputs (Figure 1-9).   

One possible solution for dehumidification is to simply expel humid indoor air and 

replace it with drier outdoor air. [24-27] However, in hot climates, this means an 

additional cooling load for conditioning of incoming outdoor air.  In cold climates, this 

means an additional heating load.  In either case, unless outdoor temperatures 

themselves are favorable for crop production, dehumidification via an air exchange 

process leads to an additional energy footprint.  Air exchange also prevents or limits the 

potential for CO2 enrichment of the indoor environment, a practice that is used by 

growers to increase crop outputs.   

Another technique for dehumidification is chilling of indoor air to the dew point. [27-29] 

This is primarily done through dew point condensers, which cool the air to produce 

condensation.  The removal of water via condensation reduces the overall humidity 

level in indoor air and may provide an alternative source of fresh water.  However, in 

cool climates, this chilling is counter-productive and energy-intensive, as air is first 

chilled for dehumidification and then reheated to reach desired temperatures for crop 

production. In hot climates, the chilling is acceptable because of thermal loads, but may 

still be beyond what is needed in a well-insulated ALAB.  Therefore, a more sustainable, 

less energy intensive method of dehumidification is needed for indoor growing with 

artificial lighting. 
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Figure 1-9 Recommended humidity levels for indoor agriculture.  Ideal conditions lie in the “normal

evaporation” range (green).  Humidity levels above the “low evaporation” rangemay cause 
crop stress and increase the risk of fungus and plant disease. [30] 

 

1.1.3 Liquid Desiccant Dehumidification 

A critical step towards enabling the adoption of seawater based evaporative cooling for 

greenhouses (which is both energy and fresh-water efficient as compared with other 

forms of greenhouse cooling) is to make it effective for use in humid climates that are 

common near the sea.  One potential solution to reduce the amount of humidity 

present in incoming ambient air is the use of chemical desiccants to dehumidify before 

the air enters the evaporative cooling system (Figure 1-10).  The absorption/removal of 

water vapor can be accomplished using liquid or solid desiccants directly or indirectly 

through a membrane contactor. [31-41] Liquid desiccants are increasingly being used for 



45 

 
dehumidification because of their operational flexibility.[42] Suitable liquid desiccants 

are highly concentrated inorganic 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, concentrated desiccant solution has a lower 

vapor pressure than the ambient vapor.  When this phenomenon exists, moisture 

transfer takes place from the air to the desiccant solution (Figure 1-11).   However, 

when this moisture transfer takes place, the latent heat of condensation is released as 

sensible heat into the surrounding liquid and/or the air.  The capacity of a liquid 

desiccant to remove humidity from the air is limited by both its concentration and its 

temperature, where a concentrated cool desiccant is a good dehumidifying solution. 

[43]   

 
Figure 1-10 One potential solution to reduce the amount of humidity present in incoming ambient air is 

the use of chemical liquid desiccants to dehumidify before the air enters the evaporative 
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cooling system.  Shown in the figure is a conceptual model of a greenhouse system 
incorporating liquid desiccant dehumidification of incoming outdoor air. [32]  

 
Figure 1-11 The driving force behind the effectiveness of a liquid desiccant for dehumidification is its low 

vapor pressure.  

To improve the performance of any liquid desiccant system, attention must be given to 

creating sufficient contact between the ambient air and the liquid desiccant (using a 

desiccator), removing the heat of condensation from the desiccator (using a heat 

rejecter or heat exchanger), and keeping the concentration of the liquid desiccant 

sufficiently high such that the vapor pressure is maintained lower than the to-be-

conditioned air (through removal of water via a mass regenerator).  Figure 1-12 shows 

the typical liquid desiccant cycle.   
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Figure 1-12 Process diagram showing proposed liquid desiccant cycle  

 

1.1.4 Fresh Water Recovery from Liquid Desiccant Regeneration 

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

regenerated (i.e. removal of fresh water mass from the desiccant) on a regular basis.  By 

using an appropriate regeneration technology, fresh water can also be recovered for 

reuse within the greenhouse as shown in Figure 1-13.  Utilizing this process, it is 

conceptualized that the fresh water footprint of agriculture within these CEAS will be 

greatly reduced and could approach zero (i.e., no net input of fresh water from outside 

sources to the greenhouse on a daily basis), as shown in Figure 1-14. To move closer to 

the goal of creating a lower or near-zero fresh water footprint greenhouse, it is critical 
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that an appropriate regenerator be developed and optimized to recover the fresh water 

from the diluted liquid desiccant.  

 
 

Figure 1-13 Process diagram showing proposed fresh water cycle within a greenhouse 

 
Figure 1-14 Schematic of proposed self-watering greenhouse [44] 
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For liquid desiccant regeneration, possible methods include, but are not limited to:  

 Open solar or packed bed regenerators – simple technologies that are the most 

widely applied for liquid desiccant regeneration. The potential exists to recover 

fresh water from the regeneration process with use of a condenser coil.  

However, the condenser coil itself must be chilled, adding additional energy 

input requirements.  [32, 34, 37, 45-52].   

 Closed solar still regenerators – simple, but even less efficient than open 

regenerators.  Fresh water may be recovered, but the low output per unit of land 

area required is not attractive. [53] 

 Reverse osmosis or nano filtration – potentially very efficient but the operating 

pressures may be prohibitively high [33].  

 Electrodialysis – attractive for integration with solar PV, but further development 

is needed in membrane materials and equipment design [48, 54, 55]  

 Membrane distillation – e.g. direct contact, air-gap, vacuum gap – including 

multistage systems.  MD systems are attractive for integration with solar thermal 

energy sources and provide very high quality fresh water output [56] [57-75] 

Membrane distillation systems, reverse osmosis, electro dialysis, solar stills, and packed 

bed regenerators with condenser coils all offer the potential for fresh water recovery.  

Open regenerators offer a benchmark for comparison of liquid desiccant regeneration 

efficiency and non-renewable energy use.  Note that all of the proposed technologies 

are already in global use for either seawater desalination or for producing salt from 

seawater (salt woks).  However, these technologies are not yet widely used in liquid 

desiccant regeneration.  The main difference between desalination of seawater and 

liquid desiccants is that the concentration of salts in the liquid desiccants is often in the 

range of 5-10 times higher than in seawater.   
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1.1.5 Recirculating CEA Air  

In an attempt to close the freshwater loop within a CEA cooling and water supply 

system, a liquid desiccant cooling system is proposed for use within a recirculating air 

structure.  In this scenario, the potential exists to reduce the energy footprint of 

greenhouse dehumidification while at the same time removing/recovering water vapor.  

Figure 1-15 shows the proposed air recirculation and cooling process. By recirculating 

the air and using solar energy to power systems, it is conceivable that a greenhouse or 

ALAB could be operated completely “off the grid” in relation to water and energy

supply.  That is, a controlled environment agriculture structure (CEAS) could be 

constructed without needing any fresh water input other than the initial fresh water 

deliverytodrivethesystemandany“makeup”freshwatertoaccountforwhatislost

through crop production (e.g. plant tissue/harvest removal from the greenhouse and 

minor losses through doors, etc.).   Therefore, such a CEAS design could be considered 

as“self-watering”foodproductionfacility. In addition, the potential exists to apply such 

a closed food production facility in extreme environments, including outer space. 
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Figure 1-15 Process diagram showing air recirculation and heating/cooling in a CEAS.  For CEA in cold 
climates,the“cooling”stepisunnecessary,asthereleasedheatisbeneficialforimproving the 
indoor climate. 

 

One risk of using liquid desiccants for dehumidification is the potential for 

environmental contamination and contact with crops. [27, 28] If air is to be recirculated 

within the greenhouse, possible air contamination via aerosolization of the liquid 

desiccant should be prevented.  One way to do this is by using a membrane contactor 

desiccant dehumidification system in place of a direct contact desiccant 

dehumidification system. [31, 76-87] In such systems, the liquid desiccant is contained 

within a liquid-tight semipermeable membrane. The moisture is absorbed across the 

membrane while containing the desiccant within the membrane (no direct contact).  
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Moreover, the membrane interface allows for independent operation of liquid and gas 

phases, so that no liquid condensate is generated as the desiccant absorbs the moisture 

and there is no risk of desiccant solution leakage. [88, 89] 

Contactor membranes present an interesting solution for liquid desiccant systems in 

that they can be used in both the dehumidification and regeneration phases.  

Membranes have been investigated for general use in liquid desiccant cooling systems 

[79, 84, 86].  However, it is as of yet not evaluated if membrane-based liquid desiccant 

technology is scalable and adaptable for use in greenhouses.   

The main disadvantage of membranes is the additional mass transport barrier of the 

membrane wall. The main advantage of a membrane contactor dehumidification system 

compared to a direct contact dehumidification system is that membranes minimize the 

possibility of salt exposure to the plants and greenhouse employees.  Dehumidification 

via liquid desiccants can work alone or in combination with other air conditioning 

systems to control the moisture and temperature in the greenhouse, and is a critical 

step toward sustainable, energy-efficient, solar-powered, and reduced fresh water 

footprint food production systems. Creation of such food production systems offers an 

incredible opportunity for cities and regions that now have food insecurity to bridge the 

gap and move forward towards sustainable, local and long-term food security.  
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1.2 Problem Statement 

The growing of food crops in hot, desert environments provides three main challenges: 

temperature control (usually cooling), the availability of fresh water, and the lack of 

suitablesoil.Jeddah,SaudiArabia’ssecondlargestcity,hasaclimate that is favorable 

for temperate vegetable production for only 25-35% of the year. For the remainder of 

the year the climate is too warm for productive growing outdoors.  CEA offers a 

potential solution for temperature control in that the indoor environment can be cooled 

or heated to match crop preferences.  In CEA, the climate and the irrigation water 

applied to crops can be precisely controlled. However, cooling of greenhouses may 

affect the water footprint of the crops produced, as the common practice of evaporative 

cooling for greenhouses consumes large amounts of fresh water. In general, it is 

estimated that 70-80%ofSaudiArabia’slimitedfreshwaterisusedforagriculture.The

largest source of this water in the KSA is non-recharging fresh water aquifers or energy-

intensive desalinated water. The alternative to evaporative cooling is traditional 

refrigeration-based direct expansion cooling, which is largely powered by the burning of 

declining resource fossil fuels.  Traditional refrigeration-based cooling is the only current 

option where high ambient humidity levels prohibit the effective use of evaporative 

cooling (such as during Jeddah summers) or where indoor dehumidification is required 

to provide a suitable humidity level for crop production (such as in vertical agriculture 

and ALABs).  While these trends are true for Saudi Arabia today, changes in the global 
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climate could mean other countries that are now “self-sufficient” in food and fresh

water will face similar problems in the future.  In short, current methods of food 

production consume too much fresh water and too much energy.  This work aims to 

move the fresh water use in CEA towards a closed loop water cycle (i.e. reducing inputs) 

while at the same time providing dehumidification for cooling and crop health through 

primarily solar-powered liquid desiccant technology. 

 

1.3 Motivation  

The motivation for this work is to realize a food production system that relies more 

upon renewable energy inputs and uses significantly less fresh water.  Such a system is 

especially relevant in the local context, as Saudi Arabia faces extreme fresh water 

shortages and a harsh climate, while at the same time having tremendous solar and 

seawater resources available.  This work is aimed at addressing the problem of providing 

food to a rapidly growing population in a truly sustainable manner.  In addition, this 

work is aimed at moving forward the science of liquid desiccant dehumidification and 

membrane distillation as it relates to its application in CEA.  Ideally, this work would 

contribute to a radical decrease in the fresh water footprint of food produced in the 

local and global context, and would also contribute to the economic, food, water, and 

energy security of desert nations. 
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In addition to the obvious scientific, social, and economic motivation, a faith-based 

motivation for stewarding the water resources of the Earth is also applicable.  As part of 

this work, an in-depth analysis of the faith-based motivation for water conservation in 

agriculture among monotheists has been conducted and was published in the Journal of 

WaterPolicyunderthetitle“Seekingaconsensus:watermanagementprinciples from

themonotheisticscriptures.”[90] The complete publication is included in this Doctoral 

Thesis in Section 3.  The reader is directed to this section for a complete and thorough 

analysis of this topic. 

 

1.4 Aims of Research 

This research is designed to increase food security while at the same time reducing the 

energy, fresh water, and environmental footprint of food production. The overall intent 

is to reduce the fresh water footprint, improve the crop-growing environment, increase 

energy efficiency, and increase food production output of CEA, especially in arid regions. 

The ultimate goal is to realize a practical, viable, and sustainable CEA fresh water 

supply/reuse process that can be adopted by farmers within the KSA and at other world 

locations that have harsh climates, little available fresh water, and/or limited options for 

increasing food security.  The specific sustainability question that the project is seeking 

to address is: “How canwe producemore food formore people with less land, less 
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resources, and less impact on the environment in the context of urbanization and a 

changing global climate?” Sustainability challenges in this question include limited

natural fresh water, the widely-used practice of burning fossil fuels to produce electrical 

energy, the loss of arable land resources to urban sprawl, soil salinization, 

desertification, changes in the global climate, skyrocketing food demands from 

concentrated urban centers, and pollution of world ecosystems by agricultural 

chemicals and fertilizers. 

The research endeavors to address pressing global challenges related to energy, food, 

water, environment, and human health. By reducing the fossil energy and fresh water 

footprint of agriculture, a more sustainable source of food can be realized to feed a 

growing population.  Food produced in CEA has the potential to be more sustainable, 

fresh, visually appealing, secure/reliable, and pesticide/herbicide free than food that is 

traditionally grown outdoors.  If successful, this project provides a model that is robust 

and adaptable not only for Saudi Arabian agriculture, but for the world as a whole in 

light of global trends. 

1.5 Thesis Structure  

Chapter 1 reviews the relevant background and puts into the context the present work 

based upon existing literature.  Chapter 2 outlines the hypotheses and objectives for the 

work.  Chapter 3 explores the question of “why care about water conservation?”
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through the lens of the monotheistic scriptures, thus providing a faith-based context for 

the work in addition to the scientific context provided in Chapter 1.  Chapter 4 provides 

soon-to-be published and supporting experimental and observational results from a 

pilot scale aquaponics unit, an open flat-sheet liquid desiccant regenerator, a pozzolan-

based material used for seawater evaporative cooling, a pilot-scale direct contact liquid 

desiccant dehumidifier, and observations taken from visits to existing greenhouses and 

ALABs.  Chapter 5 introduces the concept and provides the fundamental calculations 

necessary for evaluating a greenhouse utilizing liquid desiccant dehumidification and 

water recovery, in addition to providing initial experimental results.  Chapter 6 discusses 

the performance of a liquid desiccant dehumidification system utilizing hollow fiber 

membranes.  Vacuum membrane distillation of liquid desiccant draw solutions is the 

topic of Chapter 7.  The membrane dehumidification and distillation systems are 

integrated into a real, bench-scale CEA system in Chapter 8.  In Chapter 9, additional 

membrane distillation experiments are carried out to evaluate potential alternative MD 

directions and configurations for use with liquid desiccants.  Finally, evaluation of 

original hypotheses, conclusions from the work and recommendations for future work 

are presented in Chapter 10.   
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Chapter 2 

2 Hypotheses and Objectives 

The goal of the proposed research is to contribute to the advancement of CEA dehumidification 

and a reduced water footprint for crops produced, building on the knowledge gaps and 

limitations as outlined in Chapter 1.Asastartingpoint,theamountoffreshwaterthatis“lost”

in greenhouses due to evapotranspiration will be evaluated.  A liquid desiccant dehumidifier 

will be tested and evaluated using a membrane contactor hollow fiber system.  Fresh water 

production/recovery potential from liquid desiccant regeneration will then be evaluated using 

membrane distillation.  Finally, a bench scale CEAS will be tested for integration of the 

dehumidification and fresh water recovery systems.   

2.1 Hypotheses 

The central hypotheses for this Ph.D. dissertation are as follows: 

2.1.1 Hypothesis #1: The majority of fresh water used in CEA today is “lost” via 

evapotranspiration. 

The freshwater that is applied in CEA goes somewhere.  We hypothesize that the majority of 

freshwaterusedingreenhouseagricultureis“lost”toevapotranspirationineitherthecooling

phase or the crop production phase.  To evaluate this hypothesis, the amount of expected 

evapotranspiration in a commercial scale greenhouse will be evaluated via evapotranspiration 

models.  Knowledge of expected evapotranspiration quantities will allow calculation of 

humidity levels required as outputs from the cooling system.   In addition, questions such as 
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how much water must the dehumidification system remove, how much water does the 

regenerator need to recover, and what is the ideal minimum water usage of a greenhouse (with 

water recovery) will be addressed. 

Specific questions to be addressed include: 

a) How much fresh water is transpired by greenhouse plants under expected conditions? 

b) If incorporated, how much water is expected to be evaporated by the adiabatic cooler 

(evaporative cooler) to cool the greenhouse?  

c) What humidity level does the dehumidifier need to achieve for proper cooling?   

d) How much water and heat must the desiccant dehumidifier remove from the air? 

e) How much water must be recovered by the desiccant regenerator if it is to supply all 

necessary greenhouse fresh water needs? 

f) What is the ideal minimum fresh water usage of a greenhouse assuming water recovery 

from the liquid desiccant? 

This hypothesis and associated questions are primarily addressed in Chapter 5, which includes a 

paper published in Desalination and Water Treatment entitled “Liquid desiccant

dehumidification and regeneration process to meet cooling and freshwater needs of desert 

greenhouses.”[44] 

2.1.2 Hypothesis #2:  A hollow-fiber membrane based liquid desiccant dehumidifier can 

dehumidify air to required levels while preventing carry-over and loss of desiccant 

salts. 

Pad-based direct-contact and membrane based non-contact liquid desiccant systems have been 

built and tested in other studies [31, 32, 82, 91, 92].  We hypothesize that using novel 

membrane materials in hollow fibers will allow greater dehumidification potential with a 

smaller footprint and with less desiccant salt carryover/loss than other systems.  To evaluate 
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this hypothesis, the flux of humidity through the membrane interface, dehumidification 

performance per unit volume of dehumidifier, and loss of dehumidification potential over time 

(salt loss) will be evaluated for a hollow-fiber membrane based dehumidifier.  

Specific questions to be addressed include: 

1) What is the performance of the membrane dehumidifier? 

2) What are the operating parameters that should be taken into account when using a 

hollow fiber membrane dehumidifier, and what are the optimum set points for these 

parameters for scale up? 

3) Based on expected performance and system variables, are the evaluated 

dehumidification systems appropriate for real world use in CEA? 

Hypothesis #2 and associated questions are primarily addressed in Chapter 6, which includes a 

paper published in the Journal of Membrane Science entitled “Triple-bore hollow fiber 

membranecontactorforliquiddesiccantbasedairdehumidification.”[80]  The hypothesis and 

associated questions are also addressed in Chapter 8. 

2.1.3 Hypothesis #3: Fresh water production to meet greenhouse fresh water needs can be 

realized from regeneration of liquid desiccant solutions through the use of membrane 

distillation.  

Use of membrane distillation will allow the recovery of fresh water from weak (used) liquid 

desiccant solutions and have a primary energy input that can be sourced from solar thermal.  

We theorize that dehumidification of greenhouse air and recovery of fresh water to meet 

greenhouse irrigation needs from the liquid desiccant process can be done. To test this 

hypothesis, the yield of a membrane distillation process for liquid desiccant desalination must 
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be evaluated. In addition, the quality of produced water must be evaluated regarding its 

suitability for use in irrigation.  

Specific questions to be addressed include: 

1) What is the performance of a membrane distillation unit used for regeneration of liquid 

desiccants?   

2) What are the operating parameters that should be taken into account when using a MD 

unit for liquid desiccant regeneration, and what are the optimum set points for these 

parameters for scale up? 

3) Based on expected performance and system variables, are the evaluated MD systems 

appropriate for real world use in CEA? 

Hypothesis #3 and associated questions are addressed in Chapter 5, 7, 8 and 9.  Chapter 7 

includes a paper submitted for journal publication,entitled“Vacuum membrane distillation of 

liquid desiccants utilizing PVDF hollow fiber membranes.”  Chapter 8 includes a paper 

submitted for journal publication entitled “Membrane-based Humidity Capture and Fresh 

Water Recovery Using Liquid Desiccants in a Bench-Scale Controlled Environment Agriculture 

System.” Chapter 9 includes a paper to be submitted for publication entitled “Bench-scale 

experimental evaluation of liquid desiccant membrane distillation methods for controlled 

environmentagriculture.” 

2.1.4 Hypothesis #4:  An integrated system of liquid desiccant dehumidification with fresh 

water recovery from regeneration can be realized to meet water supply needs in CEA.  

Once dehumidification and regeneration systems have been tested stand alone in the lab, 

results of these tests can be used to develop an integrated system for testing in a bench scale 

CEA system. Real crops will be grown using artificial lighting in the lab in a closed structure.  The 
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performance of the dehumidification system, the MD-based desalination system, and the plants 

when irrigated with output from the MD system will be evaluated.  Based on the results, 

conclusions will be drawn regarding the applicability of the technology to meet CEA needs for 

dehumidification and water supply in larger setups.    

Specific questions to be addressed include: 

1) How does the dehumidification system interact with the plants?   

2) Are humidity levels controlled adequately by the system? 

3) HowdothedehumidifierandMDunitperformwhenusedina“real”CEAsystem? 

4) How do the plants respond to receiving irrigation water from the MD desalination 

system? 

5) What lessons can be learned from the integrated bench scale system for application at a 

pilot and commercial scale? 

6) Whatistherealpotentialforcreatinganear“closedloop”waterandaircycle within a 

CEAS using a liquid desiccant based system? 

Hypothesis #4 and associated questions are addressed in Section 8. Section 8 includes a paper 

entitled “Membrane-based Humidity Capture and Fresh Water Recovery Using Liquid 

Desiccants in a Bench-Scale Controlled Environment Agriculture System.” 

 

2.2 Objectives 

The objectives of the research are expressed in the following section entitled “desired

outcomes.”  Following these, the scope of work for obtaining these desired outcomes is

presented. 
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2.2.1 Desired Outcomes 

1) A reduced water footprint or closed-loop self-watering greenhouse. 

2) Advanced membrane materials to enable precisely engineered separation of gas and 

liquid phases and optimum control of mass transfer between them.  

3) Demonstration of potential for successful implementation of a liquid desiccant based 

dehumidification and fresh water production cycle in complex CEA settings, including in 

ALA, vertical agriculture, and urban agriculture. 

4) Pairing of this technology with similar resource-saving technologies for a complete 

growing system that is appropriate for greenhouse agriculture: including aquaponics, 

hydroponics, artificial lighting and solar energy systems. 

2.2.2 Scope of work 

The scope of work is designed specifically to test the research hypotheses. Research procedures 

will overlap and be consolidated where appropriate. Research outcomes will be discussed in 

sections that correspond to each of the four hypotheses.  

2.2.2.1 Theory and Design Requirements 

The background and theory behind liquid desiccant based cooling will be evaluated.  In 

addition, the practical requirements of a cooling and water supply system will be evaluated 

through the use of crop evapotranspiration requirements, solar heat input, and estimates of 

operating parameters in a real-world type of setting.  Calculated crop requirements will inform 

the design and evaluation of the real CEA system at both the lab and pilot scales. 

2.2.2.2 Dehumidification of Greenhouse Air Using Liquid Desiccants 

Literature and laboratory results will be collected and analyzed. For evaluation of liquid 

desiccant performance, the construction/purchase of lab-scale dehumidifiers is proposed. 
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Performance will be compared and discussed.  Based on performance, applicability to real 

world agriculture systems will be discussed. 

A hollow fiber membrane based dehumidification unit will be constructed and tested in the lab.  

Results from these tests will be presented and discussed in the context of other, similar studies 

and also in the context of applying these systems to CEA. 

2.2.2.3 Regeneration of and Fresh Water Recovery from Liquid Desiccants 

Literature and laboratory results will be collected and analyzed.  For evaluation of liquid 

desiccant regeneration, the construction/purchase of lab-scale membrane distillation 

regenerators is proposed. A direct contact, flat sheet membrane distillation unit will be 

constructed and tested in the lab.  In addition, a vacuum hollow fiber membrane distillation 

unit will be constructed and tested in the lab.  Results from these tests will be presented and 

discussed in the context of other, similar studies and also in the context of applying these 

systems to CEA. 

2.2.2.4 System Integration and Evaluation of Applicability to Real World CEA Systems 

Based on the previous work, an integrated system of liquid desiccant dehumidification with 

fresh water recovery from regeneration will be built at the bench scale. The integrated system 

will be paired with an appropriate scale hydroponics or aquaponics agriculture production 

system and artificial lighting technology.  The complete system will then be evaluated for 

performance. Based on the results, conclusions will be drawn regarding the applicability of the 

technology to CEA and especially ALABs in urban, food-insecure world locations.   
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Chapter 3 

3 Publication #1 “Seeking a consensus: Water management principles from 

the monotheistic scriptures” 

3.1 Introduction 

ThefollowingisapaperoriginallypublishedintheScientificJournal“WaterPolicy.”Thecopy

oftheworkincludedhereistheauthor’sfinalversionaspublishedby the journal but without 

the journal formatting.  The complete reference for the published work is as follows: 

Lefers, R., R. G. Maliva and T. M. Missimer (2015). "Seeking a consensus: water management 
principles from the monotheistic scriptures." Water Policy 17(5): 984-1002. 

 

3.2 Impact on Dissertation Research 

In the preparation of this publication, it was demonstrated that a motivation to manage water 

sustainably exists within the monotheistic scriptures.  This faith-based motivation for proper 

water management, in addition to the scientifically proven need for proper management, is 

especially important within the local context of the Middle East and Saudi Arabia.  Thus, this 

work does not serve as a scientific background, but rather as a religious and cultural support for 

the work undertaken as part of this doctoral dissertation.  
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3.3 Publication #1 

Seeking a consensus: Water management principles from the monotheistic 

scriptures 

Ryan Lefersa, Robert G. Malivab, and Thomas M. Missimerc*
 

aKing Abdullah University of Science and Technology (KAUST), Water Desalination and 

Reuse Center, Thuwul, Saudi Arabia 23955-6900 
bSchlumberger Water Services, 1567 Hayley Land, Suite 202, Fort Myers, FL 33091 
cU. A. Whitaker College of Engineering, Florida Gulf Coast University, 10501 FGCU 

Boulevard North, Fort Myers, FL 33965-6565 
*Corresponding author. Email: tmissimer@fgcu.edu. 

3.3.1 Abstract  

Religious and cultural values related to water use and management are important motivation 

for many people of the world. Although much has been written related to water management 

and use in Islam, fewer authors have attempted to evaluate water management through the 

lens of other religions. The common thread of monotheism, specifically worship of the one God 

of Abraham, binds together theworld’s largest tworeligions (IslamandChristianity). Judaism

also falls within this monotheistic group and is especially important in the context of Middle 

Eastern water management. As agriculture consumes approximately 70% of all freshwater used 

in the world today, proper management of water within its context is of critical and global 

importance. This paper presents an effort to build consensus from a monotheistic-scripture-

based perspective related to water management in agriculture. If greater dialogue and 

agreement about water management can be attained within and among monotheists, complex 
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issues related to transboundary water management, reuse and conservation could be resolved 

with less conflict, creating a shared overall management vision. 

Key words | Agricultural water; Conservation; Ethics; Monotheism; Transboundary water; 

Water and religion; Water management; Water policy; Water value  

3.3.2 Introduction 

Water policy and management plans and decisions are not solely governed by technical issues, 

but also by economic and cultural factors that affect people. Much has been written about 

water management from a technical perspective. Indeed, there are scientists and engineers of 

many races, creeds, and nationalities that have come to some consensus related to the basics 

of water management and its value related to life on earth from a purely scientific perspective. 

However, for many people inhabiting the world today, religious teachings play a fundamental 

motivational role in every day decisions; sometimes over and above scientific or technical 

advice given by academics and consultants or learned through various media and educational 

outlets. Therefore,religioustextswhichguideanindividual’sdailybehaviorhavethepotential

to support or disagree with decisions related to the natural world, particularly with regard to all 

aspects involving water or food [93-95]. Water management plans developed without 

consideration of cultural and religious beliefs are doomed to failure in many parts of the world. 

Christianity claims the largest overall percent of adherents in the world today, at around 33% 

based on 2010 estimates of the US Central Intelligence Agency [96]. Islam is the second largest 

religious block in the world, at around 23%, again based on 2010 estimates [96]. Put together, 
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these two religions account for over half (56%) of all humans living on the planet today. 

Therefore, seeking consensus related to any topic of importance between these two religions 

would seem an important and worthwhile task. Although Judaism claims a much lower 

percentage (0.22%) of total world adherents[96], attempting to find a consensus among 

fundamental texts of Judaism, Islam, and Christianity would be of great value in areas such as 

the Middle East, where monotheists are the population norm and fresh-water resources are 

scarce.  

Various researchers have attempted to weave a religious or cultural dynamic into their 

assessments of local or global water or environmental management strategies. In a survey 

completed in the West Bank (Palestine), respondents said that technical experts must work 

closely and cooperate with the religious references regarding water reuse [97]. Al-Weshah 

suggested that agricultural water management practices in Jordan Valley are based on 

biblically-founded attitudes [98]. Traditional Zionism greatly values agriculture and therefore 

agricultural water use [99, 100]. Hillel [101] looked at ways the surrounding environment 

impacted Judaism. Priscoli [102] includes quotes from a number of Christian leaders and 

historical figures in his evaluation of the water resource decision nexus. Siler [103] discussed 

approaches to water management in the monotheistic religions, with a focus on Islam. 

Compared with the other monotheistic faiths, much has been written on water management 

from a purely Islamic perspective ([104-108]). Naff and Dellapenna [109] evaluated the 

consensus between secular water law and Islamic water law. Other authors have attempted to 

put together religious views of water and its management from the perspective of multiple 
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religions [93, 94, 110, 111]. A consensus-seeking review of monotheistic texts related to 

agricultural water management (or water management in general) was not found during a 

literature review for this research. 

In2007,the“ACommonWordBetweenUsandYou”letter,originatingfromandsignedby138

leaders within the world Islamic community, was published online as an open call to other 

“People of the Book” (i.e. other monotheists who follow the sacred scriptures) and with a

special direction towards Christians [112]. The Common Word letter had its foundation based 

uponthefollowingversefromtheQur’an3: 

People of the book, come to a common word between us and you that we 
won’t worship any other gods besides Allah, and we will not make anything 
else a god, nor will we take each other as gods in addition to Allah. If they turn 
away, say, “Testify that we have submitted.” (Qur’an, Al-‘Imran 3:64) 

The letter was intended to call monotheistic adherents to a “common word” upon which

peaceful and meaningful dialogue could take place among the monotheistic religions. It focused 

on coming to a consensus regarding the two great commandments: love God and love your 

neighbor. Since release of the letter in 2007, a number of inter-faith dialogues on various topics 

have takenplace in thesamespiritof consensus seeking.The ideaof coming toa “common

                                                      

 

3 All Qur’an quotes taken from The Arabic-English Reference Qur’an, First Edition, The 
ReferenceQur’anCouncil,©July,2013.[113. The Arabic-English Reference Qur'an. 
First Edition ed. 2013.  
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word”ontopicsoutsideoftheworshipofandunityofGodareaddressedinthemiddlepart of 

theaboveverse“…….nor will we take each other as gods in addition to Allah.”Themeaningof

this phrase, according to a leading commentary (tafsir) on the Qur’an (the Jami’ Al-Bayan fi 

Ta’wilAl-Qur’anofAbuJa’farMuhammadbin JarirAl-Tabari) is “that none of us should obey 

[another authority] in disobedience to what God has commanded…” [112]. To put it another 

way, monotheists (Muslims, Christians and Jews) must obey God’s directions and

commandments on relevant topics over and above their own national traditions, laws, and/or 

local cultural norms. Of course, not all professed monotheists in the world today are practicing, 

therefore obedience to directions and commands from scripture will vary based on the 

individual. 

In2008,“TheMakkaDeclaration”wasreleasedatthecloseoftheWorldIslamicConferenceon

Dialogue. The conference identifiedoneof itsmaintopics for interfaithdialogueas:“Causing 

damage to the environment, and dealing with any harm done or expected to be done against it, 

in order to avoid widespread dangers and disasters against all of humanity” (The Makkah

Declaration, [114]). The environment was selected as an important topic for dialogue based 

uponaversefromtheQur’an. 

Don’t cause destruction in the earth after it has been made right. Pray to him 
in fear and desire. Allah’s mercy is near to those who do good. (Qur’an, Al-
A’raf 7:56) 

Faith-based consensus on environmental issues continued to garner attention in the 

international scene. The idea of coming to a consensus related to the environment was 

exploredataspecialsymposiuminSeptemberof2010entitled“TheRoyalAalAl-Bayt Institute 
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forIslamicThoughtEnvironmentSymposium.” Relevant proceedings from this symposium [95, 

107, 115] were reviewed as part of this work. In 2012, the King Abdullah Bin Abdulaziz 

International Centre For Interreligious and Intercultural Dialogue was established by the three 

Founding States of the Kingdom of Saudi Arabia, the Republic of Austria, and the Kingdom of 

Spain. The Centre has in its charter that a primary objective will be to “address the 

contemporary challenges to society, such as….. preservation of the environment, sustainable use 

of natural resources,..” (Objectives and Activities, Article II, 1, (d)),[116].  

Because all three religions (Islam, Christianity, and Judaism) have numerous sects and leaders 

of sects, it is difficult, if not impossible, to come to a complete consensus on every topic of 

importance.Thisistruebothwithinthereligions(forexample:Shi’avs.SunniinIslam;Catholic

vs. Protestant vs. Orthodox in Christianity; Orthodox vs. Conservative vs. Reform in Judaism; 

etc.) as well as among the religions. Each group or subgroup often has its own revered scholars, 

publications, interpretations, and traditions built up over years and centuries. While there may 

be commonalities among these traditions, it will be more difficult to recognize and apply 

commonalities gleaned from texts that are important to only a specific subgroup of the larger 

group of monotheists. Therefore, if a large consensus is sought, it is imperative to review what 

is most common and shared among the various sects and subgroups: namely the fundamental 

scriptures upon which the great religions themselves are based and which are perceived by 

adherents to be the inspired words of God himself (as opposed to a human text, interpretation, 

or tradition added upon these scriptures). The fundamental scriptures of monotheists are the 

Qur’anandtheBible.ThewordQur’an inEnglish isadirect transliterationof theArabicand
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literallymeans“recitation.”ThewordBibleinEnglishcomesfromtheGreekpluraloftheword

“biblion”,meaning “books” (Merriam-Webster Online Dictionary [117]). The Jewish “biblion” 

collection is commonly called the Hebrew Bible or the Tanakh. Included in the Christian 

“biblion” are the books of the “Old Testament” (the Tanakh) and the “New Testament.”

Because the books of the Tanakh came first in time, various parts are identified and endorsed in 

boththeQur’anandtheNewTestamentbynamessuchas:theTorah,BooksofMoses,Psalms

(zabur in Qur’anic Arabic), the Wisdom (al-hikmah in Qur’anic Arabic), the books of the 

prophets, and the Law, among others. The New Testament is also referred to and endorsed in 

theQur’anas:theGospel(InjilinQur’anicArabic),thebookthatisintheir(Christian’s)hands,

and the Book from before. 

As it relates to water management and its importance in the global water context, the greatest 

potential for freshwater use in efficiency and savings is within agriculture. Agriculture is 

estimated to consume 70% of extracted freshwater worldwide [118]. Although not often 

considered by the average consumer, it has been noted that we actually consume more 

freshwater through what we eat than what we drink. Approximately 1,000 liters of water are 

used to produce 1 kg of cereal grain and approximately 43,000 liters of water are used to 

produce one kg of beef [118]. Therefore, farmer choices regarding crops grown as well as 

consumers’foodchoiceshavenotonlyaneconomicandhealthbenefit,butalsoarealimpact

on actual total water use in agriculture worldwide.  

In this paper, an attempt is made to identify“commonwords”fromthemonotheisticscriptures

related to the origin and value of water as well as direct instructions for water use and its 
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management. In the spirit of the Common Word letter, an attempt is made to identify and build 

upon commonalities among the scriptures, where they may exist. A monotheistic scripture 

consensus will be sought that lays the foundation for personal and community decision-making 

regarding water and its use in general and agricultural contexts. This common consensus issue 

is particularly acute when dealing with transboundary disputes between countries with two or 

more of the monotheistic faiths involved.  

3.3.3 Methodology 

An extensive search of the scriptures was conducted to find, assess, and document the 

influence and potential influence of these texts on water management and use. The practices 

and principles found in the monotheistic scriptures regarding water management were 

compiled to assess commonalities for the purpose of drawing attention to those that could 

assist scientists and engineers in developing culturally-acceptable policies. 

Some readers may question why only the scriptures were reviewed for this effort and not 

additional religious texts or traditions. That texts and traditions such as those found in the 

Hadith, Talmud and similar are valued by adherents is beyond question. However, how much 

these texts (outside of the scriptures) are valued by individual sects and adherents within the 

religions varies widely. The goal of this paper is not to develop water management guidelines 

for each narrow subsect (that is up to the adherents within each group). The goal is rather to 

develop a baseline (common word) for water management that can be widely discussed both 

within and among monotheists because it is based on texts (the monotheistic scriptures) that 

are widely accepted by the greater group of monotheists. 
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3.3.4 The origin of water in monotheistic literature 

The origin and importance of water in the scriptures of the monotheistic faiths points to a value 

beyond economics. In the Genesis4 account of the creation of the world, we find that water is 

the first form of matter.  

Genesis 1: 1-2 “In the beginning God created the heavens and the earth. Now 
the earth was without shape and empty, and darkness was over the surface of 
the watery deep, but the Spirit of God was moving over the surface of the 
water. (Tanakh, Genesis 1:1-2) 

In the following acts of creation, we again see water taking a central role. After the creation of 

light, the second and third days of creation are occupied with perfecting the form and place of 

water.  

God said, “Let there be light.” And there was light! God saw that the light was 
good, so God separated the light from the darkness. God called the light “day” 
and the darkness “night.” There was evening, and there was morning, 
marking the first day. God said, “Let there be an expanse in the midst of the 
waters and let it separate water from water.” So God made the expanse and 
separated the water under the expanse from the water above it. It was so. 
God called the expanse “sky.” There was evening, and there was morning, a 
second day. God said, “Let the water under the sky be gathered to one place 
and let dry ground appear.” It was so. God called the dry ground “land” and 

                                                      

 

4 Scripture quoted by permission. All Bible quotations, unless otherwise indicated, are taken 

from the NET Bible® copyright ©1996-2006 by Biblical Studies Press, L.L.C. All rights reserved. 

[119] 
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the gathered waters he called “seas.” God saw that it was good. (Tanakh, 
Genesis 1:3-10) 

An observation from these verses is that mankind mimics water processes carried out during 

these two days of creation. Man also separates “water from water” in processes such as

wastewater treatmentanddesalination.Manattemptstokeepwater“gathered”sothat“dry

ground[will]appear” in floodpreventionmeasures likedamsandfloodchannels,agricultural

tile drainage, and the like. A monotheist could perhaps say that water engineering had its 

foundation at the creation of the world and has been continuing until now. 

The Qur’an confirms the ideas of water being the first form of matter to exist and of God

“splitting”waterduringthecreation. 

Do disbelievers not know that the heavens and the earth were one mass and 
we split them and made every living thing from water? Do they not believe? 
(Qur’an, Al-Anbiya’ 21:30) 

The scriptures are in agreement regarding the value of water as the first matter to exist and of 

the fact that God himself was the first one to separate and exercise control over water. This is 

thefirstpointthatmonotheistscanbuilduponasa“commonword.” 

3.3.5 Spiritual comparisons with water 

Water has value for humans outside of just consumption and economic uses [120]. For 

monotheists, water is not just a material form of matter in this world. It has a value and form in 

the spiritual realm as well. In the Tanakh, water poured on “thirsty land” is paralleled with

God’sspiritbeingpouredonpeople. 
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For I [God] will pour water on the parched ground and cause streams to flow 
on the dry land. I will pour my spirit on your offspring and my blessing on your 
children. They will sprout up like a tree in the grass, like poplars beside 
channels of water. (Tanakh, Isaiah 44:3-4) 

In the New Testament, Jesus also compares water with the spirit. 

On the last day of the feast, the greatest day, Jesus stood up and shouted out, 
“If anyone is thirsty, let him come to me, and let the one who believes in me 
drink. Just as the scripture says, ‘From within him will flow rivers of living 
water.’” (Now he said this about the spirit, whom those who believed in him 
were going to receive, for the spirit had not yet been given, because Jesus was 
not yet glorified.) (New Testament, John 7:37-39) 

Althoughitdoesnotspecificallyrefertothespiritas“livingwater,”theQur’anagreeswiththe

fact that a spirit from God (Ruh inQur’anicArabic)isanaidorprovidenceforbelievers(Qur’an,

Al-Mujādila 58:22), which could also be said about water. Interestingly, the promise of a

heavenlygardenwith“flowingriversunderneath”(i.e.water)isincluded in the same verse. 

You will not find that people who believe in Allah and the last day also love 
those who oppose Allah and his messenger, even their fathers, sons, brothers, 
or relatives. Allah has written faith on their hearts and aided them with a 
spirit from him. He will admit them to heavenly gardens with flowing rivers 
underneath, where they will live forever. There Allah is pleased with them, and 
they are pleased with him. They are Allah’s party. Is Allah’s party not 
prosperous? (Qur’an, Al-Mujādila 58:22) 

Again, theQur’anmakesreference toheavenasaplacewherewater isabundantlyavailable

(Qur’an,Muhammad47:15).Ofnoteisthatthosewhoarein“hellfire”arealsogivenwater,but

of a state that is not suitable for consumption. 

The heavenly garden the godly are promised is like rivers of clear water, rivers 
of unspoiled milk, rivers of delightful wine, and rivers of strained honey. There 
they will have all kinds of fruit and forgiveness from their Lord. Are they like 
those who are in hellfire forever, given boiling water to drink that tears out 
their intestines? (Qur’an, Muhammad 47:15) 
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LikeintheQur’an,goodqualitywaterisseenasaheavenlyrewardforrighteouspeople,both

in the Tanakh and in the New Testament. 

The Lord is my shepherd, I lack nothing. He takes me to lush pastures he leads 
me to refreshing water. (Tanakh, Psalms 23:1-2) 

He also said to me, “It is done! I am the Alpha and the Omega, the beginning 
and the end. To the one who is thirsty I will give water free of charge from the 
spring of the water of life.” (New Testament, Revelation 21:6) 

Then the angel showed me the river of the water of life—water as clear as 
crystal—pouring out from the throne of God and of the Lamb [in heaven], 
(New Testament, Revelation 22:1) 

And the Spirit and the bride say, “Come!” And let the one who hears say: 
“Come!” And let the one who is thirsty come; let the one who wants it take the 
water of life free of charge. (New Testament, Revelation 22:17) 

In its physical form, water is a sign of spiritual repentance in baptism (New Testament, Mark 

1:4, Luke 3:3, Acts 13:24, Acts 19:4). Water is also used in the Jewish rituals of washing hands 

(Tanakh, Psalms 26:6) and ritual washing for purification (Tanakh, Leviticus 14-17), and for 

purification before prayers inIslam(Qur’anAl-Ma’ida5:6). 

 Clearly water has a higher form than just worldly and physical in monotheistic scriptures. 

Indeed,wateriscomparedwithGod’sspiritandheavenlywaterisapromisefortherighteous.

The second point that monotheists can agree on is that water has an intrinsically spiritual value 

and is a sign reminding humans of spiritual realities that are beyond the physical world. 

Therefore, great respect for the resource is an expected attitude that should prevail among 

monotheists in decisions regarding water use and consumption.  

http://www.biblegateway.com/passage/?search=Revelation+21:6&version=NET
http://www.biblegateway.com/passage/?search=Revelation+22:1&version=NET
http://www.biblegateway.com/passage/?search=Revelation+22:17&version=NET
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3.3.6 Water for agriculture is a sign of God’s blessing 

In the physical world, waterprovidedforagricultureisasignofGod’sblessing. We read in the 

Psalms:  

You visit the earth and give it rain; you make it rich and fertile with 
overflowing streams full of water. You provide grain for them, for you prepare 
the earth to yield its crops. You saturate its furrows, and soak its plowed 
ground. With rain showers you soften its soil, and make its crops grow. You 
crown the year with your good blessings, and you leave abundance in your 
wake. The pastures in the wilderness glisten with moisture, and the hills are 
clothed with joy. The meadows are clothed with sheep, and the valleys are 
covered with grain. They shout joyfully, yes, they sing. (Tanakh, Psalms 65:9-
13) 

Again, in the Psalms we read: 

He turns springs into streams; they flow between the mountains. They provide 
water for all the animals in the field; the wild donkeys quench their thirst. The 
birds of the sky live beside them; they chirp among the bushes. He waters the 
mountains from the upper rooms of his palace; the earth is full of the fruit you 
cause to grow. He provides grass for the cattle, and crops for people to 
cultivate, so they can produce food from the ground. (Tanakh, Psalms 104:10-
14) 

Elsewhere in the Tanakh, we see again how God provides water for agriculture. 

He does great and unsearchable things, marvelous things without number; he 
gives rain on the earth, and sends water on the fields…(Tanakh, Job 5:9-10) 

TheQur’anconfirmsthatGodsendswaterforagricultureandmadetherivers(water)subject

toman’scontrol. 

Allah is the creator of the heavens and the earth, and he sent down rain from 
the sky, brought forth fruits from it as provision for you, and made ships 
subject to you so they can travel on the sea by his command, and he made the 
rivers subject to you. (Qur’an, Ibrahim 14:32) 
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AgainintheQur’anweread: 

We sent down abundant water from the presses to make seeds and plants 
sprout, as well as thickly-planted gardens. (Qur’an, Al-Naba’ 78:14-16) 

Let man look at his food. We poured out water, split the earth, and caused 
seeds to sprout in it, as well as grapes, clover, olives, palms, thick gardens, 
fruit and plants, as enjoyment for you and your cattle. (Qur’an, Abasa 80:24-
32) 

He [Allah] planted trellised and untrellised gardens, palm trees, and differing 
plants for food: olives, pomegranates, similar yet dissimilar. Eat their fruit 
when it ripens, and pay for it on harvest day. Do not waste it. He does not love 
wasters. (Qur’an, Al-An’am 6:141) 

The monotheistic scriptures are in agreement regarding God’s provision of water for 

agriculture. Thus, the third point that monotheists can agree on is that one of the roles of water 

as provided by God is for production agriculture. Water is given by God to produce provisions 

for man in the form of food. 

3.3.7 Mankind is a regent or steward of the earth 

There are a number of statements and rules regarding general environmental conservation in 

the monotheistic scriptures that can also be applied generally to water. In the Tanakh we read:  

God blessed them and said to them, “Be fruitful and multiply! Fill the earth 
and subdue it! Rule over the fish of the sea and the birds of the air and every 
creature that moves on the ground.” (Tanakh, Genesis 1:28) 

This single verse and the various interpretations of the original Hebrew word kaw-bash' 

(translatedhereas“subdue”)havebeenusedtosupportawidevarietyofviewsrelatedtothe

environment. Other translations for kaw-bash’ include:“to subject, subdue, force, keep under, 

or bring into bondage”.[121] Because of these wide translations, environmental views 
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(particularly within Judaism and Christianity) tend to range widely between nature existing only 

for the sake of humans to humans being held critically responsible for the stewardship of 

nature [110]. However, the focus of this work is not to explore the why and how of these 

various interpretations, but rather to see how this scripture might come to a consensus with 

other monotheistic scriptures focused on water and its management. 

One of the translations of the Hebrew word kaw-bash' that seems to fit in well with other 

monotheistic scriptures is“tosubject,” similar to the ideaofa leader rulingoverhissubjects

(exercisingauthorityoverthem).TheideaofGodplacingmankindonearthto“ruleover”itis

found clearlyintheQur’an. 

When your Lord told the angels, “I will make a regent on earth,” they said, 
“Will you put someone there who will cause destruction on it and shed blood, 
while we glorify, praise, and sanctify you?” He said, “I know things you do not 
know.” (Quran, Al-Baqarah 2:30) 

The translator of Al-Baqarah 2:30 notes the following regarding the word translated as 

“regent”: 

The word in Arabic is /khalifah/, sometimes translated vicegerent. It is used 
for caliph and comes from the root "to be behind or after." Only Adam (here) 
and David (28:26) are named as regents in the Qur'an. In 7:69,73 and 27:62 
people are called regents on the earth. (The Arabic-English Reference Qur'an, 
2013).  

A definition for the word regent is “a person who governs a kingdom in the minority, absence, 

or disability of the sovereign” (Merriam-Webster Online Dictionary, [117]). What this seems to 

suggest is that God is placing humankind as rulers over the earth, but without relinquishing His 
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rightasabsolutesovereign. Inessence,humankindareGod’s“regents”onearth,butarestill

“behindorafter”himintermsofabsoluteauthority. 

In the account of the creation of man from Genesis, we read the following: 

The Lord God took the man and placed him in the orchard in Eden to care for it 
and to maintain it. (Tanakh, Genesis 2:15) 

Here the Genesis account again suggests that man is created by God as a caretaker (see also 

Harrison [122]).  

The idea of God being the sovereign who gives control over his “property” to humans as

regents for a short time is reinforced in New Testament parables. One instance is within the 

contextof amasterputtinghis servants in chargeofhispropertywhilehe is “ona journey”

(New Testament, Matthew 25:14-30). Another similar instance is within the context of a garden 

or land owner that leases or lends the property to a third-partygrower,againwhileheis“ona

journey.” (New Testament, Mark 12:1-9). In both cases, the owner temporarily puts his 

property in the hands of others for their use, provision, and control. However, in both cases the 

master of the property demands an accounting for what has been done with his property while 

heis“away.” 

Additional verses in the Qur’anclearly identifymankind as regents. The following two verses 

make clear that the authority of the regents is over the creation or the Earth.  

Do you like it that a reminder has come from your Lord to a man from among 
you to warn you? Remember when he made you regents after Noah’s people, 
and he increased your stature among the creation, so remember Allah’s 
benefits so that you may prosper. (Qur’an, Al-A’raf 7:69) 
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Who answers the one in need when he prays to him, keeps evil away, and 
makes them regents over the earth? Is there another god besides Allah? They 
remember infrequently. (Qur’an, An-Naml 27:62) 

 

TheideaoftheEarthbeingunderman’scontrolbythepermissionofGodisagain reinforced in 

the Psalms. 

You [God] grant mankind honor and majesty; you appoint them to rule over 
your creation; you have placed everything under their authority. (Tanakh, 
Psalms 8:6) 

Onthesubjectofbeingaregent, it is interestingtonotethattheQur’anhasthefollowingto

add regarding instructions given to King David. 

David, we have made you a regent on earth, so judge truthfully among men 
and don’t follow passion, or it will lead you astray from Allah’s path. Those 
who are led astray from Allah’s path will have severe torment on the day of 
reckoning because of what they forgot. (Qur’an, Sād 38:26) 

From an environmental perspective, passion may include lusts for things (money, possessions, 

certain foods, etc.) that have the potential to cause an overall degradation of the environment. 

Humans as regents are to “not follow passion” in their rule over the Earth and should 

rememberthattheyarerulingbyGod’sleave.Inpresentgovernmentalsituations,leadersare

considered tyrants if they only use their subjects for their own gain, caring nothing about who 

or what is destroyed as they seek to maximize their own personal comfort and advancement. 

The best leaders are those who look out for, protect, and seek the best for their subjects, all the 

while enjoying the benefits of their position as leaders. It seems only logical to apply the same 
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principles of good leadership to our treatment of the earth that we apply to leadership of 

human subjects. 

So,another“commonword”amongmonotheistscouldbestatedlikethis:“Humansareregents

of God in their rule over the earth and should act as righteous rulers in their treatment of 

nature.” 

 

3.3.8 Humans should not waste 

In a 2013 report on the food wastage footprint, the United Nations Food and Agricultural 

Organization (FAO) estimated that about one third (1/3) of all food produced is wasted rather 

than consumed [123]. Globally estimated amounts of surface and groundwater consumed by 

wasted food is a staggering 250 km3 [123]. In irrigated agriculture, reports of irrigation 

efficiency around the globe vary widely [124], and overall average irrigation efficiency may be 

as low as 40% (i.e. 60% of water applied isnot“used”bytheplants) [125]. When these two 

numbers are put together (food waste plus application waste), an estimated ratio of water 

applied that is necessary for production of consumed food globally may be as low as 27% (0.67 

consumed ratio multiplied by 0.40 irrigation efficiency ratio). Food and water are clearly 

connectedintheQur’anbythefollowingverse: 

Let man look at his food. We poured out water, split the earth, and caused 
seeds to sprout in it, as well as grapes, clover, olives, palms, thick gardens, 
fruit and plants, as enjoyment for you and your cattle. (Qur’an, Abasa 80:24-
32) 
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Within this context, the monotheistic scriptures give clear guidance regarding daily practices of 

consumption.IntheQur’an,wefindthefollowing: 

Children of Adam, take your apparel at every place of worship, eat and drink, 
but do not waste. He does not love the wasteful. (Qur’an, Al-A’raf 7:31) 

He planted trellised and untrellised gardens, palm trees, and differing plants 
for food: olives, pomegranates, similar yet dissimilar. Eat their fruit when it 
ripens, and pay for it on harvest day. Do not waste it. He does not love 
wasters. (Qur’an, Al-An`am 6:141) 

Theseversesareclear:don’tbewastefulwithwhatyouconsume!However,thosewhowould

seek to apply this command will be required to be diligent and disciplined. In the Tanakh, we 

read the following:  

The one who neglects discipline ends up in poverty and shame, but the one 
who accepts reproof is honored. (Tanakh, Proverbs 13:18) 

Although not specifically applied within the arena of natural resource management, there are 

numerous texts in the New Testament that fit well withinthecontextof“notwasting.”Inthe

well-knownstoryofthe“prodigalson”,amanasksforhisshareofhis inheritancebeforehis

father has died (New Testament, Luke 15:11-14). His father agrees, and the son leaves to 

squander (waste) all that he has been given in a short amount of time. The result of his action is 

poverty; he is no longer able to support himself because of the wasteful use of his resources.  

After Jesus miraculously feeds over five thousand people using only five barley loaves and two 

fish, he gives the following instructions: 

When they were all satisfied, Jesus said to his disciples, “Gather up the broken 
pieces that are left over, so that nothing is wasted.” (New Testament, John 
6:12) 
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Whywould Jesus care that “nothing bewasted” after he has (through a miracle) fed such a 

large number of people? Even in this case, it is clear that humans should not waste, even if a 

provision has been miraculously supplied. Such miracle events should be regarded as rare, 

certainly not within the context of what is provided from nature. 

In another place in the New Testament, we read the following: 

So put away all filth and evil excess and humbly welcome the message 
implanted within you, which is able to save your souls. (New Testament, 
James 1:21) 

ConfirmedintheQur’an,thefollowingversedealsspecificallywithexcessinconsumption: 

Eat the good things we have provided you and do not transgress in them, or 
my anger will come upon you. If my anger comes upon anyone, he will fall. 
(Qur’an, Ta Ha 20:81) 

Thepartoftheversetranslated“donottransgressinthem”hasalsobeentranslatedbyothers

as “commit no excess therein.” The “the story of the two men” found in the Quran

exemplifies divine punishment or trial in the form of local fresh water resources disappearing, 

leading to the collapse of local production agriculture. The catastrophe takes place as a result of 

the ungratefulness and arrogance in relationship to the resources a man was allocated by God 

(Qur’an, Al-Kahaf 18:32-44). However, we should not think that only the individuals who 

transgress will face trials like this. Of special note related to community versus individual 

consumption is the following: 

Fear a trial that will not afflict only the wicked among you. Know that Allah is 
severe in punishment. (Qur’an, Al-Anfal 8:25) 
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Just because individual persons are not wasters or given to excess does not mean they will not 

share in the fate of the wasteful. Therefore, it is important to approach the subject of 

environmental or water management related to waste and misuse from a community and 

global as well as an individual perspective. We all share the same planet; waste or misuse by a 

fewwillinthelongrunaffectusall.Thisisakeyprinciplein“commons”resourcemanagement

that applies to all resources that are shared by a population pool [126]. 

This is another point upon which monotheists can agree and work towards applying in the area 

of water and agricultural management: Humans should not waste or be given to excess in their 

use of natural resources. In the context of agricultural water use, we should work towards 

efficiency (i.e. not wasting or applying excess) when we apply limited natural resources such as 

extracted fresh water for irrigation and when we seek to distribute and consume what has been 

produced. 

3.3.9 Water ownership rights and the sale of fresh water 

In the Tanakh, we see that nations and individuals had rights to their water and had the ability 

to buy and sell such water. When the descendants of Israel (also known as Jacob, the son of 

Isaac) left Egypt during the exodus, they initially had no land or water under their direct 

ownership and supervision. As they approached the land belonging to the descendants of Esau 

(Jacob’sbrother),theyweregiventhefollowinginstructions: 

Instruct these people as follows: “You are about to cross the border of your 
relatives the descendants of Esau, who inhabit Seir. They will be afraid of you, 
so watch yourselves carefully. Do not be hostile toward them, because I am 
not giving you any of their land, not even a footprint, for I have given Mount 



89 

 
Seir as an inheritance for Esau. You may purchase food to eat and water to 
drink from them. All along the way I, the Lord your God, have blessed your 
every effort. I have been attentive to your travels through this great 
wasteland. These forty years I have been with you; you have lacked for 
nothing.” (Tanakh, Deuteronomy 2:4-7) 

As thedescendantsof Israelapproach the landofEsau’sdescendants (Edom), they send the

following message to the Edomites: 

Please let us pass through your country. We will not pass through the fields or 
through the vineyards, nor will we drink water from any well. We will go by 
the King’s Highway; we will not turn to the right or the left until we have 
passed through your region.… Then the Israelites said to him, “We will go 
along the highway, and if we or our cattle drink any of your water, we will pay 
for it. We will only pass through on our feet, without doing anything else.” 
(Tanakh, Numbers 20:17,19) 

Moses, as the leader of the people, applied the same approach in his dealings with the King of 

Heshbon. 

Then I sent messengers from the Kedemoth Desert to King Sihon of Heshbon 
with an offer of peace: “Let me pass through your land; I will keep strictly to 
the roadway. I will not turn aside to the right or the left. Sell me food for cash 
so that I can eat and sell me water to drink. Just allow me to go through on 
foot, just as the descendants of Esau who live at Seir and the Moabites who 
live in Ar did for me, until I cross the Jordan to the land the Lord our God is 
giving us.” (Tanakh, Deuteronomy 2:26-29) 

What can be seen from these scriptures is that nations had rights to the water resources within 

their boundaries. In addition, we see that water can be bought and sold, despite the fact that it 

is a natural resource and is considered by some to be a basic human right. Especially of note in 

this context is that the descendants of Israel were aided supernaturally in numerous ways up to 

this point along their journey from Egypt (parting of the sea, manna from heaven, water from a 

rock, etc.). In spite of this fact, Godstillcommandedthemto“purchasefoodtoeatandwater
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todrink.”ItisclearthatGodcouldhavesupernaturallyprovidedwaterforconsumptionagain.

Instead, the people are told to purchase water from others. Moses (the leader of the people) 

applies this guideline in his communications with both the Edomites and with Heshbon.  

AlthoughwaterownershipisnotclearlydiscussedintheNewTestamentorQur’an,bothbooks

have a clear endorsement of the principles laid down in the Tanakh (New Testament, Matthew 

5:17;Qur’an,Al-Ma’idah5:44,46,Al-‘Ankabut29:46). 

Do not think that I [Jesus] have come to abolish the law or the prophets 
[Tanakh]. I have not come to abolish these things but to fulfill them. (New 
Testament, Matthew 5:17) 

We [God] revealed the Tawrah, in which is guidance and light. The prophets 
who submitted, the rabbis, and the priests judge the Jews according to the 
portion of Allah’s book with which they have been entrusted. They were 
witnesses of it. So do not fear people, but fear me, and do not sell my verses 
for a small price. Whoever does not judge by what Allah has revealed are 
disbelievers. (Qur’an, Al-Ma’idah 5:44) 

We made Isa [Jesus] son of Mariam follow in their footsteps, confirming the 
Tawrah [Tanakh] in his possession, and we gave him the Injil [Gospel], in 
which is guidance and light, confirming the Tawrah in his possession, as 
guidance and an admonition to the godly. (Qur’an, Al-Ma’idah 5:46) 

Do not argue with the people of the book but [speak] in a fair manner, except 
with the wicked among them. Say, “We believe in what was revealed to us 
and what was revealed to you. Our god and your god is one, and we submit to 
him.” (Qur’an, Al-‘Ankabut 29:46) 

The guidance that can be gleaned from these texts is: private entities (individuals, communities, 

and nations) have the right to exercise control over sources of fresh water. Fresh water can be 

bought and sold among these parties within the context of proper management of the resource 

(e.g., no excess use, no contamination, etc.). 
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3.3.10 Water rights disputes 

Disputes over water rights are common in the world today. Increased population, higher 

standards of living, and modern agricultural practices have all contributed to a greater stress on 

freshwater resources than in past generations. In spite of the modern situation, we can see 

from the scriptures that disputes over water rights are not exclusive to our generation. 

Abraham and Isaac both had disputes over water with their neighbors. In the Tanakh we read: 

But Abraham lodged a complaint against Abimelech concerning a well that 
Abimelech’s servants had seized. “I do not know who has done this thing,” 
Abimelech replied. “Moreover, you did not tell me. I did not hear about it until 
today.” Abraham took some sheep and cattle and gave them to Abimelech. 
The two of them made a treaty. Then Abraham set seven ewe lambs apart 
from the flock by themselves. Abimelech asked Abraham, “What is the 
meaning of these seven ewe lambs that you have set apart?” He replied, “You 
must take these seven ewe lambs from my hand as legal proof that I dug this 
well.” (Tanakh, Genesis 21:25-30) 

In this account, we see that the water rights dispute was settled via negotiations that 

culminated in a treaty between the two parties. This path towards resolving water rights 

disputes (negotiations and/or treaties) is practiced widely among countries or states using 

treaties or legal settlements without resort to violent confrontation. 

Inanotheraccount,thisoneinvolvingAbraham’ssonIsaacandasecondpartywiththenameof

Gerar, we see that the final resolution was to move on to another water source. 

When Isaac’s servants dug in the valley and discovered a well with fresh 
flowing water there, the herdsmen of Gerar quarreled with Isaac’s herdsmen, 
saying, “The water belongs to us!” So Isaac named the well Esek because they 
argued with him about it. His servants dug another well, but they quarreled 
over it too, so Isaac named it Sitnah. Then he moved away from there and dug 
another well. They did not quarrel over it, so Isaac named it Rehoboth, saying, 
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“For now the Lord has made room for us, and we will prosper in the land.” 
(Tanakh, Genesis 26:19-22) 

Unlike Abraham and Abimelech, the party of Isaac and the party of Gerar could not come to an 

agreement concerning who owned the water. Rather than continuing to argue or resorting to 

physical means (war) to solve the dispute, Isaac simply moved on to another source of fresh 

water that was not disputed. In the modern sense, this could perhaps be compared with 

nations who choose desalination above going to war over existing freshwater resources. It 

could also perhaps be compared with the establishment of agreed upon “buffer zones” in

groundwater extraction. These buffer zones are established so that parties who share an 

aquifer are no longer concerned about their share of water being mined by others. 

The scriptures instruct individuals and nations to use the water resources within their own 

possession rather than taking from others.  

Drink water from your own cistern and running water from your own well. 
(Tanakh, Proverbs 5:15) 

The command to use one’s own resources does not, however, preclude a righteous person

from“lovingtheneighbor,”ascanbeseenfromotherversesinProverbs. 

A generous person will be enriched, and the one who provides water for 
others will himself be satisfied. (Tanakh, Proverbs 11:25) 

If your enemy is hungry, give him food to eat, and if he is thirsty, give him 
water to drink... (Tanakh, Proverbs 25:21) 

Again, theNewTestamentandQur’anclearlyaffirmtheprinciples given in the Tanakh (New 

Testament, Matthew 5:17; Qur’an, Al-Ma’idah 5:44, 48, Al-‘Ankabut 29:46). Therefore, a
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conclusion can be drawn that some examples of how to solve water rights disputes can be 

derived from the Tanakh. 

The fundamental concept to achieve consensus from these verses is that there are multiple 

solutions to disputes over water. Such solutions may include dialogue, treaties, and certain 

parties“changinglocation”touseothersourcesoffreshwater. Inallcases, individualparties 

are expected to use what has been given to them rather than taking what belongs to someone 

else. Over and above this, individual parties are expected to be generous towards others 

(including even enemies) with what resources they have been given. 

3.3.11 Construction of water works for water supply, control of contamination, and sharing 

resources 

In modern agriculture, water is supplied through natural (rain) and man-made means 

(irrigation). Irrigation supply water is most often taken from either fresh surface waters or 

groundwater reserves. 

TheQur’anrecountshowGodsendswaterforagricultureandmadetherivers(water)subject

toman’scontrol. 

Allah is the creator of the heavens and the earth, and he sent down rain from 
the sky, brought forth fruits from it as provision for you, and made ships 
subject to you so they can travel on the sea by his command, and he made the 
rivers subject to you. (Qur’an, Ibrahim 14:32) 

IntheTanakhandQur’an,weseespecificallyhowtwokings,thefirstSolomonandthesecond

Hezekiah, applied this principle of subjecting waters to their control for meeting water supply 

needs (Tanakh, Ecclesiastes 2:6, 2 Chronicles 32:30;Qur’an, Saba’ 34:13a). It is important to
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note that both of these kings were considered righteous and good by the monotheistic 

scriptures; therefore, it can be assumed that the water projects undertaken by these kings were 

also considered righteous and good. 

I [Solomon] constructed pools of water for myself, to irrigate my grove of 
flourishing trees. (Tanakh, Ecclesiastes 2:6) 

They made what he [Solomon] willed for him: holy places, statues, large dishes 
like cisterns [also translated as “aqueducts”], and fixed pots….(Qur’an, Saba’ 
34:13a) 

Hezekiah dammed up the source of the waters of the Upper Gihon and 
directed them down to the west side of the City of David [Jerusalem]. Hezekiah 
succeeded in all that he did. (Tanakh, 2 Chronicles 32:30) 

Solomon’sconstructionofwaterworksforirrigationwasmostlikelyusingwatercapturedfrom

the Gihon spring, an intermittent spring and the primary water source for the city of Jerusalem 

duringthatperiod.Thefirstuseofgroundwater/springsfor“wateringtheearth”isrecordedin

Genesis during the creation account.  

Springs would well up from the earth and water the whole surface of the 
ground. (Tanakh, Genesis 2:6) 

The construction of wells for the extraction of groundwater was performed by both Abraham 

and Isaac (Tanakh, Genesis 26:18, 25, 32-33).  

Isaac reopened the wells that had been dug back in the days of his father 
Abraham, for the Philistines had stopped them up after Abraham died. Isaac 
gave these wells the same names his father had given them. (Tanakh, Genesis 
26:18) 

Then Isaac built an altar there and worshiped the Lord. He pitched his tent 
there, and his servants dug a well…. That day Isaac’s servants came and told 
him about the well they had dug. “We’ve found water,” they reported. So he 
named it Shibah; that is why the name of the city has been Beer Sheba to this 
day. (Tanakh, Genesis 26: 25, 32-33) 
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Water quality is of importance for both domestic consumption and agriculture. Water 

purification is mentioned in the monotheistic texts in the context of water treatment miracles 

(performed by Moses and Elisha) and natural processes (the water cycle).  

Then they came to Marah, but they were not able to drink the waters of 
Marah, because they were bitter. (That is why its name was Marah.) So the 
people murmured against Moses, saying, “What can we drink?” He cried out 
to the Lord, and the Lord showed him a tree. When Moses threw it into the 
water, the water became safe to drink. (Tanakh, Exodus 15:23-25a) 

The men of the city said to Elisha, “Look, the city has a good location, as our 
master can see. But the water is bad and the land doesn’t produce crops.” 
Elisha said, “Get me a new jar and put some salt in it.” So they got it. He went 
out to the spring and threw the salt in. Then he said, “This is what the LORD 
says, ‘I have purified this water. It will no longer cause death or fail to produce 
crops.’” The water has been pure to this very day, just as Elisha prophesied. 
(Tanakh, 2 Kings 2:19-22) 

He sent the winds as good news before his mercy. We sent pure rain [“pure 
water” in Qur’anic Arabic] down from the sky, to revive a dead town and we 
irrigate with it many cattle and people we have created. We distributed it 
among them so they would remember, and they refused. Most people are 
ungrateful. (Qur’an, Al-Furqan 25:48-50) 

The “common word” for monotheists in this case could probably be written as follows:

Construction of water works for distribution, storage, and/or purification of water is a good and 

acceptable practice for meeting human consumption and agricultural needs. 

3.3.12 Conclusions: a scripture-based consensus can lead to unified water management 

solutions covering a variety of issues and disputes 

Monotheists have much in common regarding approaches to water and its management. The 

fundamental scriptures of the monotheistic faiths are in agreement on many basic principles 
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upon which water management plans and strategies can be built. A summary of these basic 

principles is as follows: 

The value of water: 

1. The scriptures are in agreement regarding the value of water as the first matter to exist 

and of the fact that God was the first one to separate and exercise control over water. 

2. Water has an intrinsically spiritual value and is a sign reminding humans of spiritual 

realities that are beyond the physical world. 

3. One of the roles of water as provided by God is for production agriculture. Water is 

given by God to produce provisions for man in the form of food. 

Thehuman’s role in relation to water: 

4. Humans are assigned to be regents of God in their rule over the earth and should act as 

righteous rulers in their treatment of nature, including water. 

Practical water management implications: 

5. Humans should not waste or be given to excess in their use of natural resources. In the 

context of agricultural water use, humans should work towards efficiency (i.e. not 

wasting or applying excess) when applying limited natural resources such as extracted 

fresh water for irrigation and when seeking to distribute and consume what has been 

produced. 

6. Private entities (individuals, communities, and nations) have the right to exercise control 

over sources of fresh water within their allotted domain. Fresh water can be bought and 

sold among these parties. 

7. There are multiple solutions to disputes over water. Such solutions may include 

dialogue, treaties, and certain parties moving on to other sources of fresh water. In all 

cases, individual parties are expected to use what has been given to them rather than 

taking what belongs to others. Over and above this, individual parties are expected to 

be generous towards and show love for others (including even enemies) with what 

resources they have been given. 

8. Construction of water works for distribution, storage, and/or purification of water is a 

good and acceptable practice for meeting human consumption and agricultural needs. 

This research is not intended to be exhaustive in its search for “commonwords”within the

monotheistic scriptures related to water management. Rather, it is intended to lay the 
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foundations for continued research and dialogue among monotheists who have a shared God 

(the God of Abraham) and common themes within the sacred texts. The advantage of this 

approach is its broad appeal for all monotheists, regardless of their religion or sect, to come to 

common ground on water management.  

Perhaps the fundamental questions of “sowhat” or “why is this relevant” or “where is this

relevant” should be addressed. There are at least three areas of application of “common

ground”monotheistic cooperation thatmust be considered inwatermanagement. First, the

issue of the acceptability of using treated wastewater for drinking and other purposes (either 

directly or indirectly), which has considerable religious overtones, particularly within 

Islam[127]. Less than 10% of treated wastewater is currently reused in the Middle East region. 

Secondly, conservation of water within the context of agricultural use is a critical issue in 

accommodation of future population growth and to meet water management goals related to 

fundamental human rights [128]. Multiple monotheistic religions coexist in over 40 countries 

today, and with population migration, the number will greatly increase in the future. Thirdly, 

many large transboundary river and groundwater systems are shared by monotheistic cultures 

(e.g., the Nile River and the Nubian Sandstone Aquifer). People of multiple monotheistic faiths 

share water resources in areas having water disputes that have contributed to violent 

confrontations or war (e.g., Palestine and Israel) [129, 130].  

Diplomats and teams of water management professionals that assist in development of local 

and regional water management plans and policies in areas of the globe occupied by 

monotheistsneedtobeawareof the “commonground” religiousdoctrines thatunify rather
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than divide populations. These principles can be incorporated into water policies and 

management plans to allow them to receive a higher degree of acceptance. It is hoped that the 

principles outlined above will provide motivation and be applied as guidance for monotheists 

worldwide in individual, community, national, and international decisions related to the 

management and use of water. 
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Chapter 4 

4 Industry Insights and Supporting Research 

Supporting research and industry surveys were completed during the course of the Doctoral 

thesis, contributing valuable insights and experimental results that inform and place a real-

world structure around the goals and implications of the major thesis research work. The work 

described in this section includes: 

 observations and insights collected from visits to CEA facilities throughout the world, 

 results of a crushed volcanic rock evaporative cooling system utilizing seawater and/or 

brackish-water 

 results of a pilot-scale aquaponics unit installed and tested inside a CEAS at KAUST 

 results of an open, flat sheet solar liquid desiccant regenerator built and tested at 

KAUST 

 results of an open, direct contact liquid desiccant dehumidifier built and tested at 

KAUST 

4.1 CEA Visits 

VisitsweremadetoexistingCEAfarmstodeterminetheexisting“stateofthepractice,”bothin

kingdom and out of kingdom, and to gather data for experimental design and verification. 

LocationsforvisitsincludedinKingdomlocationssuchasTa’if and Riyadh, and out of Kingdom 

locations such as Canada (Montreal), the USA (Wisconsin and NYC sites), Jordan (Amman), and 

the UAE (UAE University in Al Ain). 
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4.1.1 CEA Visits in the Kingdom of Saudi Arabia 

Visits were conducted to a number of locations within Saudi Arabia to determine the current 

local state-of-the-art and to investigate the main problems being faced by real-world growers. 

4.1.1.1 Ta’if Area Greenhouses 

AvisittoTa’if,SaudiArabiawasconducted on February 11, 2014.  At an altitude of ~1,900 m, 

Ta’if is a region in Saudi Arabia known for its mild climate, as compared with the rest of the 

country.   

Figure 4-1 showspictures taken during the visit to Ta’if.  Because of the milder climate, the 

greenhouses utilized in this region are generally low tech, low cost, flexible polyethylene tunnel 

greenhouses.  In fact, cooling systems for greenhouses were not noted at any of the farms 

visited.  Instead, these farms opened the greenhouse ends to promote natural air circulation for 

cooling, and closed the greenhouse ends to collect solar thermal energy when heating was 

required.  Growing was done in the soil. 

ProblemsidentifiedatfarmsvisitedintheTa’ifareaincluded: 

 Increasing water salinity and reduced access to groundwater 

 Pest/pathogen infestations 

 Low produce quality at a number of locations 
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Figure 4-1 Ta’if Area Greenhouses 

 

4.1.1.2 Riyadh Area Greenhouses 

Several visits were conducted to greenhouses in the Riyadh region of Saudi Arabia.  This region 

is characterized by hot, dry summers and cool, dry winters.  Cooling is a must in this climate, 

and local growers employ evaporative cooling to meet their cooling needs.  Some growers also 

utilize heating systems in the winter, depending upon the type of crop under production. 

Figure 4-2 shows pictures taken during visits to Riyadh area greenhouses.  In general, the 

technology level of greenhouses visited varied from low tech polyethylene and polycarbonate 

to medium tech polycarbonate.  While some low tech systems grew produce in soil, other 
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medium tech systems utilized hydroponics.  Some farms were employing small-scale reverse 

osmosis desalination technology for purification of the increasingly brackish groundwater.   

Problems identified by the farms visited in the Riyadh region included: 

 Increasing water salinity and reduced access to groundwater.  Specifically, one farm 

managersaidthatitwouldbea“revolution”ifatechnologycouldbedevelopedforcrop

production using water with a TDS content of 3,000 ppm.   

 Clogging of evaporative cooling pads due to water salinity and frequent dust storms. 

 Overall climate control 
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Figure 4-2 Greenhouse agriculture in the Riyadh region.  Typical greenhouse structures consisted of a mix of low to 

medium technology, and included tunnel style flexible polyethylene, tunnel style polycarbonate, and 
multi span polycarbonate.  Growing technologies included in-soil, hydroponics, and a research-scale 
aquaponics setup. 
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4.1.2 CEA Visits in northern North America 

All visits to the CEA sites in North America were to greenhouses and ALABs using high 

technology equipment.  Specifically, visits were conducted to an urban rooftop hydroponics 

farm in Montreal, a peri-urban aquaponics farm in Wisconsin, and an urban rooftop aquaponics 

greenhouse/ALAB in New York City (Figure 4-3).  All sites are characterized by cold winters and 

mild summers.  All sites included artificial lighting for winter growing, with one site 

incorporating a vertical, stacked system with year-round LED lighting.  Technologies employed 

included high tech hydroponics and aquaponics.  Product quality from all sites was very high, 

with an expected markup on products produced of 2-5x local market value due to freshness 

and customer preference. The main energy consumption in these high technology systems was 

related to heating and lighting, especially during the cold and dark winter months.  Natural 

ventilation was the primary source of cooling during most of the year if/when needed.  

Evaporative cooling was employed during the hottest summer months, but was estimated to be 

used less than 30 days per year.  Water quality and supply were not a concern at any of these 

sites. 

The main problems identified by growers at these high technology sites include the following: 

 High energy bills, especially during the winter months 

 Organic pest control, as all three sites were branding produce as pesticide-free  

 High capital costs of land and equipment 
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Figure 4-3 CEA in northern North America.  Typical structures were high tech multi-span and single span glass or 

polycarbonate.  Growing technologies included advanced recycling hydroponics and aquaponics. 
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4.1.3 CEA Visit in the UAE 

A visit to the greenhouses located at United Arab Emirates University in Al Ain was conducted 

on September 8, 2014. Figure 4-4 shows pictures taken during the visit.  The climate in Al Ain is 

similar to the climate in the Riyadh region.  Therefore, evaporative cooling was employed to 

cool the greenhouse environment during most of the year.  The greenhouses were 

polycarbonate structures with aquaponics systems for research and production.   

Challenges identified for growers in this region of the UAE were similar to those faced by 

growers in Riyadh: 

 Decreasing water quality and reduced access to groundwater 

 Clogging of evaporative cooing pads because of poor water quality and frequent dust 

storms 

 Adequate climate control (cooling) 
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Figure 4-4  Greenhouses at UAE University.  Structures were polycarbonate with evaporative pads for cooling.  

Aquaponics was the growing technology employed, for research purposes. 

 

4.1.4 CEA Visit in Jordan 

A visit to a rooftop, dome structure greenhouse located in Amman, Jordan was conducted on 

September 1, 2016.  Figure 4-5 shows pictures taken during the visit.  The climate in Amman 

varies from warm summers to cool winters.  Jordan has extreme water shortages and water 

supply is a critical concern.  Natural ventilation was the technology employed for cooling in the 

summer, but was inadequate during the hottest summer months.  The greenhouse dome 
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structure was covered by flexible polyethylene.  The growing system included a combined 

aquaponics/aeroponics system for leafy green and herb production. 

 Challenges identified by the grower at this site included: 

 Adequate cooling in summer 

 Pest control 

 Solids filtration/water quality in the aquaponics system 

 Winter heating 
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Figure 4-5  Dome style greenhouse in Amman, Jordan.  The structure was flexible polyethylene with natural 

ventilation for cooling.  Aquaponics/aeroponics was the growing technology employed. 
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4.1.5 Conclusions and Impact on Research Work from CEA Visits 

Common challenge themes emerged from the visits to CEA facilities in the Middle East region 

and northern North America.  In general the challenges can be divided based upon the shared 

climates of each region.  

In the temperate to cold climate of northern North America, the common challenges included: 

1. High utility bills for winter heating and lighting. 

2. High capital costs (land/building location), especially in urban installations 

3. Organic pest control 

In the arid region of the Middle East, the common challenges for CEA were: 

1. Access to water of suitable quality and quantity for both cooling and growing.   

2. Greenhouse climate control, especially cooling 

3. Clogging of evaporative cooling pads due to poor water quality and airborne 

dust. 

4. Pest control 

The research conducted for the Doctoral thesis may address a number of these challenges.  

Specifically, the liquid desiccant dehumidification cycle with fresh water recovery may address: 

1. Pest problems.  Reducing or eliminating the frequency of bringing outdoor air 

into the CEAS via in-building dehumidification also reduces the chance of pests 

entering. 

2. Heating. Again, by reducing or eliminating air exchanges required to move 

humidity out and bring drier outdoor air in through use of an in-building 

dehumidification system, less heating is required during cool/cold seasons.  In 

addition, there is the potential to recover the latent heat of condensation of 

humidity into the desiccant as sensible heat for climate control of the structure. 

3. Cooling.  Specifically by:  
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a. A liquid desiccant dehumidification system in front of an evaporative cooler 

can lower the expected output temperature of the cooler and provide better 

cooling for the CEAS.  

b. By using an in-building dehumidification system in combination with indoor 

lighting, the solar heat can be excluded from a CEAS.  This has the potential 

to greatly reduce cooling needs in a well-insulated building, while at the 

same time proving the opportunity for greatly increased harvests per unit of 

land area through the use of vertical agriculture techniques. 

4. Water quality and supply. A consistent supply of high quality fresh water can be 

attained via recovery/harvest of either atmospheric or plant-transpired humidity 

with subsequent desalination/regeneration of the liquid desiccant.   

From the visits to real, in-production CEA sites around the world, it is clear that the research 

being conducted as part of this Doctoral thesis into a liquid desiccant cycle for CEA has the 

potential to make a real impact and solve real problems faced by growers. 

4.2 Seawater and/or Brackish Water Based Evaporative Cooling 

A new evaporative cooling technology consisting of crushed volcanic rock formed into porous 

rock bricks was evaluated for use in CEAS using seawater and/or brackish water.  Results are 

presented here for installations at sites around the Kingdom of Saudi Arabia.  The work 

included here is intended for future publication in a peer reviewed journal. 

4.2.1 Introduction to Evaporative Cooling 

Evaporative cooling is a technology that reduces the temperature of air while increasing the 

relative humidity level.  In thermodynamic terms, no energy is removed from the air; instead, 

sensible heat (temperature) is replaced by latent heat (humidity).  In physics, this is similar to 
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replacing kinetic energy with potential energy - the total energy of the system does not change, 

but rather the form of the energy changes.   

Humidity is added to the incoming air by forcing air through a wetted porous media that has 

high surface area per unit volume (Figure 4-6).  As air comes into contact with the wet surface, 

water moves from liquid state into its gaseous state.  This state change of water is the driving 

force behind the temperature drop.  Heat energy (temperature) from the surroundings (in this 

case the incoming air) is transferred to the water for the state change from liquid to gas 

(humidity).  The energy is used to overcome the latent heat of vaporization.  When this 

happens, the air exits the system with a lower temperature and a higher humidity.  This type of 

coolinghasbeentermedadiabaticor“evaporativecooling.”Evaporativecoolersareknownby

a number of common names, including swamp cooler, desert cooler, pad and fan, and others. 

 
Figure 4-6 Proposed evaporative cooling process.   
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Figure 4-7 shows the evaporative cooling process in thermodynamic terms via the 

psychrometric chart. In this example, the to-be-cooled ambient air is at 35 °C and 60% relative 

humidity.   When the air enters the evaporative cooler, humidity is added and temperature is 

reduced.However,noenergyislostduringthe“cooling”process,onlytheformoftheenergy

is changed as sensible heat (temperature) is exchanged for latent heat (humidity).  On the 

psychrometric chart, the line of equal energy in this case is ~91 kJ/kg of air.  Moving along this 

line towards the left, relative humidity increases and temperature decreases until the air is 

saturated at 100% relative humidity. This point is known as the wet bulb temperature, in this 

case ~28 °C at 100% relative humidity.  No further cooling can take place unless humidity is 

removed via a dehumidifier or energy is removed via a heat exchanger.  The wet bulb 

temperature limitation is especially important to keep in mind where cooling is required in 

humid climates. 
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Figure 4-7 Psychrometric chart showing the evaporative cooling process.  Air enters the cooler at 35 °C, 60% 
relative humidity and leave the cooler at a minimum of ~28 °C at a maximum 100% relative humidity.  
No energy is lost from the system, the specific enthalpy of the air is maintained at around 91 kJ/kg. 

 

Evaporative cooling (EC) has a number of advantageous over traditional vapor compression air 

conditioning (see Error! Reference source not found.).  However, it is important to state again 
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hat these advantages can only be realized if the air to be cooled by the evaporative process has 

a low relative humidity. 

Table 4-1 Comparisonofcoolingstrategies.Inthistable,“air conditioning”ismechanicalvaporcompression. 

Evaporative Cooling Air Conditioning 

Energy efficient Higher energy usage 

Best in hot, dry climates Effective in any climate 

Fresh outdoor air Air recirculation 

Adds moisture to the air Removes moisture 

High water use No water use 

Economical to operate Higher cost to operate 

 
 

Cellulose pads (CP) are the current industry standard in evaporative cooling technology.  These 

plasticized cardboard pads offer a very high surface area per unit volume and are easy to wet 

because of their natural wicking properties. In addition, they are relatively light and their cost is 

nominal (~$75 USD per square meter).  New pads offer excellent humidification and cooling of 

dry, hot air, with an estimated cooling efficiency5 of 70-90% (depending on air speed and pad 

properties). [9, 131]  However, the main disadvantage of CP is that they clog and lose cooling 

efficiency over time if they are not maintained properly (Figure 4-8).  Airborne dust and 

particulates mix with salts in the water to form crusts and cements that lead to the failure of 

                                                      

 

5
 The cooling efficiency of an evaporative cooling media quantifies its ability to replace temperature with humidity 

in an incoming air stream.  If a system has a cooling efficiency of 50%, it means that an air stream that enters with 
0% relative humidity will leave with 50% relative humidity, or an air stream that enters with 40% relative humidity 
will exit with 70% relative humidity, etc.  A theoretical system with a cooling efficiency of 100% would always 
discharge air that has 100% relative humidity levels, regardless of the relative humidity level of the incoming air 
stream. 
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CP.  Depending on the environment and the maintenance provided, a typical CP may last 

anywhere from 3 months to 10 years (based on anecdotal evidence from users at sites in the 

Middle East and North America). Other types of evaporative cooling media exist on the market, 

including porous plastic sheets, plastic balls, woven ropes, palms fronds, and other materials. 

[132-137]  However, none of these materials has as large of a market share in CEA as CP.  

 
 

Figure 4-8 A new and a 4-year old cellulose pad installed at a greenhouse on the KAUST campus in Thuwal, KSA.  
The 4-yearl old pad is blocked with hardened dust and salts, and requires replacement. 

 

EC is estimated to contribute as much as 55-90% of the total water footprint of crops grown in 

greenhouses. [8, 44].  In fact, when the water use from EC is included in the total water 

footprint of crops produced, the actual water input per unit of output use is approximately 

equal to crops grown outdoors.  A possible solution is to replace the fresh water used in EC with 

either sea or brackish water. [12-17, 19, 20, 138].  However, the use of a high salinity water 

source carries with it the risk of salt precipitation during the EC process if the salinity is not 

monitored and managed closely.  As water evaporates, the salt concentration in the solution 
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increases.  If the concentration of any salt reaches to its crystallization point, it will precipitate 

to form solid crystals.  In addition, the mixing of airborne dust, particularly silica with salts such 

as calcium carbonate in sea or brackish water, can speed the formation of solids such as 

vaterite and calcite. [139] [140]  

The clogging of EC media is a concern for two reasons.  First, the size of the porous media voids 

will be reduced, increasing the velocity of the air that must pass through the voids in order to 

maintain the same overall volume airflow rate. This increased velocity leads to increase 

pressure losses, corresponding to higher fan energy usage.  The increased velocity also leads to 

a shorter air/wetted media contact time, reducing the efficiency of the EC and increasing the 

expected output temperature.  Second, the clogged media will in time require replacement, 

placing an additional financial, management and time burden upon the owner. 

Due to the increased risk of EC media clogging, along with the additional management burden 

of closely monitoring the concentration of salts in the EC solution, many growers have chosen 

to not use brackish or sea water for EC, in spite of its obvious sustainability advantages. 

4.2.2 Porous Pozzolan Bricks for Evaporative Cooling 

To address concerns related to the clogging of cellulose pad EC media, and to further enable 

the use of brackish and/or seawater for evaporative cooling, a novel brick design was 

developed and tested at KAUST for EC.  [141] Of special importance in the development of the 

new EC media was long life, resistance to harsh environments, local availability, cost, ease of 

construction, and ease of management.   To meet these needs, porous void media bricks were 
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fashioned from a local pozzolan volcanic rock. Pozzolan rock is widely used in the Portland 

cement industry, and is known for its exceptional resiliency to harsh environments and long life 

[142, 143]. The pozzolan rock for the EC media was sourced from scoria from the local Harrat 

Rahat, crushed and formed into permeable bricks with intentional voids for air and liquid 

passage. The scoria from the Harrat Rahat has been recommended for use in pozzolanic 

concrete, as lightweight aggregate, as a thermal insulating material, as filter material, and for 

other architectural applications. [144] 

Two types of pozzolan bricks were manufactured.  Generation 1 bricks (Figure 4-9 and 

 

 

Figure 4-10) were manufactured using a hand press, and were designed for pilot scale testing 

and research use at KAUST.   Generation 2 (G2) bricks (Figure 4-11) were manufactured using a 

mechanical press and were ~2x the size of generation 1 bricks.  G2 bricks were manufactured 
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after the pilot scale testing phase at KAUST and were designed primarily for ease of installation 

and use on a commercial basis. 

 
 

Figure 4-9 Generation 1 pozzolan brick concept, designed for evaporative cooling.  Units are in mm. 

 

 
 

Figure 4-10 Generation 1 pozzolan bricks as manufactured.  The permeable structure allows water to be 
percolated throughout the structure of the brick.  The larger, circular holes are designed for air/water 
contact in the evaporative cooling process. 
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Figure 4-11 G2 pozzolan bricks as designed and manufactured. Units are in mm.  The larger design is manufactured 
using a mechanical press and is intended for commercial applications. 

 

4.2.3 Experimental sets 

Four sets of experiments were conducted, each with difference system designs and operating 

parameters (Table 4-2). The experimental sets are further described in the following sections.  
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Table 4-2 Pozzolan brick evaporative cooling experiments 

Experimental Set Size (m2) Pozzolan Brick Type Notes 

 

KAUST pilot scale system  

(KPSS) 

0.54 Generation 1 Seawater source liquid, hot and 
humid climate, 10 cm porous 
media thickness  

KAUST full scale system  

(KFSS) 

24 Generation 1 Seawater source liquid, hot and 
humid climate, 40 cm porous 
media thickness 

Khalidiyah full scale system  

(KhFSS) 

11.8 Generation 2 Brackish water source liquid, hot 
and dry climate, 60 cm porous 
media thickness 

Gharbiya full scale system  

(GFSS) 

11.6 Generation 2 Brackish water source liquid, hot 
and dry climate, 40 cm porous 
media thickness 

 

4.2.4 KAUST pilot scale system 

Generation 1 pozzolan bricks were evaluated for potential use as a replacement evaporative 

cooling system for harsh environments.  The following sections describe testing and results 

from the KAUST pilot scale evaporative cooling unit. 

4.2.4.1 Materials and methods 

To assess the performance of the pozzolan bricks as an EC media, a row of bricks was inserted 

into a Jetstream 1600 evaporative cooling unit (Portacool, LLC 711 FM 2468, Center, TX, 75935, 

www.portacool.com).  The bricks were inserted in place of the cellulose pads that come with 

http://www.portacool.com/
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the unit.  The Jetstream 1600 is equipped with a variable speed fan, which allowed for 

measurements at multiple air speeds. Parameters of interest for monitoring included the 

change in temperature and humidity, the air speed, and the pressure drop through the EC 

media. A Testo model 435-4 data logger equipped with an internal differential pressure sensor 

(±0.02 hPa from 0 to +2 hPa, ±1% of measured value up to +25 hPa) and connected 

temperature and relative humidity probes (model # 0636 9736, ±0.3 °C, ±2 % RH) and hot wire 

air velocity probe (model #0635 1535, ±0.03 m/s + 4% of measured value) were employed for 

data collection (www.testo.com).  Initial experiments were conducted using fresh water for 

comparison with values reported for CP in literature.  Water flow rate over the bricks was 

adjusted such that the rate was increased until all bricks were consistently wet, at which point 

the flow rate was kept constant and not increased further. 

4.2.4.2 Experimental Results 

Results collected from the KAUST pilot scale experimental setup are presented in Figure 4-12.  

Evaporativecoolingefficiencyofthebrickswasevaluatedonthebasisoftemperature(ηT) [9, 

131].  Because the bricks have a much lower percentage of void space than cellulose pads, it is 

important to consider results against both face and void velocity.  Face velocity describes the 

velocity of air before entry into and after exit from the circular brick voids, i.e. the airflow 

divided by the total brick area in a 2D direction.  Void velocity is the expected velocity within 

the brick voids, which is higher than the face velocity.  Void velocity is the airflow divided by the 

total surficial void area in a 2D direction, and is more appropriate for comparison with velocities 

measured by other authors when using cellulose pads.  The void velocity for the generation 1 
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bricks is approximately 3.5 times the face velocity.  Table 4-3 compares results obtained from 

the bricks at ~1 m/s face velocity and ~3.4 m/s void velocity against cellulose pads. 

 

 
 

Figure 4-12 Experimental performance KAUST pilot scale system.. 
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Table 4-3 Comparison of KAUST pilot scale pozzolan evaporative cooling system with cellulose pad evaporative 

cooling system.  *Source for cellulose pad cooling results: [9] 

  
10 cm  

Pozzolan 
Bricks 

10 cm 
Cellulose 

Pads* 

10 cm 
Cellulose 

Pads* 

Number of porous media rows 1 1 1 

Total porous media thickness (cm) 10 10 10 

Space between rows (cm) NA NA NA 

Total EC system thickness (cm) 10 10 10 

Face air velocity (m/s) 1 1 3.4 

Pressure drop (Pa) 21 10 70 

Void air velocity (m/s) 3.4 NA NA 

Temp based cooling efficiency (%) 14 75 72 

Pressure drop/media thickness (Pa/cm) 2.1 1 7 

Cooling efficiency/media thickness (%/cm) 1.4 7.5 7.2 

 

The pressure drop for the bricks was higher when compared to CP at the same face velocity, 

but was lower than reported values of CP when the void velocity was considered.  However, the 

evaporative cooling efficiency (also called effectiveness) was much lower for the pozzolan 

bricks when compared with CP of the same thickness.  For CP, the expected efficiency is 

between 70-80% at 1-3.5 m/s (~7-8 %/cm thickness), while for the brick the efficiency was only 

around 14% (~1.4 %/cm thickness).  Therefore, in order for the bricks to achieve an efficiency 

equal to CP, multiple rows of bricks are required. 
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4.2.5 KAUST full scale system 

A further set of experiments was conducted using a field-scale pozzolan EC (PEC) system of 

similar size to those found in field-scale Saudi Arabian agriculture systems.  The first field-scale 

PEC system evaluated was the KAUST full scale system, described in detail in the following 

section. 

4.2.5.1 Materials and methods 

The KAUST full scale system was designed with an EC length of 12 m and a height of 2 m.  The 

system included four rows of generation 1 bricks, each 10 cm wide with a 10 cm gap between 

each row of bricks (70 cm total thickness).  This system was constructed on the KAUST campus 

in Thuwal, Saudi Arabia.  The KFSS was supplied with saline sea water from a near-shore well, 

with salinity levels around ~43 practical salinity units (PSU).  Parameters of interest for 

monitoring and data collection equipment used were the same as those used for the KAUST 

pilot scale system.  Air flow in the system was calculated using the methods outlined in [145].  A 

Vantage Pro2 weather station manufactured by Davis instruments (www.davisnet.com) was 

utilized to capture outdoor and indoor climate data.  

4.2.5.2 Experimental Results 

Results of evaporative cooling using seawater and pozzolan bricks at the KFSS are shown in 

Table 4-4. 
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Table 4-4 Comparison of KAUST full scale system using seawater and pozzolan bricks with cellulose pad 

evaporative cooling system using fresh water.  *Source for cellulose pad cooling results: [9] 

  

10 cm Pozzolan 
Bricks 

Seawater 
Evaporative Cooling 

10 cm Cellulose Pads  
Freshwater 

Evaporative Cooling* 

Number of porous media rows 4 1 

Total porous media thickness (cm) 40 10 

Space between rows (cm) 10 NA 

Total EC system thickness (cm) 70 10 

Face air velocity (m/s) 0.6 1.8 

Pressure drop (Pa) 17 25 

Void air velocity (m/s) 1.8 NA 

Dates of test Feb 8-15, 2014 * 

Temp based cooling efficiency (%) 52 73 

Pressure drop/media thickness (Pa/cm) 0.43 2.5 

Cooling efficiency/media thickness 
(%/cm) 1.3 7.3 

 

As can be seen from Table 4-4, the KFSS was not as efficient in terms of temp-based cooling 

efficiency when compared with a 10 cm CPEC system when the void velocity of the bricks is 

equal to the face velocity of the CP (1.8 m/s). However, if the number of porous media brick 

rows had been increased from 4 to 6 while holding the void air velocity constant at 1.8 m/s, it is 

estimated that the KFSS would have achieved a cooling performance similar to a single row 10 

cm CP system (see Figure 4-13, estimated cooling efficiency equal to 78%, estimated pressure 

drop equal to 26 Pa). In addition, the KFSS utilized sustainable local resources of seawater and 

crushed pozzolan rock in place of fresh water and cardboard.   
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Figure 4-13 Expected performance of evaporative coolers at a void air velocity of 1.8 m/s.  The PEC features 
generation 1 pozzolan bricks at 10 cm/row.  The CP features 10 cm pads with estimated performance 
from reference [9]. 

 

The KFSS was operated semi-continuously using seawater from May 2013 through May 2016 

(approximately 3 years).  In May 2016, the seawater pump at the site failed and was not 

replaced.  Therefore, the KFSS system was operated with freshwater from May 2016 through 

May 2017.  The freshwater was sourced from the KAUST reverse osmosis desalination plant via 

the campus distribution network. Average daily outdoor and indoor (output from the KFSS) 

temperatures as recorded during the year 2014 (operating with sea water) are shown in 

Figure 4-14.  Salt was intentionally precipitated from the seawater on the face of the KFSS at 

various times during the course of system operation (i.e., water was allowed to evaporate such 

that salt levels exceeded their respective crystallization points).  The precipitated salts were 

then removed via pressure washing and/or manual scrubbing with a brush (Figure 4-15).  No 



128 

 
changes in system efficiency or structural degradation of the pozzolan bricks were noted as a 

result of salt accumulation and subsequent removal/cleaning.   

 
 

Figure 4-14 KAUST full scale system cooling performance during calendar year 2014.  

 

0

2

4

6

8

10

12

14

16

18

20

16

18

20

22

24

26

28

30

32

34

36

38

J-14 F-14 M-14 A-14 M-14 J-14 J-14 A-14 S-14 O-14 N-14 D-14

Te
m

p
e

ra
tu

re
 D

if
fe

re
n

ce
 /

 °
C

 

A
ve

ra
ge

 A
ir

 T
e

m
p

e
ra

tu
re

 /
 °

C
 

Avg Outdoor Temp

Avg Indoor Temp

Temp Difference (2nd axis)



129 

 

 
 

Figure 4-15 Sea salt accumulation and removal/cleaning from pozzolan bricks in KAUST full scale system.  

 

Based on results from generation 1 pozzolan bricks and cellulose pad literature, cooling 

performance was estimated for year-round use in a humid, coastal location in Saudi Arabia 

(Thuwal, Table 4-5) and in a non-humid, central plateau region (Riyadh, Table 4-6).  Climate 

goals for the indoor environment included a maximum temperature of 30 °C and a maximum 

relative humidity of 90% with a target tomato crop [146].   
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Table 4-5 Estimated indoor temperatures and humidity using the KAUST full scale system as compared with a 10 

cm CPEC system for year-round operation in Thuwal, Saudi Arabia (humid, coastal location). Outdoor air 
climate averages were compiled from onsite weather station data. 

 
 

Table 4-6 Estimated indoor temperatures and humidity using the KAUST full scale system as compared with a 10 
cm CPEC system for year-round operation in Riyadh, Saudi Arabia (non-humid, central plateau location). 
Source for outdoor air climate averages: www.weatherbase.com.  

 

Average 

Temperature 

°C

Average 

Relative 

Humidity %

Evaporative 

Cooling 

Efficiency 

Est. 

Indoor

 Temp °C

Est. 

Indoor 

RH %

Evaporative 

Cooling 

Efficiency

Est. 

Indoor

 Temp °C

Est. 

Indoor 

RH %

Oct-12 32.1 77.0 52% 30.2 89.0 73% 29.5 93.8

Nov-12 30.0 64.1 52% 27.2 82.8 73% 26.0 90.3

Dec-12 27.5 59.8 52% 24.4 80.7 73% 23.2 89.2

Jan-13 26.1 65.6 52% 23.6 83.5 73% 22.6 90.7

Feb-13 27.4 67.3 52% 24.9 84.3 73% 23.9 91.2

Mar-13 28.9 72.3 52% 26.8 86.7 73% 26.0 92.5

Apr-13 28.6 70.9 52% 26.4 86.0 73% 25.5 92.1

May-13 31.7 77.2 52% 29.9 89.0 73% 29.2 93.8

Jun-13 32.9 72.0 52% 30.6 86.6 73% 29.7 92.4

Jul-13 33.6 75.3 52% 31.6 88.2 73% 30.8 93.3

Aug-13 34.2 74.5 52% 32.0 87.8 73% 31.2 93.1

Sep-13 33.4 83.2 52% 32.1 91.9 73% 31.5 95.5

Outdoor Air

KAUST Full 

Scale System

After Evaporative Cooler

10 cm Cellulose

Pads

After Evaporative Cooler

Thuwal, KSA 

1.8 m/s void air velocity

Month

Average 

Temperature 

°C

Average 

Relative 

Humidity %

Evaporative 

Cooling 

Efficiency 

Est. 

Indoor

 Temp °C

Est. 

Indoor 

RH %

Evaporative 

Cooling 

Efficiency

Est. 

Indoor

 Temp °C

Est. 

Indoor 

RH %

Oct-12 27.0 25.0 52% 20.7 64.0 73% 18.1 79.8

Nov-12 21.0 40.0 52% 16.9 71.2 73% 15.3 83.8

Dec-12 16.0 50.0 52% 13.1 76.0 73% 12.0 86.5

Jan-13 14.0 50.0 52% 11.3 76.0 73% 10.2 86.5

Feb-13 16.0 40.0 52% 12.5 71.2 73% 11.1 83.8

Mar-13 21.0 35.0 52% 16.5 68.8 73% 14.7 82.5

Apr-13 26.0 30.0 52% 20.3 66.4 73% 18.1 81.1

May-13 32.0 20.0 52% 24.2 61.6 73% 21.0 78.4

Jun-13 34.0 15.0 52% 25.1 59.2 73% 21.5 77.1

Jul-13 36.0 15.0 52% 26.7 59.2 73% 22.9 77.1

Aug-13 35.0 15.0 52% 25.9 59.2 73% 22.2 77.1

Sep-13 32.0 15.0 52% 23.5 59.2 73% 20.1 77.1

Outdoor Air After Evaporative Cooler After Evaporative Cooler

Month

Riyadh, KSA 

1.8 m/s void air velocity
KAUST Full 

Scale System

10 cm Cellulose

Pads
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As can be seen from Table 4-5, neither the KFSS utilizing seawater nor the CPEC utilizing 

freshwater were able to maintain a climate suitable for indoor tomato production during the 

hottest summer months in the humid, coastal location of Thuwal.  Both systems were expected 

to be effective for year-round indoor tomato production in the central, dry location of Riyadh.  

However, seawater is not readily available in Riyadh.  In place of seawater, the evaporative 

cooler could theoretically be operated with brackish ground water. 

4.2.6 Khalidiyah full scale system 

A field scale system was constructed in the non-humid, central plateau near Riyadh, Saudi 

Arabia, at Khalidiyah farms.  Unlike the KFSS, the KhFSS was installed on a real commercial 

greenhouse, utilized G2 pozzolan bricks, utilized brackish groundwater, and was located in a hot 

and non-humid climate. 

Results were collected using brackish source water (~8 PSU) as an evaporative source liquid 

during February-March 2015.  The KhFSS consisted of three sets of brick rows, each 20 cm deep 

with 10 cm of space in between, for a total depth of 80 cm.  Parameters of interest for 

monitoring and methods of measurement were the same as those used at the KFSS. Pictures 

showing the installation of the EC systems are included in Figure 4-16 and Figure 4-17. 



132 

 

 
 

Figure 4-16 Aerial photo of EC system installation locations in greenhouses at Khalidiyah farms.  
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Figure 4-17 Photos of EC systems at Khalidiyah farms. From top left to bottom right: a) Khalidiyah full scale system 
(left) side by side to CP system (right), b) outer surface of dry pozzolan bricks, c) system side view, d) 
water distribution above bricks, e) indoor view. 

 

a)
) 

b) c)
) 

d) e)
) 



134 

 
4.2.6.1 Experimental Results 

Evaluation results comparing the KhFSS with CP at Khalidiyah from the afternoon of March 9, 

2015 are shown in Table 4-7.   

Table 4-7 Comparison of PEC vs. CPEC systems at Khalidiyah farms. Note that pressure drop for the cellulose pads 
was not measured directly onsite, but was estimated from source data [9]. 

  
Khalidiyah Full 
Scale System 

Onsite  
Cellulose Pads 

Cellulose Pads  
in Literature* 

Number of porous media rows 3 1 1 

Total porous media thickness (cm) 60 10 10 

Space between rows (cm) 10 NA NA 

Total EC system thickness (cm) 80 10 10 

Face air velocity (m/s) 0.78 1 1 

Pressure drop (Pa) 61 NA 10 

Void air velocity (m/s) 6.2 NA NA 

Dates of test 9-Mar-15 9-Mar-15 NA 

Temp based cooling efficiency (%) 65% 78% 75% 

Pressure drop/media thickness (Pa/cm) 1 NA 1 

Cooling efficiency/media thickness 
(%/cm) 0.011 0.078 0.075 

Porous media face area (m2) 11.8 10.7 NA 

 

Pressure drop for the CPEC system at the site was not collected directly because the system 

was not in operation when the pressure sensor was available onsite.  However, pressure drop 

for cellulose pads was estimated from source data.   
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Results from testing indicated a significantly higher pressure drop from the KhFSS with a lower 

cooling efficiency when the porous media face area was approximately the same as that for the 

next door cellulose pad system (11.8 m2 slightly larger than 10.7 m2).  This is expected, as the 

void air velocity in the KhFSS is significantly higher (~8x) than the face air velocity.  In cellulose 

pad testing, the pressure drop increased and the cooling efficiency decreased with increases in 

face air velocity [9].  In order to achieve a similar pressure drop from pozzolan bricks when 

comparing with cellulose pads at the same fan airflow, the pozzolan brick system should be 

constructed with a much larger porous media face area in order to account for the much larger 

void air velocity as compared with face air velocity.   To put it another way, while cellulose pad 

systems are typically designed based upon face air velocity, it is recommended that pozzolan 

brick systems be constructed taking into account the expected void air velocity rather than the 

face air velocity.  The necessary increase in porous media face area is offset by the fact that the 

bricks are rigid and sustainable, and as such can be incorporated into the structure of the 

building (i.e., they can be load bearing and are a long term solution), rather than supported by 

the structure and replaced on a frequent basis, as is the case with cellulose pads. 

4.2.7 Al Gharbiya full scale system 

The Al Gharbiya full scale system was constructed in the non-humid, central plateau near 

Riyadh, Saudi Arabia at Al Gharbiya farms.  Similar to the KhFSS, the GFSS was constructed using 

G2 pozzolan bricks, utilized brackish water, was installed on an existing commercial 

greenhouse, and was installed in a hot and non-humid climate. However, the GFSS was 

contructed differently than the system KhFSS.  The motive behind this alternative construction 
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was to evaluate differences in performance that might result from changes in system design.  

The complete system design is described in the following section. 

4.2.7.1 Materials and methods 

Two evaporative cooling systems were operated in parallel in greenhouses at Al Gharbiya 

Farms, near Riyadh (Figure 4-18): a traditional CPEC system in Greenhouse #2 (Figure 4-19) and 

the GFSS in Greenhouse #3 (Figure 4-20).  Both cooling systems are connected to greenhouse 

climate control systems that turn on/off based on internal greenhouse conditions.  That is, 

when the climate control system senses that greenhouse temperatures are becoming too warm 

(based on an operator-input set point), two things happen.  First, the water pumps at the 

cooling system turn on.  Second, the fans at the outlet of the greenhouse turn on.  When the 

greenhouse temperature has dropped to a set temperature, the cooling system turns the 

pumps and fans off until the greenhouse temperature again increases to the set point.  

Therefore, the cooling system does not operate 24/7, but rather, on an as-needed basis.   

The GFSS consisted of two sets of brick rows, each 20 cm deep with 6 cm of space in between, 

for a total depth of 46 cm.  Parameters of interest for monitoring and methods of measurement 

were the same as those used at the KFSS and the KhFSS. 
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Figure 4-18 Aerial photo of experimental greenhouses at Al Gharbiya farm, Riyadh 
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Figure 4-19 From top right to bottom left: a) outdoor view of EC systems at Greenhouse #2 (right) and #3 (left), 

taken Feb 24, 2015.  Note that the cellulose pad system is inside of a dry dust filter (the visible green 
mesh enclosure.) b) close up and c) indoor view of traditional cellulose pad cooling system. 

 

a)
) 

b) c)
) 
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Figure 4-20 Experimental Al Gharbiya full scale system, installed at Greenhouse #3. Picture taken Feb 24, 2015. 

 

4.2.7.2 Experimental Results 

Based on data collected onsite February 24, 2015, the cooling systems were operating with 

brackish water having an initial electrical conductivity of 4.3-5.1 mS/cm and estimated TDS of 

2,700-3,300 ppm.  The TDS level of the water varied over time during the experiment as water 

was evaporated to concentrate the solids and also as new make-up water was added and 

diluted the solids. A performance comparison of the two systems (pad vs. brick) can be found in 

Table 4-8.   
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Table 4-8 Experimental results comparing EC system performance at Al Gharbiya farm.  *Literature results 

interpolated from [9]. 

  

Al Gharbiya 
full scale 
system 

Onsite 
cellulose 

pads 

Cellulose 
pads in 

literature* 

Number of porous media rows 2 1 1 

Total porous media thickness (cm) 40 10 10 

Space between rows (cm) 6 NA NA 

Total EC system thickness (cm) 46 10 10 

Face air velocity (m/s) 1 2.8 2.8 

Pressure drop (Pa) 53 46 54 

Void air velocity (m/s) 8.1 NA NA 

Dates of test 20-May-15 20-May-15 NA 

Temp based cooling efficiency (%) 73% 71% 70% 

Pressure drop/media thickness (Pa/cm) 1.3 4.6 5.4 

Cooling efficiency/media thickness (%/cm) 0.018 0.071 0.07 

Porous media face area (m2) 11.6 4.2 NA 

 

Results shown here demonstrate that a 2-row G2 PEC system compares well to a cellulose pad 

system when the PEC system is sized with a larger face area.  In this case, the PEC system was 

sized with a face area ~2.7x larger than the CP system for the same size greenhouse.  The result 

is that a similar cooling efficiency is achieved with only slightly higher pressure drop.  If the PEC 

system had been sized even larger, it is expected that the cooling efficiency would have slightly 

increased and the pressure drop would have decreased such that an equal pressure drop to the 

CP system could have been achieved with a greater cooling efficiency.   
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4.2.8 Discussion of Results 

The performance of the experimental systems varied based upon the scale of system 

installation (pilot vs. field), the generation of the bricks installed (1 vs. 2), the number of rows of 

bricks, and the location of installation.  Table 4-9 compares the design details and performance 

of the PEC systems.  For commercial application, only the performance of the field-scale 

systems should be considered, as the performance from the pilot scale system does not match 

well with the performance from the field scale systems. This is likely due to differences in 

experimental setup and operation, including differences in water distribution, air inlet, distance 

between the porous media and the fan, etc.   
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Table 4-9 Experimental results comparing experimental system performance. 

 
 

KAUST Pilot Scale 

KAUST  
Full 

Scale 

Khalidiyah 
Full  

Scale 

Al 
Gharbiya 
 Full Scale 

Pozzolan brick generation 1 1 2 2 

Porous media face area (m2) 0.54 24 11.8 11.6 

Number of porous media 
rows 1 4 3 2 

Total porous media thickness 
(cm) 10 40 60 40 

Space between rows (cm) NA 10 10 6 

Total EC system thickness 
(cm) 10 70 80 46 

Face air velocity (m/s) 0.8 0.9 1 1.1 0.5 0.8 1 

Total pressure drop (Pa) 9.7 15 21 27 17 61 53 

Void air velocity (m/s) 2.8 3 3.4 3.7 1.7 6.2 8.1 

Temp based cooling 
efficiency (%) 15% 14% 14% 15% 52% 65% 73% 

Pressure drop/ 
media thickness (Pa/cm) 0.97 1.5 2.1 2.7 0.425 1 1.3 

Cooling efficiency/ 
media thickness (%/cm) 1.5% 1.4% 1.4% 1.5% 1.3% 1.1% 1.8% 

Cooling efficiency/ 
pressure drop (%/Pa) 1.5% 0.9% 0.7% 0.5% 3.1% 1.1% 1.4% 

Cooling efficiency/ 
pressure drop/ 
face velocity (%/Pa/m/s) 1.2% 0.8% 0.7% 0.6% 1.5% 0.9% 1.4% 
 

 

In terms of cooling efficiency, the Al Gharbiya full scale system performed the best.  However, 

when the cooling efficiency is considered and compared taking into account the pressure drop 
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(cooling efficiency / pressure drop), the KAUST full scale system performed the best.  The 

KAUST full scale was sized with double the porous media face area, allowing for a much lower 

air velocity through the bricks and therefore a lower pressure drop.  A larger PEC size means 

more capital expense up front for commercial installation, but a lower long-term operating 

expense because of lower fan energy requirements.  When the cooling efficiency is divided by 

both the pressure drop and the face velocity, which takes into account the total area of PEC 

installation, then the KAUST and Al Gharbiya full scale systems perform similarly (1.5 %/cm m/s 

vs. 1.4%/cm m/s).  However, even this parameter is largely influenced by the air velocity 

through the bricks, where a lower velocity leads to better cooling performance and less 

pressure drop. 

Also interesting to note is that the Khalidiyah full scale system performed poorly as compared 

to both the Al Gharbiya and KAUST full scale systems.  The suspected reason for this poor 

performance is differences in construction between the Al Gharbiya and Khalidiyah full scale 

systems.  The Khalidiyah full scale system had a smaller reservoir for water storage and 

challenges were noted during system operation in keeping the bricks wet.  That is, dry spots 

were noted on the surface of the bricks in the Khalidiyah full scale system.  A potential solution 

to achieve better performance from the Khalidiyah full scale system could have been to install a 

larger water reservoir, a larger water pump, and/or a better water distribution system. 

When the PEC systems are compared with CP adiabatic cooling systems, there are a number of 

potential advantages of the PEC systems.   The largest potential advantages are:  



144 

 

 A longer expected life span 

 PEC systems have a lower cooling efficiency per unit volume than new cellulose pads, 

therefore installations can be custom designed for a specific cooling efficiency 

 PEC systems have a lower pressure drop per unit of thickness than CP systems. 

 Unlike CP systems, PEC systems are not damaged structurally if/when salt crystals 

precipitate in the system.  Therefore, PEC systems are more favorable for use with 

brackish or seawater than CP systems.  In addition, aggressive cleaning methods may be 

utilized on the PEC systems. 

 Because of their rigidity, the PEC bricks may be used as part of the structure of a 

building. 

 The PEC systems utilize sustainable, local raw materials 

The disadvantages of a pozzolan brick system compared with cellulose pads include the 

following: 

 New pozzolan bricks have a lower cooling efficiency per unit volume than new cellulose 

pads. Therefore, more volume of installed bricks is required to achieve the same cooling 

efficiency.  

 The pozzolan bricks are heavier than cellulose pads, therefore, retrofitting into an 

existing cellulose pad application will require additional labor and material costs.   

 Construction of a PEC system will require more available floor area for the EC system. 

 If the bricks must be replaced over time (although this is not expected), much greater 

effort will be required to replace them than a CP (due to their weight and the 

“permanence”oftheir installation.) 

 

4.2.9 Conclusions 

To address concerns related to the clogging of cellulose pad EC media, and to further enable 

the use of brackish and/or seawater for evaporative cooling in CEA such that significant fresh 

water savings can be achieved, a pozzolan evaporative cooler brick design was developed for 

testing.  The pozzolan cooler was field tested at KAUST and at two sites near to Riyadh.  Of 

consideration in the development of the pozzolan-based EC media was long life, resistance to 
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harsh environments, local availability, cost, ease of construction, and ease of management.   As 

it relates to these considerations, porous bricks with voids were fashioned from a local pozzolan 

volcanic rock and applied in evaporative cooling, achieving the following: 

 Long life: the PEC system proved its ability to last 4+ years in the KAUST full scale 

system. Cellulose pads utilizing fresh water at a site only ~3km away required 

replacement due to clogging via dust and salts.  The PEC system is therefore considered 

more robust and sustainable than the CPEC system. 

 Resistance to harsh environments: salt was intentionally precipitated from seawater 

onto the KAUST full scale system.  The system was manually cleaned and continued to 

operate without losses in effectiveness.  Therefore, the bricks are considered suitable 

for continuous use with brackish and seawater. 

 Local availability: the PEC bricks were constructed from a local volcanic rock and 

manufactured at a local facility (brick factory in Jeddah, KSA).   

 Cost: the PEC bricks are being sold at a price comparable to cellulose pads by a local 

company (Masader, based in Jeddah, KSA). 

 Ease of construction: the PEC bricks are stackable and can be incorporated into the 

design and structure of CEA systems 

 Ease of management: because of their rigidity, the PEC bricks require no special 

management skills, even when operated with brackish or seawater.  However, care 

should be taken during construction to size the PEC systems appropriately.  That is, the 

size of the face area of the PEC system when using the current brick design is 

recommended to be constructed ~3x larger than a cellulose pad system designed for the 

same airflow rate. 

4.2.10 Recommendations for future research with pozzolan brick adiabatic cooling systems: 

Although much work has been done to evaluate the PEC systems, more work can be done to 

improve the technology.  Suggested future research includes: 

 Cooling efficiency varies with air velocity through the porous media.  The current field-

scale installations only allow evaluation of cooling efficiency at one air velocity per site.  

Cooling efficiency of the bricks should be evaluated at other air velocities such that 



146 

 
cooling efficiency vs. air speed curves can be generated for the pozzolan bricks similar to 

those curves found in other work, such as [9] [131]. 

 Pressure drop through the cooling system is directly related to energy requirements 

from the fan system and also structural design requirements for the greenhouse.  No 

pressure drop vs. air speed curves have been generated for the pozzolan bricks.  Again, 

these curves should be developed similar to what is available for cellulose pad systems. 

 A hybrid PEC/CP cooling system is suggested for evaluation.  Pozzolan bricks are 

considered more favorable for use with brackish and/or seawater than cellulose pads as 

it relates to maintenance and life expectancy.  However, it is important to note that 

cellulose pads have been used effectively for evaporative cooling with seawater, most 

recently by the Sahara Forest Project in Qatar and also by Seawater Greenhouse 

projects in Oman, Australia, and the Canary Islands.  In conversations with staff from the 

Sahara Forest Project, it was noted that dust screens were required to protect pads 

from clogging [147].  Therefore, it is suggested to build and test a hybrid PEC/CP cooling 

system utilizing seawater and/or brackish water, where the pozzolan bricks are used as 

the first contact evaporative cooling wall/dust screen and cellulose pads are used as a 

second contact evaporative cooling wall.  Such a design would take advantage of the 

main strengths of both systems.  The PEC wall would be robust, screen out dust from 

ambient air, and provide a small amount of evaporative cooling to condition the 

incoming air before it contacts a cellulose pad system. The air entering the cellulose pad 

system would then be clean and pre-conditioned, greatly increasing the expected life 

span of the pads.  The CP system would provide the bulk of the evaporative cooling, as 

its expected efficiencies are much higher per unit volume than the PEC systems.  In 

total, the hybrid PEC/CP system would have the combined advantages of high expected 

cooling efficiencies and a longer expected life span with a smaller footprint and less 

bricks required than a system consisting of only pozzolan bricks. 

 Structurally, pozzolan bricks are very different from cellulose pads.  The bricks are rigid 

and have the potential to be used without support and/or in the structure of buildings 

and hedge fences.  This may be one of the greatest advantage of the bricks, as it opens 

up doors for use in alternative applications where cellulose pads would not be 

applicable.  However, the fundamental research into the structural capacity of the bricks 

is lacking.  Loading capacity, responses to stress and strain, and long-term losses in 

structural integrity due to wear and tear from environmental conditions (including 

water and salt) have not been adequately defined. 
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4.3 Pilot-scale aquaponics at KAUST 

Aquaponics combines hydroponics (growing plants in water, without soil) and aquaculture 

(farming fish or other aquatic organisms) to produce both plant and fish crops. Fish and/or 

aquatic organism waste is broken down by bacteria into dissolved nutrients that plants utilize in 

a hydroponic unit, in a process similar to the one as depicted in Figure 1. [148] Because the only 

water losses in an aquaponics system are due to plant transpiration and evaporation from open 

system surfaces (evapotranspiration), it is considered a “green” food production system. In

traditional aquaculture, effluents from intensive fish production systems containing high levels 

of nutrients may be discharged to the environment, leading to pollution and degradation of 

local water systems. However, in an aquaponics system, the nutrient rich aquaculture effluents 

provide most of the nutrients required by plants if the optimum ratio between daily feed input 

and plant growing area is maintained. [149] Aquaponic systems work by balancing nutrient 

generation from fish waste with nutrient uptake by plants to achieve proper water quality. 

[150] This use of the nutrients by plants purifies the water, which is continuously cycled to and 

from the fish and crops. Plants in aquaponics grow rapidly using the natural dissolved nutrients 

from the fish. Nutrient levels in water from the fish tanks are maintained at concentrations 

similar to hydroponic nutrient solutions where synthetic fertilizers are applied. There is a 

nominal daily water addition (typically < 3% of total volume) in these systems to make up for 

evapotranspirational water losses. The benefits of aquaponics systems include recovery of 

waste nutrients by the plants, elimination of environmental pollution, low water use and low 
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operational costs. The daily supply of fish feed provides the original source of nutrients that 

sustains both the sub-systems (aquaculture for the fish and horticulture for the plants).  This 

efficient use of resources provides a secondary vegetable crop in addition to the fish at no extra 

material input, thereby improving the profit potential of the operation and the food output. No 

pesticides or antibiotics are used at any stage, therefore, aquaponic production system can be 

regarded as organic agriculture. [151]  

 

Figure 4-21: Recirculation of water in aquaponics.  From left, water moves from the fish (aquaculture) to water 
treatment tanks, to the plants (hydroponics) and back again. 

Because aquaponics can be applied in Controlled Environment Agriculture (CEA), the indoor 

climate can be adjusted to allow year-round production. Significantly more food output per unit 

land area is possible with such a system than in traditional agriculture. The combination of 

higher food output with a lower water footprint per kg of food produced makes aquaponics a 

promising technology for solving food and water shortages in challenging climates like those 

experienced in Saudi Arabia.  Based upon these advantages, a pilot-scale aquaponics unit was 

installed and researched at KAUST.  
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4.3.1 Materials and methods 

A pilot-scale aquaponics system was setup within a CEAS at KAUST with an indoor climate 

cooled by evaporative cooling using seawater.  The installed aquaponics system was an F5 

system from Nelson and Pade, Inc. (www.aquaponics.com).  The system included a fish tank 

with a volume of approximately 400 liters, a clarifier, a netting tank, a degas/base addition tank 

and two raft-style hydroponics trays with a combined growing area of approximately 3 m2 and 

90 plant sites (~30 plant sites/m2).  The flow rate of water in the system was adjusted such that 

the hydraulic retention time in the clarifier was approximately 20 minutes.  Sabaki tilapia 

(Oreochromis spilurus) were cultured in the fish tank from April 2016-May 2017, fed a 

commercial pelleted diet with 32% proteins at 2% body weight daily. A feed ratio was targeted 

between 56 and 80 g feed per square meter of plant growing surface daily. A mix of vegetables 

were cultured over the course of the experiment, including lettuce, basil, tomatoes, cucumbers, 

parsley and other herbs.   

Water use was monitored over the course of the experiment by tracking the amount of make-

up water added to system.  Water quality parameters were monitored over the course of the 

experiment in the field and in the lab.  Field water quality parameters including water and air 

temperature, dissolved oxygen, pH, and conductivity were monitored on a daily to weekly basis 

via field probes.  Water samples were collected for laboratory analysis on a monthly to bi-

monthly basis.  Cations tracked over the course of the experiment included boron, sodium, 

magnesium, aluminum, potassium, calcium, manganese, iron, copper, zinc and molybdenum.  

Cations were quantified in the WDRC laboratory at KAUST using an Agilent 7500 cx inductively 

http://www.aquaponics.com/
http://www.fishbase.org/summary/1416
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coupled plasma mass spectrometry (ICPMS) machine. Anions tracked included fluoride, 

chloride, nitrite, sulfate, bromide, nitrate and phosphate. Anions were quantified in the WDRC 

laboratory at KAUST using a Dionex ICS 1600 ion chromatography machine. 

4.3.2 Results and discussion 

Fully contained and climate controlled aquaponic systems potentially operate under water 

conserving and contaminant free conditions. [152] Water use in the aquaponics system 

averaged 2.6 L day-1 m-2 over the one year of system operation. However, no produce was 

harvested during the hottest summer months of July-September.  During these months, high 

indoor temperatures (average >30 °C) and pests, including spider mites, greatly inhibited plant 

growth and prevented successful cultivation of marketable crops.  During the spring season 

(January-April) the aquaponics system water use averaged 4.6 L day-1 m-2.  Crops grown during 

this season were very high quality and marketable, as indoor temperatures were favorable 

(average ~23 °C), the system was mature, and few pests were observed.  The average water use 

by lettuce and tomatoes during the spring season was 19 L kg-1 of produce harvested. When 

compared to the world average water use of ~237 L kg-1 for lettuce and 214 L/kg for tomatoes 

[153], a savings of ~90% of water was obtained by growing in the aquaponics system.. 

Figure 4-22 shows the water quality data collected over the course of the experiment from the 

field meter.  The dissolved oxygen sensor failed in August 2016 and was not replaced.  In 

October 2016, a maintenance error led to the loss of approximately 1/3 of the aquaponics 

system water, which was replaced by fresh water from the tap.  
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Figure 4-22 Field-measured water quality parameters: a) conductivity, b) pH, c) temperature, d) dissolved oxygen. 

 

Conductivity results show a generally increasing trend through February of 2017, with the 

exception of the October 2016 water loss and replacement event.  Conductivity increases as ion 

concentrations increase in the system water due to nutrient addition from fish waste, base 

addition, and also from tap water.  When the addition of these ions is higher than the 
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removal/use by the plants, the conductivity goes up.  In February 2017, the plant concentration 

increased to the point that the plants began removing ions from the water faster than they 

were being added. Therefore, conductivity began to decrease from this point on until system 

shutdown. 

pH levels measured over the course of the experiment varied between 5.3 and 7.9 standard 

units.  The pH was modified via the addition of base such as calcium hydroxide, potassium 

hydroxide, or calcium carbonate through February 2017 in an attempt to keep the pH above 

6.5.  During this period, pH would decrease continuously, requiring based addition.  From 

February 2017, when the plants began using more nutrients than were being added to the 

water from fish waste, the pH naturally trended up instead of down.  No acids were added 

during this period to lower the pH, the pH was allowed to rise and naturally regulate. 

Water temperatures in the system were high during the summer period of June-August 2016, in 

the range of 26-30 °C.  From September 2016, the water temperatures dropped until November 

2016.  From December 2016-April 2017, the water temperatures generally stayed in their 

winter range of 20-23 °C.  Then, in April of 2017 the water temperature began to rise again 

towards the summer range. 

Dissolved oxygen levels were measured through August 2016, when the oxygen sensor failed.  

However, during the period from system initiation in April 2016 until August 2016, dissolved 

oxygen levels stayed above 5 mg/L, with values ranging from ~5.9-8.8 mg/L. 

Table 4-10 shows the ions measured over the course of the experiment.  



153 

 
Table 4-10 Ion concentrations in aquaponics system water. ND = not detected, T = trace detected, D = detected but 

concentration unknown.  *Source for target range: [154]. 

Ion Unit 
Target  
Range* 

6/26 7/27 9/24 10/10 11/9 1/19 2/5 3/6 4/11 5/14 

B µg/L 100-1,000 885.7 1,069 1,060 1,143 896.4 1,028 1,202 1,326 1,551 1,575 

Na mg/L NA 71 90 139 112 88 88 30 123 145 139 

Mg mg/L 25-75 4 6 13 11 9 9 10 9 6 5 

Al µg/L NA 4.4 5.5 8.6 7.5 4.6 12.6 21.2 24.8 46.6 55.9 

K mg/L 200-400 21 80 366 334 235 216 255 162 32 10 

Ca mg/L 150-400 34 48 9 9 10 8 13 11 7 6 

Mn µg/L 100-1,000 6.0 17.5 21.9 116.2 141.8 29.7 202.9 16.8 6.9 29.7 

Fe µg/L 500-5,000 203.5 181.9 217 690.3 740.0 1,024 2,290 2,065 1,764 1,397 

Cu µg/L 
20- 
200 

9.1 14.2 21.1 27.5 90.7 29.9 121.1 85.5 59.9 52.5 

Zn µg/L 20-200 28.9 31.1 55.0 333.6 443.8 506.3 670.6 636.6 567.9 381.9 

Mo µg/L 10-100 1.1 2.5 0.6 6.2 4.9 5.3 17.0 6.5 1.0 1.4 

F mg/L NA ND T ND ND ND ND ND ND ND ND 

Cl mg/L NA 43 58 119 158 129 147 168 116 168 149 

NO2 mg/L NA ND ND 3 ND ND ND ND ND 1 2 

SO4 mg/L NA 6.9 13.4 51.0 66.6 44.9 51.2 53.8 23.9 1.8 3.5 

Br mg/L NA ND ND ND ND ND ND ND ND ND ND 

NO3 mg/L 300-1,300 44 115 1,005 728 552 801 1,134 469 489 361 

PO4 mg/L 30-90 1.9 5.3 2.8 ND 7.8 25.2 14.2 5.0 D 1.1 

TN mg/L 70-300 9.7 25.3 222.2 160.1 121.4 176.2 249.4 103.2 107.8 80.0 

 

 

Plants require 16 essential nutrients. An aquaponic system provides these from the air, the 

water, and the breakdown products of fish. [155] In general, nutrient levels increased but were 

below the target range until September/October.  Nutrient levels built up during the summer 

because of the poor growing conditions, therefore the plants did not use nutrients at expected 

rates. Nutrient levels peaked in January/February and then decreased until system shut down 
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because plant concentrations were over-stocked relative to fish concentrations.  Micro 

nutrients (FloraMicro mix, www.generalhydroponics.com) were added at various times during 

system operation to supplement nutrients (such as iron) that were not naturally provided from 

the make-up water or the fish waste. 

4.3.3 Conclusions 

Aquaponics was successfully used to grow fresh fish and produce within a CEA system at 

KAUST.  The system was not effective at growing produce during the hot summer months 

because of poor indoor climate conditions.  However, the system was very effective at growing 

high quality produce during the cooler winter and spring months.  When compared with world 

average water use per kg of crops produced, the aquaponics system saved ~90% of water for 

growing, with an average daily water use of 4.6 L/day/m2 or 19 L/kg of crop harvested during 

the peak winter/spring growing season.   

4.4 Open, flat sheet solar liquid desiccant regenerator at KAUST 

To evaluate the suitability of an open regenerator in the local environment, and to have a real-

world comparison with results obtained from membrane distillation in the lab, a flat sheet solar 

liquid desiccant regenerator was constructed and tested at KAUST.  Results collected included 

regenerator performance and estimated energy conversion of solar-supplied thermal energy 

for regeneration. 

http://www.generalhydroponics.com/
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4.4.1 Introduction to open solar-based evaporators 

An open solar evaporator takes advantage of solar thermal energy collection to overcome the 

latent heat of vaporization of water. Water that is heated by solar energy evaporates as the 

vapor pressure of the water increases above the vapor pressure of the air, driving mass 

transfer.  Solar evaporators function much like solar thermal collectors in that they are 

designed to heat a liquid.  However, they are different in that unlike solar thermal collectors, 

they do not have a target liquid temperature; rather the goal is to convert solar energy to drive 

mass transfer from a liquid to a gas. 

Liquid desiccants are different from pure water in that the vapor pressure at the same 

temperature is lowered by the desiccant salt dissolved in the water.  Therefore, a liquid 

desiccant temperature must be increased more than pure water in order to achieve the same 

mass transfer rate. 

Other authors have evaluated the potential to evaporate water from a spent liquid desiccant 

via an open solar evaporator in order to regenerate the solution and restore dehumidification 

potential [32, 45, 46, 156].  However, none of these authors has collected experimental results 

from a pilot-scale installation in a climate condition similar to that expected on the Red Sea 

coast of Saudi Arabia.   
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4.4.2 Materials and methods 

An open solar evaporator was constructed at KAUST for use in regeneration of liquid desiccant 

solutions.  Figure 4-23 shows the layout and flow diagram of the open solar regenerator (OSR).  

Figure 4-24 shows pictures of the OSR as built in the field.   

 
Figure 4-23 Open solar regenerator layout and flow diagram. 

 
 

Figure 4-24 The open solar regenerator as built and operated at KAUST: a) side view b) front view. 

 

a) b) 
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A Davis Vantage Pro 2 weather station (www.davisnet.com) was set up adjacent to the OSR to 

collect climate conditions, including solar radiation, temperature, relative humidity and wind. A 

Testo model 435-4 data logger connected via radio link to a temperature probe was employed 

for data collection of liquid desiccant temperature (www.testo.com).  Refractive index of the 

desiccant solution was checked at the beginning and end of the day (dawn and dusk) using an 

OPTi hand held refractometer model 38-20 (www.bellinghamandstanley.com). Refractive index 

values were used to determine the concentration of the liquid desiccant. The volume of water 

evaporated during the daily cycle was determined by measuring the height of desiccant 

solution in the tank at dawn and dusk.  Figure 4-25 shows the data collected from the OSR.  

Magnesium chloride salt was dissolved in pure water to formulate the liquid desiccant solution 

used in the experiment. 

http://www.bellinghamandstanley.com/
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Figure 4-25 Data collection points from the open solar regenerator.  T = temperature, RH = relative humidity, Sol = 
solar radiation, RI = refractive index. 

4.4.3 Results and discussion 

The evaporation rate of water from the desiccant solution was plotted against the average daily 

equilibrium relative humidity of the desiccant (Figure 4-26).  The evaporation rate is shown 

both in terms of L hr-1 m2 for the OSR as built and in terms of L hr-1 kW-1 of solar radiation 

received to account for differences in solar radiation expected based upon season, cloud cover, 

and local climate.   
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Figure 4-26 Evaporation rate of water from the open solar regenerator vs. the equilibrium relative humidity of the 
desiccant solution during daylight hours. 

 

As expected, the evaporation rate decreases as the ERH of the desiccant decreases.  A desiccant 

with a lower ERH has a lower vapor pressure at the same temperature, and therefore must be 

heated more in order to increase the vapor pressure such that water vapor is removed from the 

solution.  Figure 4-27 shows the solar heat efficiency vs. the ERH of the desiccant.  The solar 

heat efficiency is a metric that describes how much of incoming solar radiation was used 

directly to evaporate water out of the desiccant solution.  A value of 1 indicates that all solar 

radiation was used in mass transfer of water from its liquid phase to its gas phase.  A value of 0 

would indicate that none of the incoming solar radiation was used. 
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Figure 4-27 Solar heat efficiency vs. ERH of desiccant 

 

Figure 4-27 demonstrates that as the ERH of the desiccant gets lower, the solar heat efficiency 

goes down.  More of the incoming solar energy is being used to increase the temperature of the 

desiccant solution and less is being contributed to mass transfer, as is clearly demonstrated by 

Figure 4-28.  

  

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

40% 50% 60% 70% 80% 90% 100%

So
la

r 
H

ea
t 

Ef
fi

ci
en

cy
 

ERH of Desiccant 



161 

 

 
 

Figure 4-28 Comparison of desiccant temperatures in the trough of the evaporator (T2 from Figure 4.4.3) and 
ambient air temperatures (T3 from Figure 4.4.3) measured at 1:00 pm plotted against the ERH of the 
desiccant solution. 

 

In Figure 4-28, it is shown that when the ERH of the desiccant is high, the temperature of the 

desiccant stays below ambient temperature as water evaporates from the solution.  As the ERH 

goes down, the temperature of the desiccant increases above the ambient temperature.  

Because the desiccant on the evaporator surface is in direct contact with the ambient air, both 

mass and heat transfer take place.  When the vapor pressure of the desiccant solution is higher 

than the air at the same temperature, heat transfer takes place from the ambient air to the 

desiccant solution in order to facilitate evaporation of water (similar to the evaporative cooling 

process).  When the vapor pressure of the desiccant solution is lower than air at the same 

temperature, mass transfer takes place from the air into the desiccant, increasing the desiccant 

temperature and leading to heat transfer back into the air.  In order for a desiccant solution to 

maintain a temperature above ambient such that the vapor pressure is equal to the ambient 
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air, solar energy is retained by the desiccant solution and may be lost to the surrounding 

ambient air as heat.  Therefore, the solar heat efficiency is lower at lower desiccant ERH; not all 

solar energy can be used for mass transfer.   

The overall mass transfer rate and solar heat efficiency are important to keep in mind when 

designing the size of an evaporator to regenerate desiccant solutions.  Equation 4-1 shows how 

an evaporator can be sized. 

Equation 4-1 

𝑚𝑜

𝑟𝑖 × 𝑡𝐸𝑅𝐻

 

Where: 

mo = mass flow rate of water removal from desiccant required (L/hr) 

ri = solar radiation in (W/m2) 

tERH = expected mass transfer rate at the desired desiccant ERH (L/hr*W) 

It was estimated that a desiccator would be required to remove 354 kg/hr average, 839 kg/hr 

max, and 126 kg/hr min of water vapor from outdoor air on a design day of August 16, 2014 in 

Thuwal, Saudi Arabia [44].  If desiccant storage is included in the design to account for liquid 

gains/losses over the course of one day, then the regenerator mass flow rate of water removal 

can be sized equal to the average required rate of desiccation at 354 kg/hr (mass of water 

vapor in must equal mass of water vapor out).  Again taking into account the design day, the 

average solar radiation received over 24 hrs was 253 W/m2.  From Figure 4.4.4, the expected 
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transfer rate is 0.9 L/hr*kW when the desired ERH of the desiccant is around 50%.  Therefore, 

the required size of the evaporative regenerator is approximately 1,550 m2.  When it is 

considered that the size of a typical greenhouse for Saudi Arabian climate is 9 m x 40 m (360 

m2), the evaporative regenerator must be sized at approximately 4.3x larger than the 

greenhouse.  The size of the OSR in this case is likely prohibitive for most would-be adopters of 

the technology.   

4.4.4 Conclusions 

An open solar regenerator (OSR) was constructed and tested for performance with a 

magnesium chloride liquid desiccant at KAUST in Thuwal, Saudi Arabia.  Results showed that as 

the concentration of the liquid desiccant increased, the rate of water evaporation from the 

liquid desiccant and the solar heat efficiency decreased.  At a desiccant equilibrium relative 

humidity of ~50%, a mass transfer rate of ~0.9 L hr-1 kW-1 of solar radiation input is expected. In 

addition, it was estimated that an open solar regenerator would need to be sized at ~4.3x larger 

than the greenhouse, prohibitive for field-scale adoption by local farmers.     

4.5 Direct Contact Liquid Desiccant Dehumidifier at KAUST 

An open, direct contact liquid desiccant dehumidifier was built and tested at KAUST.  Results 

collected include estimated dehumidifier performance, air temperature and humidity before 

and after the desiccant contactor, and changes in desiccant concentration over time. 
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4.5.1 Introduction to Liquid Desiccant Dehumidifiers 

Liquid desiccant dehumidifiers (LDD) have been proposed for use in conditioning air for 

residential, commercial, and agricultural buildings. The systems function based upon the vapor 

pressure of the desiccant solution.  When the vapor pressure of the solution is below the vapor 

pressure of the to-be-conditioned air, humidity passes from the air into the desiccant solution, 

drying the air.  A LDD is different from traditional vapor-compression air conditioning in that air 

does not need to be cooled to the dew point to remove humidity; rather, humidity can be 

removed from air at ambient temperatures.   

When humidity condenses into a LDD, the heat of condensation is released to the surrounding 

environment.  This heat can serve to heat both the liquid desiccant and the air in contact with 

the desiccant.  When a LDD is being applied for the purpose of air-cooling and energy removal, 

a heat exchanger must be added to remove the heat of condensation from the system.  

However, in a cool climate, it may be advantageous to dry the air while at the same time 

increasing its temperature.  A specific application where this is desirable is in controlled 

environment agriculture (CEA) in cool climates.  In this application, humidity is continuously 

added to the system by plant transpiration, while heat is lost through building walls.  Humidity 

must therefore be removed and heat must be added to the system to keep the indoor 

temperature and humidity at levels desirable for plant growth.  Traditionally, this is 

accomplished by releasing humid air to the outdoors while heating dry, outdoor air and blowing 

it into the CEA structure.  This method of heating and humidity removal has a large energy 
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footprint.  By utilizing a LDD, both goals (humidity and temperature control) can be 

accomplished without the need to replace warm indoor air with cold outdoor air.  

Although dehumidification and temperature control via a LDD is attractive from the perspective 

of reducing energy requirements, it is important to keep in mind that the desiccant will become 

weak over time as the percentage of water in the desiccant increases in proportion to the 

percentage of desiccant salt.  As this happens, the desiccant becomes weaker, the vapor 

pressure increases, and it loses its dehumidification potential. Therefore, the desiccant must 

have water removed via a process known as regeneration.  Many methods have been proposed 

for desiccant regeneration, including packed towers, solar-powered evaporators, membrane 

distillation, reverse osmosis, and electro dialysis.  All of these methods require some type of 

energy input, ranging from electricity to heat.  Although renewable sources, including solar, 

geothermal and wind, have been proposed to meet these energy needs, the foundational need 

for energy remains.   

A potential low-energy solution for liquid desiccant regeneration without the addition of heat is 

to utilize the liquid desiccant for dehumidification in a high humidity environment and to 

evaporate water from the desiccant in a low humidity environment.  Such a process takes 

advantage of the vapor pressure to drive both dehumidification and evaporation.  Interestingly, 

both high and low humidity environments can be realized in the same location by taking 

advantage of diurnal (day vs. night) swings and natural weather variations in outdoor 

temperature and relative humidity.  For example, during the winter months in Thuwal, Saudi 

Arabia, nights tend to be more humid and cool while days tend to be warm and dryer.  In 
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addition, the outdoor humidity naturally fluctuates depending upon wind direction.  When the 

wind is from the west (off the Red Sea), the humidity is usually high and the temperature is 

moderate.  However, when the wind switches to the east (off the desert), the humidity tends to 

be very low and the temperature is more extreme.  Therefore, the same liquid desiccant 

solution can be utilized to heat and dehumidify ambient air during cool, humid nights and/or 

weeks and to cool and humidify ambient air during hot, dry days and/or weeks.  To test the 

efficacy of this proposed process, a LDD was built and operated during the winter months of 

February and March at King Abdullah University of Science and Technology in Thuwal, Saudi 

Arabia. 

4.5.2 Materials and Methods 

A direct contact liquid desiccant dehumidifier (DCLDD) was constructed at KAUST using 

generation 1 pozzolan bricks (see Section 4.2).  The dehumidifier was placed in front of a 

pozzolan brick evaporative cooler (PEC), as shown in Figure 4-29.  As the PEC and DCLDD design 

was semi-permanent in nature, this design allowed flexibility of operation for conditioning of 

incoming air based upon the variable climatic conditions of expected in this location. 
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Figure 4-29 Direct contact liquid desiccant dehumidifier placed before an evaporative cooler at KAUST. 

 

The DCLDD was equipped with a 3,500 liter basin at the base of the porous media for storage.  

To formulate the desiccant solution, 20 kg bags of magnesium chloride were purchased and 

dissolved in fresh water within the basin.  A pump moved the desiccant from the basin to the 

top of the DCLDD, where it was distributed over the bricks. The desiccant then passed via 

gravity down through the bricks and into the storage basin.  As the desiccant passed down 

through the bricks, it contacted incoming air, which was being drawn by suction through the 

porous media.   

Air temperature and relative humidity were monitored before and after the DCLDD.  

Parameters of interest for monitoring included the change in air temperature and humidity, the 

air speed, the pressure drop through the DCLDD media, and the change in basin liquid volume. 
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A Testo model 435-4 data logger equipped with an internal differential pressure sensor (±0.02 

hPa from 0 to +2 hPa, ±1% of measured value up to +25 hPa), connected hot wire air velocity 

probe (model #0635 1535, ±0.03 m/s + 4% of measured value) and temperature/relative 

humidity probes connected via radio link was employed for data collection (www.testo.com).  

Airflow in the system was calculated using the methods outlined in [145].  A Vantage Pro2 

weather station manufactured by Davis instruments (www.davisnet.com) was utilized to 

capture outdoor climate data.  A tape measure was used to manually measure the height of 

liquid in the basin during site visits, usually 1-2x/day.  The height of the liquid in the basin was 

utilized to estimate the volume of liquid in the basin by multiplying by the floor area of the 

basin, which was constant.   The refractive index and temperature of the liquid desiccant was 

also collected manually, usually 3-4x/week using a Reichert hand-held Digital Brix/RI-Check 

refractometer (www.reichertai.com, part #13940000).   

4.5.3 Results and Discussion 

Figure 4-30 documents the changes in temperature and relative humidity as a result of the 

diurnal cycle from February 23 through March 19.  In general, the ambient air temperature 

increased and the humidity decreased during the day.  At night, the temperature decreased and 

the humidity increased.  The temperature tended to peak around solar noon, decrease sharply 

until night, decrease gradually over night, and then increase sharply at daybreak until solar 

noon.  The humidity tended to be at minimum around solar noon, increase sharply until dusk, 

increase gradually over night (peaking at daybreak), and then decrease sharply until solar noon.  

Thus, ambient air temperature and humidity tended to have reverse peaking/troughing cycles. 

http://www.reichertai.com/
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Figure 4-30 Changes in temperature and relative humidity of ambient air as a result of the diurnal cycle.  Note that 

avalueof95indicates“day”whileavalueof10indicates“night”forthe day/night indicator. 

 

The ambient air was drawn through the DCLDD by fans on the outlet of the system, in the same 

manner as is typically applied in pad and fan greenhouses and as was shown in Figure 4-29. If 

the ambient air drawn through the system had a relative humidity higher than the ERH of the 

desiccant (i.e., a vapor pressure that was higher), then humidity from the incoming air 
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condensed into the desiccant.  When this happened, the heat of condensation was released, 

warming both the desiccant and the air.  In this case, the air exiting the DCLDD had a higher 

temperature and lower humidity than the incoming air.  If the ambient air entering the DCLDD 

had a humidity level lower than the ERH of the desiccant, then water evaporated from the 

weaker desiccant into the air.  As water evaporated, the latent heat of vaporization was utilized 

to convert the water from a liquid to a gas, lowering the temperature of both the desiccant 

solution and the air exiting the DCLDD and increasing the humidity of the air upon exit.  

Figure 4-31 shows the results of the data collected in the field. 
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Figure 4-31 Air temperature change through the direct contact liquid desiccant dehumidifier as a result of 

differences between the relative humidity of the air and the equilibrium relative humidity of the 
desiccant solution.  Missing data points in the air temperature change data set are due to battery 
failures during the experiment. 

 

The average ERH of the desiccant tended to settle around the average relative humidity of the 

daily conditions, as water condensed into the desiccant during periods of high humidity and 

evaporated from the desiccant during periods of low humidity. As the weekly average relative 

humidity of the air increased or decreased, so also the average ERH of the desiccant tended to 

increase or decrease.  For example during the period of time between February 23-March 3, the 

ambient relative humidity averaged around 72%.  So also, the ERH of the desiccant during this 

period came to settle around 72% towards the end of the week.  During the period of time 

between March 11 and March 18, the average relative humidity of the air decreased to around 

50%.  Following that trend, the ERH of the desiccant also decreased to around 50%.  Thus the 

desiccant concentration adjusted dynamically to fit the trends in the local climate.  
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The liquid desiccant solution acted as an energy conversion and storage bank.  During periods 

of high ambient sensible energy (temperature), the desiccant solution converted that sensible 

energy to latent energy (humidity) through the evaporation of water.  During periods of high 

potential energy (humidity), the desiccant solution converted that potential energy to sensible 

energy (temperature) through the condensation of water and the release of the heat of 

condensation. Thus, the air exiting the DCLDD was conditioned to have more moderate peaks in 

temperature and humidity than the ambient air.  Figure 4-32 shows how the maximum and 

minimum temperatures of the conditioned air were moderated by the DCLDD along with the 

change in temperature observed from inlet to outlet.  Although the average temperature of the 

conditioned air was not affected, the decrease in the severity of the maximum and minimum 

temperatures are desirable for plant comfort and successful cultivation. 
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Figure 4-32 Ambient and conditioned air temperatures, along with the recorded change in temperature between 

the two as a result of the DCLDD.  Data gaps in the conditioned air temperature and change in 
temperature lines are the result of battery failures in the conditioned air temperature sensor. 

In addition to the conditioning provided by the DCLDD, an evaporative cooler utilizing seawater 

was operated after the DCLDD when the outlet air of the DCLDD was considered too warm.  The 

addition of an evaporative cooler after the DCLDD is shown in Figure 4-29.  When necessary, 

the evaporative cooler further reduced temperatures observed in the indoor environment and 

kept growing conditions closer to ideal.  In the case of this experiment, the liquid pump for the 
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evaporative cooler was set to turn on when the outlet from the DCLDD exceeded 26°C.  

Figure 4-33 shows the modified temperature at the outlet of the evaporative cooler due to the 

combined conditioning and cooling provided by the DCLDD followed by the evaporative cooler. 

 
 
Figure 4-33 Ambient and modified air temperatures, along with the recorded change in temperature between the 

two as a result of the DCLDD in combination with the evaporative cooler.  Data gaps in the modified air 
temperature and change in temperature are the result of battery failures in the conditioned air 
temperature sensor. 
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The DCLDD could be further modified to provide more desirable levels of air temperature and 

humidity in the indoor environment by adding the following options: 

1. Heat exchanger for DCLDD.  By adding a heat exchanger to the DCLDD, the temperature 

of the desiccant can be regulated to allow fine tuning of outlet air temperature and 

humidity.  A cooler desiccant solution is stronger, and therefore will absorb more 

humidity due to a lower vapor pressure.  A hot desiccant has a higher vapor pressure 

and will therefore absorb less humidity or release humidity to the air, depending upon 

the difference in vapor pressure between the two.  Cooling for the heat exchanger could 

be provided through connection with a cooling tower utilizing seawater for evaporative 

cooling.  Heating for the heat exchanger could be provided through connection with 

solar thermal collectors. 

2. Additional desiccant volume storage.  The volume of the desiccant solution used in this 

study was sufficient such that the average ERH of the desiccant tended to match daily 

average relative humidity of the ambient air.  However, a higher volume of desiccant 

storage would mean that the ERH of the desiccant would change much slower.  This 

could be desirable to take advantage of weekly and seasonal trends in ambient 

temperature and relative humidity.   

3. Air source modification.  The DCLDD used in this study allowed only the use of ambient 

outdoor air for conditioning.  By modifying the system such that air could be partially or 

fully recirculated through the DCLDD from the indoor environment, temperature and 

humidity can be further controlled.   

4.5.4 Conclusion 

A direct contact liquid desiccant dehumidifier was used successfully to modify the temperature 

and humidity of outdoor air entering a CEA system.  The DCLDD provided heating and 

dehumidification during the night when outdoor air temperatures were low and the humidity 

was high and provided cooling and humidification during the day when outdoor air humidity 

levels were low and temperatures were high.  Thus, the DCLDD was successful in regenerating 

itself, both in terms of water for evaporative cooling and a strong desiccant for 
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dehumidification and heating.  Such a system offers sustainability advantages for saving energy 

in heating and saving water in evaporative cooling.   

The system was further enhanced through addition of an evaporative cooler utilizing sea water.  

When necessary, the evaporative cooler was operated in sequence after the DCLDD to further 

reduced the temperature of the air entering the indoor growing environment.  The combined 

system saved water by utilizing seawater in place of fresh water for evaporative cooling. 

For future work, it is suggested to build a DCLDD with an integrated heat exchanger, a larger 

liquid volume storage, and the option to change the air input source depending upon the 

outdoor and indoor conditions. 

4.6 Summary of Insights Gained from Industry Visits and Supporting Research 

The industry visits and supporting research provided valuable results for enhancing the overall 

impact and research direction of the thesis work.  In specific, industry visits highlighted the 

following problems that could be addressed through research, including: 

1. In the temperate to cold climate of northern North America, the common challenges for 

CEA include: 

a. High running costs, especially related to utility bills for winter heating and 

lighting. 

b. High capital costs, especially in urban installations 

c. Organic pest control 

2. In the arid region of the Middle East, the common challenges for CEA were: 

a. Access to water of suitable quality and quantity for both cooling and growing. 

b. Greenhouse climate control, especially cooling 

c. Clogging of evaporative cooling pads due to poor water quality and airborne 

dust. 
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d. Pest control 

Background research was conducted to address some of these problems and also to highlight 

areas of additional research need.  Specifically, background research was conducted with the 

following results: 

1. To address concerns related to the clogging of cellulose pad EC media, and to further 

enable the use of brackish and/or seawater for evaporative cooling in CEA such that 

significant fresh water savings can be achieved, a pozzolan evaporative cooler (PEC) 

brick design was developed for testing.  The PEC was field tested at KAUST and at two 

sites near to Riyadh.  Of consideration in the development of the pozzolan-based EC 

media was long life, resistance to harsh environments, local availability, cost, ease of 

construction, and ease of management.   As it relates to these considerations, porous 

bricks with voids were fashioned from a local pozzolan volcanic rock and applied in 

evaporative cooling, achieving the following: 

a. Long life: the PEC system proved its ability to last 4+ years in the full scale system 

constructed at KAUST. Cellulose pads at a site only ~3km away required 

replacement due to clogging via dust and salts.  The PEC system is therefore 

considered more sustainable than the CPEC system. 

b. Resistance to harsh environments: salt was intentionally precipitated from 

seawater onto the PEC system at KAUST.  The system was cleaned and continued 

to operate without losses in effectiveness.  Therefore, the bricks are considered 

suitable for continuous use with brackish and seawater. 

c. Local availability: the PEC bricks were constructed from a local volcanic rock and 

manufactured at a local facility (brick factory in Jeddah, KSA).   

d. Cost: the PEC bricks are being sold at a price comparable to cellulose pads by a 

local company (Masader, based in Jeddah, KSA). 

e. Ease of construction: the PEC bricks are stackable and can be incorporated into 

the design and structure of CEA systems 

f. Ease of management: because of their rigidity, the PEC bricks require no special 

management skills, even when operated with brackish or seawater.  However, 

care should be taken during construction to size the PEC systems appropriately.  

That is, the size of the face area of the PEC system when using G2 bricks is 

recommended to be constructed ~3x larger than a cellulose pad system designed 

for the same airflow rate. 
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g. In addition to the above achievements, the PEC system at KAUST was 

successfully operated in conjunction with an aquaponics system and also with a 

liquid desiccant system to greatly reduce the freshwater footprint and to 

increase the sustainability of CEA in Saudi Arabia. 

h. The PEC was not effective in cooling air to desired levels during the summer 

when the incoming temperature and humidity were high (>60% relative 

humidity). 

2. Aquaponics was successfully used to grow fresh fish and produce within a CEA system 

cooled by a PEC at KAUST.  The system was not effective at growing produce during the 

hot summer months because of poor indoor climate conditions due to inadequate 

cooling and high humidity.  However, the system was very effective at growing high 

quality produce during the cooler winter and spring months.  When compared with 

world average water use per kg of crops produced, the aquaponics system saved ~90% 

of water for growing, with an average daily water use of 4.6 L/day/m2 or 19 L/kg of crop 

harvested during the peak winter/spring growing season.   

3. To enable the use of a liquid desiccant system for air dehumidification, an open solar 

regenerator (OSR) was constructed and tested for performance with a magnesium 

chloride liquid desiccant at KAUST.  Results showed that as the concentration of the 

liquid desiccant increased, the rate of water evaporation from the liquid desiccant and 

the solar heat efficiency decreased.  At a desiccant equilibrium relative humidity of 

~50%, a mass transfer rate of ~0.9 L hr-1 kW-1 of solar radiation input is expected. Based 

upon this result, it is estimated that an open solar regenerator would need to be sized at 

~4.3x larger than the greenhouse.  The large size required for an OSR is likely prohibitive 

for field-scale implementation and adoption by local farmers.     

4. A direct contact liquid desiccant dehumidifier was used successfully to modify the 

temperature and humidity of outdoor air entering a CEA system.  The DCLDD provided 

heating and dehumidification during the night when outdoor air temperatures were low 

and the humidity was high and provided cooling and humidification during the day when 

outdoor air humidity levels were low and temperatures were high.  Thus, the DCLDD 

was successful in regenerating itself, both in terms of water for evaporative cooling and 

a strong desiccant for dehumidification and heating.  Such a system offers sustainability 

advantages for saving energy in heating and saving water in evaporative cooling.  The 

system was further enhanced through addition of a PEC utilizing sea water.  When 

necessary, the PEC was operated in sequence after the DCLDD to reduce the 

temperature of the air entering the indoor growing environment.  The combined system 

saved water by collecting humidity in the DCLDD during periods of high humidity and 
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evaporating it during periods of low humidity and by utilizing seawater in place of fresh 

water in the evaporative cooler.   

 

However, in spite of the attractive performance of the DCLDD during the winter months 

in Thuwal (when both air cooling and heating are useful), the DCLDD will not be 

effective for climate control during summer months when only cooling/dehumidification 

is needed.  During summer months, both a separate liquid desiccant regenerator and a 

heat exchanger to remove the heat from air dehumidification will be required for 

effective cooling.  The heat exchanger for summer operation could utilize cool water 

sourced from a cooling tower/wall utilizing seawater, including a PEC designed 

specifically to deliver cool water rather than cool air. In colder, northern climates where 

only heating is required in the winter, the DCLDD may effectively heat and dehumidify 

indoor air; however, a separate desiccant regenerator will be required that does not 

remove heat from the CEA system.  

The research conducted for the Doctoral thesis can address a number of the challenges and 

additional research needs identified during industry visits and background research.  

Specifically, the liquid desiccant dehumidification cycle with fresh water recovery seeks to 

address: 

1. Pest problems.  By reducing or eliminating the frequency of bringing outdoor air into the 

CEAS via in-building dehumidification, the chance of pests entering is also reduced.  In 

addition, a recirculating aquaponics system reduces the chances for soil-borne 

pests/disease to impact plants, as the system is operated without soil. 

2. Heating of CEA systems. Again, by reducing or eliminating air exchanges required to 

move humidity out and bring drier outdoor air in through use of an in-building 

dehumidification system, less heating is required during cool/cold seasons.  In addition, 

there is the potential to recover the latent heat of condensation of humidity by the 

liquid desiccant as sensible heat for climate control of the structure. 

3. Cooling of CEA systems.  Specifically, by:  

a. A liquid desiccant dehumidification system in front of an evaporative cooler can 

lower the expected output temperature of the cooler and provide better cooling 

for the CEAS.  

b. By using an in-building dehumidification system in combination with indoor 

lighting, the solar heat can be excluded from a CEAS.  This has the potential to 
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greatly reduce cooling needs in a well-insulated building, while at the same time 

proving the opportunity for greatly increased harvests per unit of land area 

through the use of vertical agriculture techniques. 

4. Water quality and supply. A consistent supply of high quality fresh water can be attained 

via recovery/harvest of either atmospheric or plant-transpired humidity with 

subsequent desalination/regeneration of the liquid desiccant.   

5. Regeneration of liquid desiccant solutions.  A concentrated, cool liquid desiccant is 

necessary for air dehumidification.   

6. Water use. By pairing a liquid desiccant dehumidification cycle with fresh water 

recovery and a recirculating aquaponics or hydroponics growing system where water is 

continuously cycled and none is disposed, the potential exists to greatly reduce the 

water footprint of products produced in CEA. 

From the background research and from visits to real, in-production CEA sites around the 

world, it is clear that the research being conducted as part of this Doctoral thesis into a liquid 

desiccant cycle for CEA has the potential to make a real impact and solve real problems faced 

by growers. 
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Chapter 5 

5 Publication #2 “Liquid Desiccant Dehumidification and Regeneration Process 

to Meet Cooling and Fresh Water Needs of Desert Greenhouses” 

5.1 Introduction 

Thefollowing isapaperoriginallypublished intheScientific Journal“DesalinationandWater

Treatment.” Thecopyofthework includedhere istheauthor’sfinalversionaspublishedby

the journal but without the journal formatting.  The complete reference for the published work 

is as follows: 

Lefers, R., N. M. S. Bettahalli, S. P. Nunes, N. Fedoroff, P. A. Davies and T. Leiknes (2016). "Liquid 
desiccant dehumidification and regeneration process to meet cooling and freshwater needs of 
desert greenhouses." Desalination and Water Treatment 57(48-49): 23430-23442. 

 

5.2 Impact on Dissertation Research 

The work done as part of this publication clearly defines what is needed in terms of 

performance from a dehumidification system for use with a CEA system.  In addition, the 

potential was shown for meeting the cooling and freshwater needs of a desert greenhouse 

through use of a combined liquid desiccant/evaporative cooling system.  Therefore, this work 

served as a benchmark for evaluating the performance and field applicability of additional 

dissertation research work carried out in the lab.  
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5.3.1 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 fresh water 

per unit of food produced when compared with open field cultivation.  However, desert 

greenhouse producers face three main challenges: fresh water supply, plant nutrient supply 
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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 desiccant 

dehumidifier and membrane distillation unit that can meet the dual needs of cooling and fresh 

water supply for a greenhouse in a hot and humid environment.  

Keywords: Greenhouse Cooling, Dehumidification, Membrane Distillation, Liquid Desiccant 

Regeneration 

5.3.2 Introduction 

5.3.2.1 Global Context 

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

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

a favorable ambient 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 
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for growth of food in the outdoor climate.  Factors that influence the poor production potential 

in these regions include intense heat, lack of fresh water 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 greenhouses in hot climates faces the challenge of providing plants 

access to solar photosynthetic energy while rejecting or removing the solar heat energy.  For 

example,Jeddah,theKSA’ssecond-largest city, has an outdoor climate that is only favorable for 

growth of tomatoes for 25-35% of the year (winter).  The remainder 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 fresh water for irrigation and poor quality soils.  

Jeddah is not the only region with these problems: intense heat, lack of long-term access to 

fresh water for irrigation, 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 fresh water [3]. Unfortunately for the Kingdom, most of this fresh water currently 

used for agriculture is extracted from non-recharging fossil aquifer systems. 

One of the major factors that affect greenhouse production 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 world-wide is evaporative cooling[6].  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 
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estimated that the energy use of an evaporative cooling system is four times less when 

compared with mechanical air conditioning processes (www.energy.gov).  However, traditional 

evaporative cooling consumes a large amount of fresh water, constituting up to 80% of total 

greenhouse fresh water consumption [7, 8]. Naturally occurring fresh water 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[9]. The productivity of such greenhouses is generally low 

when compared with technologically sophisticated European greenhouses, and their use of 

freshwater for cooling is not sustainable.  

Energy-intensive methods for greenhouse cooling may provide short-term solutions in light of 

theKSA’sconsiderablefossilfuelreserves.Suchmethodsmayincludetraditionalrefrigeration-

based cooling (air conditioning) or the use of desalinated water for evaporative cooling.  Both 

solutions are energy-intensive and use energy from the burning of fossil fuels.  The continued 

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[10]. 

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[11].  This research aims to advance the 

science and knowledge of systems designed for greenhouse cooling in hot and humid climates. 
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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 improvement. The ‘Seawater Greenhouse for Arid Lands’ project,

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, [18]). The same method of seawater-evaporative cooling was 

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

Greenhouse Ltd and Sultan Qaboos University[20]. 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[21]. More recently, the Sahara Forest Project implemented a greenhouse in Qatar 

that uses seawater evaporative cooling (http://saharaforestproject.com). However, existing 

designs using seawater for evaporative cooling processes still face the fundamental limitation 

of evaporative cooling becoming ineffective when outdoor ambient air humidity is already near 

saturation.  In humid regions similar to the coast near Jeddah, 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 cultivation of certain 

types of produce. 

5.3.2.2 Liquid Desiccant Dehumidification 

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

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

http://www.seawatergreenhouse.com/
http://www.sundropfarms.com/
http://saharaforestproject.com/
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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 desiccants to 

dehumidify the air before it enters the evaporative cooling system.  The absorption of water 

vapor can be accomplished using liquid or solid desiccants directly or indirectly through a 

membrane contactor[31]. Liquid desiccants are increasingly being used for dehumidification 

because of their operational flexibility[42]. Suitable liquid desiccants include highly 

concentrated 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 sensible heat as the heat of condensation is 

released into the liquid and/or the air.  The capacity of a liquid desiccant to remove humidity 

from the air is limited by both its concentration and its temperature: a concentrated cool 

desiccant is a good dehumidifying solution[43].   

Therefore, to improve the performance of any liquid desiccant system, attention must be given 

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

desiccation, removing the heat of condensation from the desiccator using a heat rejecter or 

exchanger, and keeping the concentration of the liquid desiccant sufficiently high using a mass 

regenerator so that the vapor pressure is maintained below that of the ambient air.  Fresh 

water can also potentially be recovered for reuse within the greenhouse for evaporative cooling 

or irrigation by the liquid desiccant system as shown in Figure 5-1.  Use of these coupled 
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processes has the potential of markedly reducing the fresh water footprint of greenhouse 

agriculturewithinagreenhousetonearzero,resultingina‘self-watering’greenhouse. 

5.3.2.3 Fresh Water Recovery from Liquid Desiccant Regeneration 

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

be regenerated by removal of fresh water 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 appropriate regenerator be developed and optimized to recover the 

fresh water that is extracted from the liquid desiccant. 

 
Figure 5-1 Process diagram showing fresh water cycle within a proposed self-watering greenhouse 

5.3.3 Theory of self-watering greenhouse using liquid desiccant cooling 

The principle of the proposed self-watering greenhouse is shown in Figure 5-2 below. The 

illustration is of a closed greenhouse in which air is recirculated and cooled continuously by an 

evaporative pad wetted with seawater, brackish water, or recovered fresh water. For effective 

 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 
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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 desiccant 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 

regenerated to the initial concentration. In the process of regeneration, the moisture that is 

absorbed by the 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 evaporator – is returned to the greenhouse. 

Thus no external source of freshwater is required. 

 
Figure 5-2 Schematic of the self-watering greenhouse. 
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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 refrigerator, which removes heat from a greenhouse 

and pumps it to the sea, the ground, or the ambient environment. From the general standpoint 

of the 2nd law of thermodynamics, this process must require an energy input. Specifically energy 

is needed for regeneration. In this case we prefer to use solar energy as the input, but other 

sources are possible, like electricity from the grid. The usual criterion of performance of a 

refrigeration system is the Coefficient of Performance (COP). It is the heat removed from the 

cooled space divided by the work supplied to the system i.e.: 

Equation 5-1 

COP =
Qout

Win
 

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 
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temperatures. However, both of these contributions are in fact small compared to the large 

contribution from the latent heat of water vapor. 

Equation 5-2 

Qout = m hfg 

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 =2440 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. 

Equation 5-3 

Win = PosmV = Posmm/ρ 

where V is the volume of water removed from the desiccant and ρ is the density of pure water 

(=1000 kg/m3). An interesting point is that the osmotic pressure is not independent of the 

desiccant properties of the liquid. On the contrary it is closely related because both vapor 

pressure and osmotic pressure 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[157]: 



192 

 
Equation 5-4 

− ln a = V′PosmRT 

Where R is the universal gas constant (8.3 kJ/kmol K), T is the absolute temperature (taken 

here as 298o K) and V′ is the specific molar volume of the solvent. For most aqueous solutions, 

V′ ≈0.018m3/kmol. Combining the above equations provides the approximate expression: 

Equation 5-5 

COP =
22

− ln a
 

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. 

Figure 5-3 shows how the ideal COP varies with ERH based on Equation 5-5. 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 36. 
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Figure 5-3 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. 

 

It is also interesting that Equation 5-5 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 Equation 5-5, this equation is valid regardless of the composition of the liquid desiccant 

solution. 

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

methods include, but are not limited to:  

 Open regenerators. These are simple, but inefficient[32] 

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

systems [57, 58] 

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

pressures may be prohibitively high[33] 

 Electrodialysis[48, 54] 
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5.3.4 Calculations of Greenhouse Fresh Water Needs 

5.3.4.1 Evapotranspiration of Tomato Crop 

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

described by Valdes-Gomez et al. [158], a peak day in mid-summer 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 August 15, 2014 at 19:30 through 

August 16, 2014 at 19:30 and from assumed indoor conditions necessary for tomato production 

(Table 5-1). 

Table 5-1 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) 

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

(Kc)=0.4)[159] 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[158], 

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 comparison to ET, but will require 

replacement.    

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

The maximum temperature 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 calculations, 

the average daily maximum greenhouse temperature was set at 30 °C and the instantaneous 

maximum temperature was set at 33 °C [146].   

Figure 5-4 shows the variation in solar radiation and outdoor temperature over the course of 

the design day from before sunrise to after sunset. 
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Figure 5-4 Outdoor temperature and solar radiation from before sunrise to after sunset on August 16, 2014 in 
Thuwal, Saudi Arabia. 

 

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

multiplying the outdoor solar radiation by the coefficientofsolarradiationtransmission(τ)of

the covering material, in this case estimated at 0.68 for polycarbonate [160].   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 5-2).  Energy added to the 

greenhouse through the walls was not considered, only solar radiation was considered in the 

calculations of energy flux into the greenhouse 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. 
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Table 5-2 Dry bulb temperatures and solar radiation input into calculations 

 

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[160] 

 

The energy added to the greenhouse is then converted 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 transpiration 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, 
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simply subtracting the calculated inlet temperature from the outlet temperature allows for an 

estimation of the temperature gain within the greenhouse from inlet to outlet (Table 5-3). 

Table 5-3 Energy addition and temperature increase in greenhouses based on 360 m
2
 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 

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 

 

 

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 conditions desired for input into 

the evaporative cooler and 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) [9]. Using psychrometric equations to calculate the absolute 

humidity before and after the evaporative cooler, the difference in absolute humidity is 

calculated by subtraction.  Multiplying the difference in absolute humidity (kg/kg) by the 
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expected airflow (kg/s) through the evaporative cooler provides an estimate of the amount of 

water evaporated per unit of time (Table 5-4).  In this case (August 16, 2014 in Thuwal, Saudi 

Arabia), the expected daily water evaporated by the evaporative cooler is estimated at ~3,100 

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

Table 5-4 Calculation inputs and results to estimate water use by evaporative cooler 

Parameter Daily 
Peak 

Average Daily 
Low 

Comments 

Expected efficiency of 
evaporativecoolingsystem,(η) 

75% 75% 75% 10 cm pad, 45degree 
angles, [9] 

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 

 

 

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

tomato crop evapotranspiration rates to get the total fresh water use rates for the described 

greenhouse: 3,888 liters per day for a recently transplanted tomato crop to 5,580 L/day at the 

start of harvest. If seawater or another brackish water source is used for evaporative cooling, 

then only the irrigation system and plant material removed from the greenhouse (harvested 

produce) consume fresh water on a daily basis.   
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5.3.5 Calculated desiccator needs and proposed design 

5.3.5.1 Desiccator design calculations 

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

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

temperature. The requisite performance of the desiccator can be calculated using the 

calculated temperature and relative humidity 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 humidity, 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 

desiccator unit are also known and can be used to obtain the absolute humidity.  By simply 

subtracting the absolute humidity after the desiccator from the absolute humidity before the 

desiccator, the required humidity removal can be found in kg water/kg dry air.  Multiplying this 

value by the flow of air required (already calculated for the evaporative cooler) allows 

estimation 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: 

Equation 5-6 

ηd =
Wi − Wo

Wi
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Where ηd is equal to the humidity removal efficiency of the desiccator, Wirepresents 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 multiplying this value by the total air flow per unit time. Estimated values for a desiccator 

to meet the needs of the August 16 design day are shown in Table 5-5.  These values assume 

that 100% of the air input into the desiccator comes from the outdoors. 

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

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

lower-energy input into the desiccator.  Table 5-6 summarizes required desiccator performance 

if 100% of air input into the desiccator is recycled from inside the greenhouse. 

Table 5-6 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 

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 

 

5.3.5.2 Direct Contact Desiccator 

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

shown in Figure 5.  The shown desiccator integrates cellulose pads with embedded heat 

exchange pipes. It is based on the design described by Lychnos and Davies. [32, 156] The 
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cellulose pad provides the surface area for air to desiccant contact and humidity removal.  The 

embedded heat exchange pipes are included to remove energy from the system.  Liquid 

desiccant is distributed 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. 

 
 

Figure 5-5 Integrated cellulose pad desiccator with heat removal pipes built in 
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The shown desiccator is currently under construction in the KAUST workshop and will be tested 

for performance during the coming year. 

5.3.5.3 Hollow Fiber Membrane Desiccator  

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

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

liquid desiccant solution have been used by other researchers to effectively dehumidify lab-

scale experiments[31]. 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.  

5.3.6 Liquid Desiccant Regenerator Performance and Sizing 

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

enable continuous operation and to maintain a constant desiccant 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 (Table 5 and 6.)   
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5.3.6.1 Hollow Fiber Vacuum Membrane Distillation Laboratory Results 

A hydrophobic polyvinylidene fluoride (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 electron microscope ( 

Figure 5-6).  

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 membrane distillation process.  The solution was 

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 cooling 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 collected was also measured post-experiment to 

evaluate its potential use as irrigation water.  Finally, the flux was calculated.   



206 

 
C

ro
ss

 s
ec

ti
o

n
 

   

Su
rf

ac
e 

   

 

Figure 5-6 Scanning electron microscope images of PVDF hollow fiber membrane 

 

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

laboratory tests, are shown in Table 5-7. The final concentration by weight of the CaCl2 

desiccant solution was used to estimate the equilibrium relative humidity of the solution [161].  
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Table 5-7 Results of hollow fiber vacuum membrane distillation experiment 

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 

 

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 liters of fresh 

water for use within the greenhouse over the course of a day.  If the indoor air is recycled 
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through the desiccator, the daily water removal required from the desiccant drops to ~3,528 

L/day. As the required fresh water for irrigation ranged from 2,250 to 2,970 L/day (Table 5-1), a 

properly functioning liquid desiccant dehumidification system with a regenerator system 

outputting fresh water would meet crop production needs. 

5.3.7 Discussion 

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

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

distillation system. Effective and economical regeneration is the key challenge in realizing such 

a system. Advances in membrane distillation (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 concentrations of desiccant solution needed to 

lower the humidity in the greenhouse sufficiently. Nonetheless, there remain several challenges 

in implementing these advances in a full-scale greenhouse. In a large membrane distillation 

system, localized concentration in the fiber bundles could present a risk of crystallization and 

blockage, if the system is not designed carefully. In addition, the thermal input requirement to 

the membrane distillation 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 1. 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, 
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connected to solar thermal collectors so that the engineering issues can be identified and 

resolved. Noting that the thermodynamic analysis 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, a 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 

driven by solar energy, running costs will be minimal. 

5.3.8 Conclusions 

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

greenhouse cooled by a combined liquid desiccant and evaporative cooling system during a 

design summer day (August 16, 2014) in Thuwal, Saudi Arabia.  Based on literature values, 

theoretical performance, and achieved preliminary lab results for the various components of 

such a system, we conclude that the fresh water needs can be met. We draw the following 

specific conclusions: 

 A liquid desiccant air dehumidifier followed by evaporative cooling provides a potential 

solution to meeting both cooling and freshwater supply requirements in desert 

greenhouses 

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

mechanical refrigeration technology 

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

estimated at  ~2,200-3,000 liters/day based on a hot summer day (August 16, 2014 in 

Thuwal, Saudi Arabia) 

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

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

design day. 
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 Average flux achieved by a hollow fiber vacuum membrane distillation system varied 

from 2.0-5.7 liters/m2.h related to the input concentration of the desiccant. 

 The membrane distillation system was able to produce output desiccant concentrations 

with an equilibrium relative humidity of ~38%, near to the theoretical recommended 

value of 35-40%. 

 The recovered fresh water from the membrane distillation system was of suitable 

quality to be used as irrigation water. 

 A properly functioning desiccant regenerator can theoretically meet both crop irrigation 

and desiccant regeneration needs. 
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5.3.10 List of Symbols in Chapter 5 

COP: Coefficient of performance of cooling system 

Qout: Heat removed by cooling system 

Win: Work input into cooling system 

m: Mass of water evaporated 

 hfg: Specific enthalpy of evaporation 

Posm: Osmotic pressure 

V: Volume of water removed from desiccant 

ρ: Density of pure water, 1000 kg/m3 

a: Activity  

ERH: Equilibrium relative humidity 
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V′: Specific molar volume of the solvent 

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

T: Absolute temperature in Kelvin 

τ: Coefficient of solar radiation transmission of greenhouse covering material 

Rge: Solar radiation measured outside of greenhouse 

Kc: Crop coefficient for evapotranspiration equation 

η: Efficiency of evaporative cooling system 

ηd: Absolute humidity removal efficiency of the desiccator 

Wi: Absolute humidity of air into the desiccator 

Wo: Absolute humidity of air out of the desiccator 
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Chapter 6 

6 Publication #3 “Triple-bore hollow fiber membrane contactor for liquid 

desiccant based air dehumidification” 

6.1 Introduction 

The following is a paper originally published in the Scientific Journal “Journal ofMembrane

Science.”Thecopyoftheworkincludedhereistheauthor’sfinalversion as published by the 

journal but without the journal formatting.  The complete reference for the published work is 

as follows: 

Bettahalli, N. M. S., R. Lefers, N. Fedoroff, T. Leiknes and S. P. Nunes (2016). "Triple-bore hollow 
fiber membrane contactor for liquid desiccant based air dehumidification." Journal of 
Membrane Science 514: 135-142. 

 

6.2 Impact on Dissertation Research 

The results from this work demonstrated the performance of a liquid desiccant 

dehumidification system utilizing single hollow fiber membranes.  Based upon the results of this 

work, the hollow fiber membranes were integrated into an array and applied for 

dehumidification within a bench-scale CEA system (Chapter 8).   
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6.3.1 Research highlights 

 New membrane-based modular device for dehumidification   

 Triple bore hollow fiber membranes with optimized morphology for air 

dehumidification   

 Testing and parametric analysis carried out  

6.3.2 Graphical Abstract 
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6.3.3 Abstract 

Dehumidification is responsible for a large part of the energy consumption in cooling systems in 

high humidity environments worldwide. Improving efficiency is therefore essential. Liquid 

desiccants offer a promising solution for dehumidification, as desired levels of humidity 

removal could be easily regulated.  The use of membrane contactors in combination with liquid 

desiccant is attractive for dehumidification because they prevent direct contact between the 

humid air and the desiccant, removing both the potential for desiccant carryover to the air and 

the potential for contamination of the liquid desiccant by dust and other airborne materials, as 

well as minimizing corrosion.  However, the expected additional mass transport barrier of the 

membrane surface can lower the expected desiccation rate per unit of desiccant surface area.  

In this context, hollow fiber membranes present an attractive option for membrane liquid 

desiccant contactors because of their high surface area per unit volume.  We demonstrate in 

this work the performance of polyvinylidene fluoride (PVDF) based triple-bore hollow fiber 

membranes as liquid desiccant contactors, which are permeable to water vapor but 

impermeable to liquid water, for dehumidification of hot and humid air. 

Keywords: Hollow fiber membrane, air dehumidification, membrane contactor, liquid desiccant 
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6.3.4 Introduction 

6.3.4.1 Background  

Cooling is a major consumer of energy worldwide.  In the context of Middle East countries, like 

Saudi Arabia, energy demand for cooling comprises approximately 52% of the total demand in 

summer [10]. Dehumidification, the removal of water vapor from the air, is responsible for a 

significant part of the energy consumption for cooling processes in humid climates worldwide. 

The energy required for dehumidification leads to both higher costs of electricity and a large 

carbon footprint in areas where grid energy is supplied via fossil fuels. Estimates are that the 

energy efficiency of cooling equipment can be improved by up to 33% using innovative 

dehumidification technologies [162]. Desiccants are one of the good choices of 

dehumidification technology. They function by direct absorption of water vapor [39] or by 

indirect absorption using a membrane contactor containing a liquid desiccant [83, 84, 163-165]. 

Liquid desiccants in particular are becoming increasingly popular because of their operational 

flexibility [166]. A common type of liquid desiccant is a highly concentrated inorganic salt 

solution. Typical inorganic salts include lithium bromide, calcium chloride, magnesium chloride 

and lithium chloride. The driving force for transfer or condensation of water vapor into the 

desiccant solution is its lower vapor pressure, as compared to pure water. The vapor pressure 

of the desiccant solution can be reduced even more by decreasing the temperature of the 

solution or by increasing the concentration of salt in the solution. The condensation of water 

vapor leads to an increase of the desiccant temperature, since latent heat of water 

condensation is released. The air is cooled as latent heat is transferred to the desiccant 
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solution. The extent of energy/moisture removal from the air is governed by the concentration 

of the liquid desiccant and its temperature; a concentrated cool desiccant is a good 

dehumidifying solution [51, 167]. 

A liquid desiccant air conditioner (LDAC) is adapted specifically for latent cooling (humidity 

removal), making it one of the best available technologies for cooling in humid climates [91, 

166, 168].  Another advantage of liquid desiccant based air conditioning is that it uses heat as 

its primary operating energy source. Because of this feature, the electrical demand is estimated 

as low as 25% that of vapor-compression air conditioning [166]. In the context of renewable 

energy sources, liquid desiccants offer an advantage over solid desiccants when using solar 

energy for regeneration [32, 34, 35, 37, 46, 47, 49, 50, 92, 169, 170]. 

6.3.4.2 Membrane dehumidification 

In spite of energy-related advantages, liquid desiccants have some drawbacks. Corrosion of 

metals resulting from the contact with salt-based liquid desiccants is one of them [166]. 

Therefore, the potential for droplet carryover from traditional packed-bed or falling film liquid 

desiccant systems has prevented widespread adoption in all but a few carefully maintained 

applications.   

The use of membrane contactors in liquid desiccant based dehumidification systems has been 

evaluated by a number of authors [31, 77, 79, 82, 84-86]. Membrane contactor based 

dehumidification is attractive because it separates the desiccant and air streams by use of a 

porous membrane surface, effectively eliminating any chance for droplet carryover of desiccant 
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solution into the airstream.  Moreover, the membrane interface allows for independent 

operation of liquid and gas phases, so that no liquid condensate is generated as the desiccant 

absorbs the moisture [31, 171, 172]. The membrane also protects the desiccant solution from 

contamination by some airborne particulates, which could degrade the purity of the solution 

over time and lead to system clogging. Potential drawbacks to application of membranes in 

liquid desiccant cycles are the added mass transport resistance of the membrane and the cost. 

6.3.4.3 Hollow fiber membrane dehumidification 

The use of hollow fibers with liquid desiccants for dehumidification applications is attractive 

because of the high surface area provided per unit volume [173]. In addition, the porosity of 

hollow fibers can offer faster, more efficient moisture transport if leakage can be prevented. 

Hollow fibers have been used successfully in liquid desiccant applications using a lithium 

chloride solution pumped through polyetherimide membranes [31]. 

In the present work we propose and test a new device for dehumidification based on a liquid 

desiccant solution pumped through polyvinylidene fluoride (PVDF) triple-bore hollow fibers 

under typical ambient summer air conditions in Jeddah, Saudi Arabia. We selected calcium 

chloride as the salt of choice in our experiments because it is a common salt in liquid desiccant 

applications and it is a lower-cost alternative compared to lithium chloride [166]. One of the 

short-term motivations is to integrate the dehumidification and cooling system in closed green 

houses, which could work with controlled humidity levels and low energy consumption in 

desert areas. We describe a new hollow fiber triple bore configurations and extensively 
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demonstrate their performance in modular set-ups, which could be easily scaled up for 

application.     

 

6.3.5 Materials and methods 

6.3.5.1 Polyvinylidene fluoride (PVDF) triple bore hollow fiber  

6.3.5.1.1 Spinning solution 

Polymer/dope solution with various concentrations ranging from 12 to 15 wt% of PVDF 

(purchased from Kynar®/ Arkema Inc., Dubai; Grade – HSV 900) were prepared by dissolving in 

N-methyl-2-pyrrolidinone(NMP,≥99.5%,Merck).PowderedPVDFwasdriedinovenovernight

before using to prepare dope solution.  Dried PVDF powder was added in small portions to NMP 

in order to avoid lump formation and stirred using overhead mechanical stirrer at 600 RPM for 

24 h at 70°C. The prepared dope solution was charged into the feed reservoir of hollow fiber 

fabrication machine and degassed for 24 h to remove air entrapped within the dope solution. 

6.3.5.1.2 PVDF hollow fiber fabrication 

PVDF hollow fibers were fabricated by a non-solvent-induced phase-inversion process with a 

dry-wet spinning line (SepraTec Inc. Korea). The effect of dope concentration, flow rates of 

dope solution and bore liquid, air gap, and take-up speed were extensively studied. All hollow 

fibers  for this study were prepared using water as bore liquid at 10 ml/min. Dope solution of 

14wt% at 12.5 ml/min (or 20 RPM) was pumped using a gear pump through a specially designed 

triple-bore spinneret (Figure 6-1) (needle OD 0.6mm and orifice ID 2.4 mm) kept at 10 cm air 

gap before coagulating in the water bath. The formed hollow fibers were washed in hot water 
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(50°C) for at least 10 hours and stored in RO water for three days (exchanging the water 

everyday) to remove any residual solvent. 

         
 
Figure 6-1 Image of triple-needle spinneret and its distribution with dimensions  

 

6.3.5.2 Hollow fiber characterization 

6.3.5.2.1 Scanning electron microscopy (SEM) analysis 

SEM images to check the morphology of dry PVDF hollow fiber membranes were obtained using 

field emission scanning electron microscopes (FEI Quanta 200 or 600) at accelerating voltage of 

5 kV. Fibers dried overnight were used for SEM analysis after being carefully fractured in liquid 

nitrogen. Hollow fiber membranes were sputter coated with platinum (∼3nm-thick, Quorum 

Q150T ES) to make the polymer surface conductive for surface analysis. 

6.3.5.2.2 Pore size distribution 

Triple bore hollow fiber membrane pore size and the pore size distribution were estimated by 

using Porolux™ 1000 IB-FT instrument (Germany), at the pressure range up to 34.5 bar and 

using perfluoroether (Porefil) with a surface tension of 16 dynes cm-1 as the membrane pore 
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filler. This analysis also measured liquid entry point (LEP), which is the minimum pressure 

required for liquid to pass through the membrane. 

6.3.5.3 Dehumidification experimental set-up 

All of the dehumidification experiments were carried out in an enclosed environmental 

chamber wherein the humidity and temperature were maintained at 70 ± 5 % RH and 35 ± 2°C, 

respectively (Figure 6-2). Sensors (Testo 435 and 174 models) were used to continuously 

monitor and record the chamber environment. 43 wt% calcium chloride solution was used as 

the starting concentration feed for all the experiments. The actual concentration of calcium 

chloride by weight decreased over, as water vapor was condensed into the desiccant solution. 

The various experimental configurations studied are explained below - 

a) Static experiment (Figure 6-2a)– The desiccant solution (300ml) was placed in a glass 

beaker/container (ID-14.5cm) at the center of the chamber with the top open to the 

surrounding environment. The desiccant solution was either continuously stirred using a 

magnetic stirrer or allowed to remain stagnant. The whole unit was placed on an 

electronic balance, connected to a computer to record the data at 10 min intervals. The 

static absorption capacity (kg m-2 h-1) of the CaCl2 desiccant was measured by recording 

the change in weight over time. 

b) Dynamic experiment with desiccant inside the chamber (Figure 6-2b) – In this 

experimental set-up, the desiccant contained in an enclosed bottle was kept inside the 

environmental chamber. The desiccant temperature was warmed or cooled to that inside 

the chamber, as the walls of the bottle were in direct contact with the ambient chamber 

conditions. The desiccant solution was continuously pumped through the lumen of the 

triple-bore hollow fiber module.  

c) Dynamic experiment with fan draft (Figure 6-2c) - In this experimental set-up, a fan was 

introduced near the bottom of the fiber module such that the air draft from the fan could 

help in reducing the concentration polarization caused by a stagnant air layer at the 

membrane surface and also to maintain a uniform distribution of humidity within the 

chamber.  
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d) Dynamic experiment with cooled desiccant and fan draft (Figure 6-2d)– A revised set-up 

based on condition (c) was applied, where the desiccant solution in this experimental set-

up was externally cooled in a jacketed glass container (Figure 6-2d) to a set temperature 

and continuously pumped at a fixed flow rate through the lumen of the triple-bore hollow 

fiber module (length of exposed fiber for absorption – 15 to 70cm). The cold desiccant is 

expected to increase the absorption capacity within the humid environment. 
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Figure 6-2 Schematic of dehumidification experiments, performed in chamber at temperature of 35°C and 70 % 
relative humidity: (a) static (with stirring) (b) dynamic with desiccant inside chamber (c) dynamic with 
fan draft (d) dynamic with cooled desiccant and fan draft across the hollow fiber membrane module. 

 For all the dynamic experiments, 300 ml of desiccant solution (43 wt% CaCl2 dissolved in water) 

was used. These experiments were carried out for at least triplicates and 5 days continuously, 
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with desiccant weight, humidity and temperature recorded every 10 minutes. Flux was 

calculated based on the amount (weight) of water vapor absorbed by the desiccant solution 

over time.    

6.3.6 Results and discussion 

6.3.6.1 Scanning electron microscopy (SEM) analysis 

In order to fabricate mechanically stable triple bore hollow fiber, various polymer concentration 

and spinning parameters were investigated. Among them, 14wt% polymer dope solution with 

water as bore solution and air gap of 10 cm gave a stable nanoporous hollow fiber. The formed 

hollow fiber morphology was examined by SEM. Micrographs of the fiber cross-section, wall 

and surface, are as shown in Figure 6-3. The fibers have asymmetric pore distribution with 

macro voids extending from both inner and outer walls of the fiber.  
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Figure 6-3 SEM images of PVDF triple-bore hollow fibers.  

 

6.3.6.2 Pore size distribution and liquid entry point (LEP) 

Pore diameter distributions of triple-bore hollow fiber membranes (measured by capillary flow 

porosimetry using Porefil as the wetting liquid) are shown in Error! Reference source not 

ound.. A narrow distribution of pore size was observed for the fabricated hollow fibers, with a 

mean pore size of 390 nm and a few smaller pores of 240 nm. The liquid entry point (LEP) value, 

determined on Porolux 1000, was 1.52 bar, which corresponds to a pore size of 420 nm. LEP 

values were measured with Porefil (perfluoroether) (surface tension 16 mN/m, according to the 

Porolux manual). Water has a surface tension of 72 mN/m at room temperature (63 mN/m, at 
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80 °C), much higher than Porefil. The LEP values (here measured using Porefil) are expected to 

be even higher if water were tobe the “wetting” liquid. The LEP values in the caseof these

membranes are therefore much higher than the maximum inlet pressure of about 0.25 bar that 

was measured for flow rates of 5ml/min through the lumen of the triple-bore hollow fiber. 

Thus, there is no chance that the desiccant solution will pass through the pores. The 

dehumidification fluxes were obtained only from humidity transport through the membrane 

wall and into the recirculating desiccant solution. 

 
Figure 6-4 Pore size distribution of triple bore hollow fibers measured by using Porolux 

 

6.3.6.3 Static experiment  

The static experiment (Figure 6-2a) was considered as the control. In order to consider a 
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capacity. Figure 6-5 shows the flux results normalized for vapor pressure difference for two 

static conditions. The first condition is an open, undisturbed container of desiccant solution. 

The second condition included a magnetic stirrer to continuously mix the desiccant solution, 

thus preventing concentration polarization within the solution. Average absorption was 0.02 g 

m-2 h-1 Pa-1 in the undisturbed solution and 0.05 g m-2 h-1 Pa-1 in the continuously stirred 

solution.    

 
 
Figure 6-5 Water vapor flux (vapor pressure-normalized) into open containers of undisturbed and continuously 

stirred desiccant solution (Static experiment, Set-up (a) Figure 6-2) 

 

6.3.6.4 Dynamic experiment: effect of CaCl2 solution flow rate 

Three different flow rates of CaCl2 solution through the hollow fiber lumens were compared to 

evaluate potential changes in flux based on solution velocity, using set-up (b) in Figure 6-2. The 

flow rates evaluated were 1, 3, and 5 ml/min, with corresponding liquid velocities and 

residence times through the lumens as shown in Table 6-1. Liquid desiccant solution 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

A
ve

ra
ge

 f
lu

x 
/ 

g 
m

-2
 h

-1
 P

a-1
 

Undisturbed Solution Continuously Stirred Solution



229 

 
temperatures entering the fibers were approximately equal to the surrounding bulk air in the 

chamber. The solution concentration was expected to decrease and the temperature to 

increase along the length of the hollow fiber as water vapor condensed and the heat of 

condensation was released into the solution. The bulk air around the hollow fiber was stagnant; 

no fan was used in these experiments.  The mass transfer resistance coefficient of the 

membrane phase (
1

km
) and gas (

1

kg
) were not expected to change with varying solution 

velocities. 

Table 6-1 Flow rates of liquid desiccant 

CaCl2 solution flow rate  (ml/min) 1 3 5 

CaCl2 solution velocity (m/s) 0.012 0.035 0.058 

Length of hollow fiber (mm) 580 580 580 

CaCl2 solution residence time in fiber (s) 50 17 10 

 

Results of the tests showed that the solution flow rate had no significant effect on vapor flux 

into the desiccant (Figure 6-6), as the flow rate does not substantially increase the vapor 

pressure difference between the liquid desiccant and humid air.  However, differences in vapor 

pressure between the desiccant solution and the air is clearly affecting vapor flux (Figure 6-7).  

Variations in the vapor pressure difference are caused by changes in the temperature and 

humidity of the air around the membrane and changes in the concentration and temperature 

of the desiccant solution. Figure 6-7 clearly shows that a change in vapor pressure difference 

caused by desiccant and air physical properties increases vapor flux. 
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Figure 6-6 Water vapor flux (vapor pressure-normalized) as a function of the CaCl2 solution velocity (Figure 6-2b) 

 
Figure 6-7 Water vapor flux as a function of the vapor pressure difference (Figure 6-2d) 

 

6.3.6.5 Effects of air flow at surface of hollow fiber on vapor flux 

The flux through the membranes increased after addition of a fan to circulate the bulk air 
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expected to reduce the mass transfer resistance coefficient of the gas phase (
1

𝑘𝑔
) caused by a 

layer of stagnant air adjacent to the membrane surface.  After addition of the fan circulating air 

at a velocity of ~1.1 m/s, the dehumidification rate largely increased (Figure 6-8).   

A chiller was then added to cool the bulk desiccant before input into the hollow fiber lumen 

(Set-up (d), Figure 6-2). The chiller functioned to decrease the vapor pressure of the liquid 

desiccant, thereby increasing the driving force for dehumidification.   Flux observed with air 

flow past the hollow fiber (~1.1 m/s) and chilled desiccant was 3-4 times higher than that 

observed in the experiments without the fan and chiller (Figure 6-8). The effect of the fan on 

dehumidification rate was much larger than the effect of the chiller when flux was normalized 

for vapor pressure [174]. 

 
 

Figure 6-8 Vapor flux (vapor pressure-normalized) as a function of the fan and solution chiller (Figure 6-2b&d) 
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6.3.6.6 Effects of hollow fiber length on vapor flux 

The length of the hollow fiber is expected to have an effect on the vapor flux and the liquid 

pressure drop along the length of the membrane.  As the hollow fibers become longer, the 

temperature of a cool input desiccant solution is expected to increase due to heat transfer from 

the ambient environment (assuming the desiccant comes in cooler than the ambient humid air 

temperature). The temperature will also increase due to the release of the heat of 

condensation from the water vapor as it condenses into the desiccant solution. In addition to 

the increase in temperature, the concentration of the solution is expected to decrease due to 

the addition of water. Both of these effects are expected to increase the solution vapor 

pressure, decrease the vapor pressure difference, and lower the vapor flux rates along the 

length of the fiber. 

Varying lengths of hollow fibers from 150-660 mm were tested with the fan and chiller on. 

Error! Reference source not found. summarizes the experimental hollow fiber characteristics. 

Table 6-2 Length of hollow fibers evaluated 

CaCl2 solution flow rate (ml/min) 5 

CaCl2 solution velocity (m/s) 0.058 

Length of hollow fiber (mm) 150 155 310 645 660 

CaCl2 solution residence time in fiber (s) 2.6 2.7 5.3 11.1 11.3 
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Experimental results showed no significant change in vapor flux related to length of hollow 

fiber from 150-660 mm (Figure 6-9 and Figure 6-10). The lack of a measurable change in flux is 

likely due to two factors: 

 The solution residence time in the fibers may have been too short to notice a 

substantial change in concentration due to vapor flux from beginning to end and 

 The sensible heat may have been lost through the membrane at such a high rate 

that there was no significant change in solution vapor pressure from the 

beginning to the end of the fibers. The heat transfer coefficient of hollow fibers 

is expected to increase as the diameter decreases [175].  

 

 
 
Figure 6-9 Vapor flux (vapor pressure-normalized) vs. hollow fiber length (Set-up (d), Figure 6-2) 
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Figure 6-10 Vapor flux vs. vapor pressure difference in hollow fibers of varying length (Set-up (d), Figure 6-2) 

 

6.3.7 Effects of hollow fiber length on pressure drop along the membrane 

The expected pressure loss as desiccant solution is pumped through the fibers is an important 

variable related to pump selection and expected energy use. Total pressure drop along the 

length of the membrane is expected to increase as the fiber length increases. However, the 

pressure drop per unit length is expected to decrease with increasing fiber length due to two 

factors:  

 Lower density of the desiccant at the outlet end of longer fibers as a result of a 

higher temperature and a lower concentration (both caused by vapor 

condensation into the solution) and  

 The friction losses experienced at the junction of the hollow fiber and the 

desiccant supply tubes are spread out over longer lengths (hollow fiber 

diameters were ~4 times smaller than the supply tube diameters in the 

experimental setup).   

0.00

0.15

0.30

0.45

0.60

0.75

0.90

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Fl
u

x 
/k

g 
m

-2
 h

-1
 

Vapor pressure difference / kPa 

660 mm fiber length

645 mm fiber length

155 mm fiber length

310 mm fiber length

150 mm fiber length



235 

 
Figure 6-11 and Figure 6-12 document the pressure losses in the solution from entry to exit of 

the hollow fiber. As expected, the longer fiber has more total pressure drop from entry to exit 

and the pressure drop per unit length is less in the longer fiber compared to shorter fiber.  

 
 

Figure 6-11 Total pressure drop in fibers vs. desiccant concentration 

 
 

Figure 6-12 Pressure drop per unit length in fibers vs. desiccant concentration 
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6.3.8 Conclusion – Outlook 

The triple-bore hollow fibers used in this study were chosen for three reasons: high desiccant 

volume to surface ratios, high mechanical stability, and easy handling and potting.  PVDF hollow 

fiber membranes were used successfully with CaCl2 desiccant solution to dehumidify air 

without any liquid desiccant carryover to the surrounding environment.  

Results showed no relation between vapor flux and the desiccant solution velocity within the 

range from 0.012-0.058 m/s.  The use of a fan to mix the air at the surface of the hollow fiber 

reduced the mass and energy transport resistance coefficient in the gas phase, while increasing 

vapor flux.  The vapor flux observed was approximately 4 times higher with airflow at the 

surface of the membrane than that observed with stagnant air. The vapor flux rate showed no 

obvious relationship to the length of the hollow fiber within the range of lengths from 150 to 

660 mm, although a higher pressure at the inlet of the hollow fiber was required to maintain 

the flow rate as the fiber length increased.  However, the pressure loss per unit length 

decreased with increasing fiber length.   

The membranes tested in this study are further being tested in a bench scale greenhouse 

environment. Arrays of fibers will be tested to control temperature and humidity in order to 

maintain an environment that is optimal for plant growth. Integrated desiccant regeneration to 

its initial concentration and fresh water recovery based on membrane distillation processes 

(without any cross contamination) using solar energy is also under evaluation. 
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Chapter 7 

7 Manuscript #4 “Vacuum membrane distillation of liquid desiccants utilizing 

PVDF hollow fiber membranes” 

7.1 Introduction 

The following work has been submitted for publication in a peer reviewed journal, however, it 

has not yet been published.  Therefore, it is considered as a manuscript rather than a 

publication. The copy of the work included here is the current submitted version at the time of 

writing. 

7.2 Impact on Dissertation Research 

Water recovery from the liquid desiccant is an essential step in closing the water cycle within 

CEA systems.  Vacuum membrane distillation is a very attractive technology for recovering this 

water, as it has a small land footprint and produces very high quality (low salinity) condensate.  

The results from this work demonstrated the performance of a lab-scale vacuum membrane 

distillation setup. Based upon the results of this work, the VMD system was integrated into 

dehumidification/water recovery system within a bench-scale CEA system (Chapter 8).   
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7.3.1 Research highlights 

 Effective desalination and fresh water recovery from high-salinity draw solutions 

 An average membrane distillation flux of 8 kg m-2 h-1 was obtained using 30 

wt% magnesium chloride solution at a temperature of 50 °C while applying 

vacuum to achieve 25 mbar absolute pressure  

 Permeate recovered during liquid desiccant regeneration is of sufficient quality 

for use as agricultural irrigation water 

7.3.2 Graphical Abstract 
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7.3.3 Abstract 

This paper documents the testing of a vacuum membrane distillation system intended for use 

with liquid desiccants.  Liquid desiccants offer the possibility for low-energy, ambient 

temperature dehumidification. Effective desalination and purification of diluted desiccants 

outputs two important products: a concentrated desiccant for reuse in dehumidification and 

fresh water. In this study, vacuum membrane distillation was used in the laboratory to purify 

diluted liquid desiccants. Calcium chloride and magnesium chloride were the desiccants 

selected for experimentation.  Desiccant solutions were pumped through the lumens of 

poly(vinylidene fluoride) (PVDF) hollow fiber membranes at varying feed inlet temperatures, 

solution velocity rates and vacuum set points during membrane distillation.  An average flux of 

8 kg m-2 h-1 was obtained using 30 wt% magnesium chloride solution at a temperature of 50 °C 

while applying vacuum to achieve 25 mbar absolute pressure on the air side of the membrane. 

The results are promising for the development of a full-scale vacuum membrane distillation 

process for desiccant solution regeneration and fresh water recovery. In addition, the 

recovered condensate was of sufficient quality for use in agricultural irrigation, including in a 

controlled environment agriculture system. 

Keywords: Desalination; membrane distillation; liquid desiccant; controlled environment 

agriculture.  
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7.3.4 Introduction 

7.3.4.1 Background  

Dehumidification, the removal of water vapor from the air, is responsible for a significant 

amount of the energy consumption during mechanical cooling of air in humid climates. The 

energy demand for cooling comprises approximately 52% of the total energy demand in Saudi 

Arabia in summer, including in humid coastal cities like Jeddah [10]. The energy used for 

dehumidification leads to both higher costs of electricity and a large carbon footprint where 

grid energy is sourced from fossil fuels. Estimates are that the energy efficiency of cooling 

equipment can be improved by up to 33% using innovative dehumidification technologies, such 

as liquid desiccants (LD) [162]. Concentrated salt solutions are commonly used as the liquid 

desiccant draw solution. The capacity of a desiccant to remove moisture from the air is 

governed by its concentration and temperature. A cool, concentrated desiccant is best for 

dehumidification [51, 167]. Therefore, it is necessary to remove water and heat from the LD 

solution to maintain a low vapor pressure and drive dehumidification.  

7.3.4.2 Solution regeneration 

Liquid desiccants also offer the opportunity to use renewable energy sources, like solar energy, 

for desalination and regeneration of the draw solution [32, 34, 35, 37, 46, 47, 49, 50, 92, 169, 

176].  Desalination of the draw solution also offers a unique and sustainable source of fresh 

water, which is of special interest for use in agriculture in desert areas. As it relates to the 

regeneration of liquid desiccant solutions, multiple types of regeneration have been proposed. 

However, the best candidates for fresh water recovery that have both energy efficiency and a 
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compact design are processes typically used in seawater desalination, including electrodialysis 

[26-28], reverse osmosis [29], and membrane distillation [44, 56, 57, 60, 177-179]. The use of 

membrane contactors with inorganic salt solutions has been used for a number of processes, 

including but not limited to dehumidification, forward osmosis, and water treatment [31, 57, 

58, 77, 79, 80, 82, 84-86, 180-186]. Membrane distillation (MD), e.g. direct contact, air-gap, and 

vacuum gap (VMD), including multistage systems, is a desalination process with very good 

separation efficiency, providing high salt retention in the regenerated concentrate and high 

purity water recovery in the permeate [44, 57, 58]. VMD has been specifically applied by other 

others for liquid desiccant regeneration with flat sheet membranes. [56, 60, 178, 179] In the 

current work, the use of hollow fiber membranes is proposed because of the high surface area 

provided per unit volume [173]. Tailored porosity of hollow fibers can offer efficient moisture 

transport if leakage can be prevented. In addition, the current work utilizes the vacuum pump 

in addition to the temperature difference to drive VMD flux. 

In the present work we propose and test VMD  of magnesium chloride and calcium chloride salt 

solutions pumped through the lumens of PVDF hollow fiber membranes. Calcium chloride and 

magnesium chloride were chosen for experiments because they are common salts for use in 

liquid desiccant applications. In addition, they are lower-cost alternatives when compared to 

salts such as lithium chloride [166, 180]. The driving motive behind this work is to integrate a 

dehumidification and water supply system inside a recycling-water controlled environment 

agriculture system.  Of particular interest is the application of such a system in a closed, 

artificially lighted, vertical hydroponic or aquaponic production system such as those being 
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operated for urban agriculture in major world cities.  Such a system would allow local, 

sustainable crop production with a very low fresh water footprint [44].     

7.3.5 Experimental 

7.3.5.1 Hollow fiber fabrication 

7.3.5.1.1 Materials 

Poly(vinylidene fluoride) (PVDF), used for hollow fiber membrane fabrication in this work, was 

purchased from Kynar®/ Arkema Inc., Dubai (Grade – HSV 900). The polymer was dried 

overnight under vacuum at 60°C before use. The polymer dope solution was prepared by 

dissolving 12 wt% PVDF in a mixture of 8 wt% ethylene glycol (EG) and 80 wt% N-methyl-2-

pyrrolidinone (NMP, ≥99.5%, Merck). The polymer was added in small portions to solvent 

mixture (EG+NMP) to avoid any lump formation and continuously stirred at 400 RPM overnight 

using an overhead mechanical stirrer. This process was carried out in a three neck flask, which 

was maintained at 70°C using oil bath.  

7.3.5.1.2     Fabrication 

A dry-wet jet spinning line (SepraTec Inc. Korea) was used to fabricate PVDF hollow fiber 

membranes by a non solvent-induced phase inversion process. The prepared dope solution was 

transferred into the feed reservoir of the hollow fiber machine and degassed for at least 12 h, 

maintained at 50°C. The effect of the dope and bore liquid concentration and flow rates, air 

gap, take-up wheel speed etc. were investigated. A gear pump was used to pump the dope 

through the annular space of a double spinneret (needle ID – 0.3 mm, OD – 0.6 mm and orifice 

ID 1.0 mm) at a rate of 9 RPM (5.6 ml/min). Deionized water was used as bore liquid at 2.5 
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ml/min pumped using a dual head HPLC pump (with reduced pulsation). Air gap of 10 mm was 

maintained between the spinneret tip and 1st coagulation water bath (22°C). The stretching 

roller wheel speed was 11.25 RPM inside the 2nd coagulation water bath (22°C). The take-up 

wheel speed was approximately 4.8 RPM and used to collect the coagulated hollow fiber onto a 

bobbin, maintained within water bath temperature of 50°C. The hollow fibers were washed 

continuously with 50°C hot water for at least 12 h and stored in RO water for 3 days (with 

exchange of water every 12 h) to remove any residual solvents. 

7.3.5.2 Hollow fiber characterization 

7.3.5.2.1 Scanning Electron Microscopy (SEM) Analysis 

The produced PVDF hollow fibers were dried at room temperature before storage for further 

use. The morphology of the surface and cross-section were observed using field emission 

scanning electron microscopes (FEI NovaNano and Zeiss Merlin) at an accelerating voltage of 5 

kV. Fibers dried overnight in a vacuum oven (40°C) were carefully fractured in liquid nitrogen 

for cross-section analysis and sputter-coated with platinum (∼3 nm-thick, on a Quorum Q150T 

ES). 

7.3.5.2.2 Pore size distribution 

The pore size and pore size distribution of PVDF hollow fiber membranes were measured using 

a Porolux™1000IB-FT instrument (Germany). Porefil (perfluoroether) with a surface tension of 

16 dynes cm-1 was used as the membrane pore filler and up to 34.5 bar pressure range was 

applied to measure all the different pore sizes within the hollow fiber membrane. The liquid 
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entry point (LEP), which is the minimum pressure required for liquid to pass through the 

membrane, was measured during this analysis. 

7.3.5.3 Vacuum membrane distillation experimental setup 

Membrane distillation experiments were carried out in a controlled laboratory environment.  

Figure 7-1 shows a schematic of the vacuum membrane distillation experimental setup.  The 

salt solution was heated via a jacketed glass heat exchanger fabricated in the KAUST workshop.  

Heating fluid was delivered to the heat exchanger from a Lauda type RE 630 G heating unit with 

digital control of heating fluid temperature and flow rate.  The temperature of the solution was 

logged in 15 minute intervals using an inline PT100 platinum resistance sensor (3 mm diameter 

x 150 mm length) immediately before entry into and after exit from the hollow fiber membrane 

module.  The PT100 was connected to a PT-104 screw terminal adapter (PP660 from Pico 

Technology) and plugged into a Pico Technology PT-104 PT100 data logger (St Neots, United 

Kingdom). The pressure of the solution at the entry to the hollow fiber was monitored using a 

Keller brand Mano LEO 1, type -1 to 30 bar with a range of 0 to 31 bar absolute pressure 

(Winterthur, Switzerland).  Flow rate of the solution was controlled and maintained by a 

Masterflex® L/S model no. 7523-80 peristaltic pump, size 0.1-600 RPM at 0.1 horsepower. The 

tubing used in the pump for experiments was Masterflex® 06440-25 Tygon® E-LFL. Refractive 

index, used to determine the concentration of the desiccant before and after experimental 

runs, was checked using a Reichert Technologies Brix/RI-Check Refractometer (Buffalo, New 

York, USA).  The refractometer was calibrated daily with distilled water. Two vacuum systems 

were used to maintain vacuum in the system:  (1)  Buchi type V-700 with V-850 vacuum 
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controller; (2)  Vacuubrand type PC 3004 Vario vacuum system with digital control. The weight 

of the solution was monitored using a Sartorius CPA34000 weighing scale.  The condensate 

from the membrane distillation process was collected in glass condensers with built in 

condenser coils.  Condensers included a removable condensate collection flask.  The flask was 

weighed before and after experimental trials to determine the amount of condensate 

recovered. Two condensers were plumbed in series to condense water vapor: one before 

(under vacuum conditions) and one after the vacuum pump (at atmospheric pressure). To cool 

the condenser, coolant was delivered to condenser coils from a Huber Minichiller equipped 

with digital control of coolant temperature.  To evaluate the condensate water quality, 

conductivity was measured using a WTW inoLab Multi 740 meter, with a TetraCon® 325 

conductivity probe. 
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Figure 7-1 Vacuum membrane distillation experimental setup and flow diagram. 
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The various experimental variables as studied were: 

a) Solution type – Calcium chloride and magnesium chloride solutions were 

evaluated during the course of this work.  

b) Solution concentration - The solution concentration varied from 15-40 

percentage by weight (wt%) calcium chloride and 15-35 wt% magnesium 

chloride in the experiments. The actual concentration of the solution increased 

over time as water was taken out via membrane distillation.     

c) Variable temperature – The solution temperature was varied from 25-65°C 

throughout all experiments. In the specific temperature effect experiments, the 

temperature was set at 40°, 50°, and 60°C respectively. A constant temperature 

was maintained for the duration of individual experimental runs.  The vapor 

pressure of the solution, and therefore the flux of the water vapor out of the 

solution, varied as a result of the input temperature and the changing 

concentration.  

d) Vacuum pressure – The vacuum in the membrane distillation process was 

applied such that the pressure varied from 3-100 millibars absolute on the air 

side of the membrane throughout all experiments.  In the experimental trials to 

test the effect of the vacuum on the VMD flux, vacuum was applied to achieve 

absolute pressure levels of 25, 50, and 100 mbars. 

e) Solution velocity – The solution velocity was varied from 0.7 to 1.1 m s-1 

throughout all experiments.  The impact on vapor flux of solution velocity was 

evaluated at velocities of 0.7, 0.9 and 1.1 m s-1.   

Average flux was calculated based on the amount of condensate collected over time in each 

experimental run. In general, experimental runs lasted between 10 and 24 hours, depending 

upon the starting concentration of the desiccant solution (more concentrated solutions 

required longer experimental runs to recover similar volumes of condensate due to a lower 

average flux).  Equation 1 shows the flux calculation and input variables. 
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Equation 7-1: Flux calculation for VMD 

at

w
f




 

Where: 

f = average flux in kg m-2 h-1 

w = weight of condensate collected in kg 

t = time of experimental run in h 

a = membrane surface area in m2 

The wt% of salt in the solution was determined at the beginning and end of experimental runs 

by measuring the refractive index of the solution.  The refractive index was then used to find 

the wt% of salt in solution from the relationship between solution concentration and refractive 

index [187].     

7.3.6 Results and discussion 

7.3.6.1 Scanning electron microscopy (SEM) analysis 

PVDF hollow fiber membranes fabricated using 12 wt% polymer dissolved in mixture of EG (8 

wt%) and NMP (80%) were  examined by SEM. Images of the fiber cross-section, wall and 

surface scan are shown in Figure 7-2. SEM micrographs show macrovoids extending from both 

inner and outer walls forming an asymmetric pore distribution across the walls of the fabricated 

hollow fibers. Table 7.1 shows the measured charateristics of the PVDF hollow fibers. 
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Figure 7-2 Images of PVDF hollow fibers collected via SEM: (a) cross-section of fiber; (b) outer surface cross-

section; (c) outer surface of hollow fiber; (d) inner cross-section; (e) inner surface view.   

Table 7-1: Properties of hollow fibers 

Membrane Type PVDF 
Total fiber length 395 mm 
Fiber inside diameter 0.60 mm 
Fiber outside diameter 0.87 mm 
Active surface area per fiber 0.00074 m2 
Number of fibers per module 1 
Module length 395 mm 
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7.3.6.2 Pore size distribution and liquid entry point (LEP) 

Hollow fiber membranes fabricated for this work have a narrow pore size distribution around 

290 nm measured by porosimetry. The liquid entry pressure (LEP) value was about 1.250.2 

bar, which corresponds to a pore size of 511 nm. The LEP values were measured using porofil 

(perfluoroether, surface tension 16 mN/m) which has lower surface tension than water (72 

mN/m), hence the LEP value would have been higher if water were used as the wetting liquid.  

7.3.6.3 Effect of solution concentration  

Effects of the solution concentration on membrane distillation flux were observed in the results 

of all experimental trials, and are therefore presented and discussed in the following sections. 

7.3.6.4 Effect of salt solution type 

The first set of experimental trials compared the flux for calcium chloride and magnesium 

chloride.  To allow a clear comparison, the concentration (wt%) of each solution was 

normalized to an Equilibrium Relative Humidity (ERH) value [161]. The ERH is the minimum 

humidity at which water vapor moves from surrounding air into a liquid desiccant and is directly 

correlated to the vapor pressure of the solution. Figure 7.3 shows that flux increased with ERH, 

as expected.  The higher the vapor pressure of the solution, the higher the driving force 

between the desiccant solution and the vacuum side. Average flux varied from 2.0 kg m-2 h-1 to 

6.7 kg m-2 h-1 over the measured range of desiccant solution ERH. The membrane distillation 

flux varied primarily as a function of the solution vapor pressure, while the type of inorganic 

salt used was not influential. 
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The flux obtained in the present work was higher than the flux obtained in VMD of desiccant 

solutions at equivalent desiccant ERH values in studies conducted by others. [56, 179]  

However, the current work was conducted in a much different experimental setup and at a 

much different temperature and pressure conditions than the previous studies, making the 

results difficult to compare.  

Because the type of desiccant salt was not influential upon the VMD flux, further experiments 

to evaluate the effects of other variables, such as temperature and vacuum, were carried out 

using only one type of salt.  Magnesium chloride was selected over calcium chloride because of 

its lower corrosion potential with the stainless-steel used in the in-line temperature sensors 

[188].  Temperature sensors began to show significant corrosion effects from calcium chloride 

solution after only three days of experimental run time. In contrast, the temperature sensors 

showed only minor corrosion effects from magnesium chloride over the course of all 

experiments.    

 
 

Figure 7-3 Membrane distillation water flux as a function of the equilibrium relative humidity using feed solutions 
of Calcium chloride and Magnesium chloride. Fiber dimensions: 0.62 mm internal diameter and 400 mm 
length; temperature 30°C; 0.83 m/s solution velocity; 3 mbar absolute pressure 
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7.3.6.5 Effect of solution temperature 

The temperature of the solution entering the membrane distillation process greatly affected 

the flux.  Figure 7-4 shows the flux obtained in each trial.  Note that each point in the figure 

represents a complete individual trial, where the points are the average solution concentration 

and flux obtained, not instantaneous.  In general, both the flux at each solution concentration 

and the final concentration of solution that was achieved increased with the desiccant feed 

temperature.  As well, flux decreased as the concentration of magnesium chloride increased.   

Implications of these results for application in full-scale liquid desiccant regeneration include: 

1. Investing in heating of the solution and/or better heat retention/utilization will 

pay off in terms of expected flux from the VMD process.  If solar thermal is used 

as the heat input into the system, this will require either more solar thermal 

collection area or higher efficiency (and more costly) collection equipment. 

2. Operating the process at a lower solution concentration will pay off in terms of a 

higher flux from the VMD process when using the same membrane area.  The 

solution concentration set point will need to be selected taking into account 

both the desired flux from VMD and also the minimum required solution 

concentration for dehumidification. 
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Figure 7-4 Flux from VMD at varying feed temperatures.  Fiber dimensions: 0.66 mm internal diameter and 400 
mm length; 0.83 m/s solution velocity; 100 mbar absolute pressure 

 

7.3.6.6 Effect of membrane distillation vacuum set point 

Figure 7-5 shows that the flux increased with increasing vacuum strength (lower absolute 

pressure) and decreasing salt concentration.  

 
 

Figure 7-5 Flux from VMD at varying vacuum set points. Fiber dimensions: 0.66 mm internal diameter and 315 mm 
length; temperature 50°C; 0.7 m/s solution velocity 
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As well, the quality of the fresh water condensate from the membrane distillation process 

varied with the vacuum strength in these experiments. The average conductivity of the 

condensate collected was 130 µS/cm at 25 mbarabs , 190 µS/cm at 50 mbarabs , and 3600 µS/cm 

at 100 mbarabs . It is thought that the increase in conductivity resulted from a small leak in the 

module combined with wetting that took place at higher absolute pressures.  That is, at a 

module pressure of 100 mbarabs , condensation took place on the walls of fiber module itself, 

rather than in the condenser.  The walls of the fiber module were exposed to room 

temperature, which ranged from 20-23C over the course of the experiments, much cooler than 

the 50C desiccant solution in the hollow fiber.  Therefore, at 100 mbarabs, the water vapor 

condensed in the module as it was exposed to its dew point temperature.  At the lower 

absolute pressures of 25 and 50 mbarabs, the dew point was not realized within the hollow fiber 

module. Hence, salt accumulation may have taken place as the water transitioned to vapor 

under the low absolute pressure, but salt transfer out of the module did not occur.  Vapor in 

these lower pressure trials was not exposed to dew point temperatures until contacting the 

cooling coil in the condenser.  Because the module may have had dry salts accumulating at low 

absolute pressures from the small leak, water droplets that condensed in the module at 100 

mbarabs may have carried salt that otherwise would remain in the module out and into the 

condenser.   

Practically, a lower vacuum set point in a production-scale VMD system will provide a better 

flux and potentially a better quality of the recovered fresh water, but will also require more 
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energy for operation.  A cost/benefit analysis of the vacuum set point is recommended for 

completion in connection to a commercial-scale system. 

7.3.6.7 Effect of solution velocity through hollow fiber 

The impact of solution velocity on vapor flux through the hollow fiber was evaluated at 

velocities of 0.7, 0.9 and 1.1 m/s.  For each trial, flux and pressure drop through the fiber were 

recorded.  Figure 7-6 shows the average flux for each velocity tested. The velocity of the 

solution through the hollow fiber did affect the flux, however, the flux increase was negligible 

at the velocities tested.  For example, at around 32% salt by weight, there appears to be less 

than 1 kg m-2 h-1 of flux increase when the velocity is increased from 0.7 m/s to 1.1 m/s.   

The pressure drop, however, was affected by the increase in velocity (Figure 7-7).  At around 

32% magnesium chloride by weight, the pressure drop increases from around 0.25 bars to 0.33 

bars when the velocity is increased from 0.7 m/s to 1.1 m/s.   

 
 

Figure 7-6 Flux from VMD at varying velocities. Fiber dimensions: 0.66 mm internal diameter and 315 mm length; 
solution temperature 50°C; 25 mbar absolute pressure 
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Figure 7-7 Pressure drop through hollow fibers in VMD at varying velocities. Fiber dimensions: 0.66 mm internal 
diameter and 315 mm length; solution temperature 50°C; 25 mbar absolute pressure 

 

Flux was expected to increase with increasing solution velocity because of a lower solution 

residence time in the hollow fiber.  It was expected that a lower residence time in the hollow 

fiber would lead to a lower exiting solution salinity.  Lower salinity corresponds to a higher 

vapor pressure, and thus an expected higher driving force leading to increased flux. The mass 

transfer resistance coefficient of the membrane phase (
1

𝑘𝑚
) and gas (

1

𝑘𝑔
) on the distillation side 

were not expected to change with varying solution velocities, only the average vapor pressure 

of the solution in residence within the hollow fibers was expected to increase with increasing 

solution velocities.   

In addition to flux, pressure drop was also expected to increase with solution velocity through 

the fiber lumens. Pressure drop due to friction increases proportionally with velocity in closed, 

pressurized flow channels.  A larger pressure drop correlates to a higher pumping energy 

requirement and also leads to a higher risk of hollow fiber breakage or leaks. 
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7.3.7 Conclusion – Outlook 

Experimental results confirmed that vacuum membrane distillation using PVDF hollow fibers 

was effective in desalination of the calcium chloride and magnesium chloride draw solutions.  

Increasing the inlet temperature of the solutions increased the desalination flux.  Reducing the 

vacuum set point increased the desalination flux and improved condensed fresh water quality 

within the lab scale experimental setup.  Increased solution velocity through the hollow fibers 

had a small effect on increasing the desalination flux but had a much higher effect on increasing 

the head loss through the hollow fiber lumens. Desalinated water collected during liquid 

desiccant regeneration has very low salt concentration and is suitable for use in irrigation.   

The integration of liquid desiccant dehumidification and water recovery systems are of special 

interest for use in controlled environment agriculture (CEA).  Irrigation in world agriculture is 

estimated to contribute to as much as 70-80% of global fresh water resources use. Commonly 

consumed vegetables like tomatoes and lettuce can have water footprints (the amount of 

water required to irrigate a crop to produce one kilogram of product) approaching 200 liters 

per kilogram.  The growing of crops indoors allows for the potential recovery of plant transpired 

water vapor.  In such a recycling-water system, the water footprint of the same vegetables may 

be reduced to as low as 1-4 liters per kilogram of harvest, a potential water footprint reduction 

approaching 98-99%.   

A pilot-scale experiment is planned to scale up from the laboratory module to an outdoor, r, 

solar-powered vacuum membrane distillation system. This pilot membrane distillation system is 

planned for testing in combination with a liquid desiccant dehumidification system to be built 
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inside of a sustainable, low water footprint, controlled environment agriculture system.  The 

inlet solution temperature achieved by solar heating, the cutoff vacuum level, and the flow rate 

through the hollow fibers as a function of pumping energy are planned for assessment during 

the pilot scale experiments. 
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Chapter 8 

8 Manuscript #5 “Membrane-based Humidity Capture and Fresh Water 

Recovery Using Liquid Desiccants in a Bench-Scale Controlled Environment 

Agriculture System” 

8.1 Introduction 

The following chapter is intended to be submitted to a scientific journal for publishing.  The 

copy of the work included here is the draft version.   

8.2 Impact on Dissertation Research 

Important crops grown in CEA, including tomatoes and lettuce, were successfully grown within 

a bench-scale CEA system.  The water cycle was closed within the system.  Transpired humidity 

was successfully recovered utilizing liquid desiccants pumped through the lumens of hollow 

fiber membranes.  Water was successfully recovered from liquid desiccants via membrane 

distillation and applied for irrigation within a small hydroponics system.  In summary, the 

bench-scale system demonstrated the effectiveness of the proposed liquid desiccant cycle for 

fresh water recovery within CEA systems. 

  



264 

 

8.3 Manuscript #5  

Membrane-based Humidity Capture and Fresh Water Recovery Using Liquid 

Desiccants in a Bench-Scale Controlled Environment Agriculture System 

 

Ryan Lefers a,b, *, N.M. Srivatsa Bettahalli c, Nina Fedoroff a,d, Philip Davies e, Suzana P. Nunes a, 

TorOve Leiknes a,b  

 

a Biological and Environmental Science and Engineering Division (BESE), King Abdullah 
University of Science and Technology (KAUST), Thuwal, 23955-6900, Saudi Arabia 

b Water Desalination & Reuse Center (WDRC) at KAUST 

c Advanced Membranes and Porous Materials Center (AMPMC), Physical Science and 
Engineering Division (PSE) at KAUST 

d Evan Pugh Professor Emerita, Penn State University, University Park, PA 16802, USA 

eAston Institute of Materials Research, School of Engineering and Applied Science, Aston 
University, Birmingham, UK 

 

* Corresponding author: Ryan Lefers 

Email address: ryan.lefers@kaust.edu.sa 

  

mailto:ryan.lefers@kaust.edu.sa


265 

 
8.3.1 Research highlights 

 Closed water-cycle greenhouse tested at bench scale 

 Air-dehumidification using liquid desiccant passed through array of hollow fiber 

membrane   

 Water recovery  from liquid desiccant for irrigation by vacuum membrane 

distillation for low water footprint  

8.3.2 Graphical Abstract 
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8.3.3 Abstract 

Humidity control and fresh water supply are two important factors that affect the overall 

productivity, energy efficiency, and sustainability of controlled environment agriculture.  Liquid 

desiccants offer the potential for pinpoint control of humidity levels in controlled 

environments.  In addition, desalination for regeneration of the liquid desiccants offers the 

potential for fresh water recovery and reuse in crop irrigation.  In our past work, we evaluated 

the use of triple-bore hollow fiber membranes with liquid desiccants for dehumidification, and 

membrane distillation for liquid desiccant regeneration and fresh water recovery.  In the 

present work, we incorporate the processes into a bench scale controlled environment 

agriculture system (CEAS).  Hollow fiber membranes were combined into an array and placed 

near the crops for humidity control.  After the liquid desiccant was diluted to the point where 

indoor humidity levels increased above desired levels, it was transferred in a batch to the 

vacuum membrane distillation equipment.  After successful concentration of the desiccant 

solution via membrane distillation, the batch of concentrated desiccant was transferred back to 

the dehumidification system for reuse.  The recovered fresh water was transferred and used 

successfully to irrigate the growing crops in a hydroponic system.  The membrane-based liquid 

desiccant system was used successfully to control humidity and recover fresh water for the 

bench-scale CEAS.    

Keywords: Controlled environment agriculture, membrane distillation, dehumidification, liquid 

desiccant, sustainable agriculture 
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8.3.4 Introduction 

8.3.4.1 Background  

The water footprint of crops is tied directly, among other factors, to the amount of water used 

in transpiration. [153]  During the transpiration process, liquid water is moved from roots to 

leaves and ultimately released to the surrounding atmosphere as humidity.  Transpired 

humidity eventually returns to the earth as rain in the process known as the water cycle.  

However, the timing and location of rain is not possible to control.  The movement of humidity 

and later deposition of water to other, distant geographies on earth is of special concern for 

arid or semi-arid regions.  In these regions, the source of water for agriculture is often slowly or 

non-recharging aquifers where the groundwater footprint of the aquifers are larger than their 

respective geographic areas [4].  For truly sustainable agriculture in such regions, the fresh 

water footprint of crops must be greatly reduced.   

8.3.4.2 Growing crops indoors 

Indoor agriculture, also referred to as controlled environment agriculture (CEA), offers the 

potential to greatly reduce the water footprint of crops.  Water use/loss due to runoff, deep 

percolation, weed transpiration, and soil evaporation can be reduced or eliminated indoors 

using technologies such as recycling hydroponics and aquaponics. The production water 

footprint in these systems can nearly be limited to water used in crop transpiration. In a 

properly designed CEA system, it is possible to keep transpired water vapor “in the box,”

preventingreleasetotheearth’satmosphere.However,risinghumiditylevelsinthecontrolled

environment can themselves be a source of concern.  When humidity levels rise to undesirable 
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levels, plant transpiration can be retarded, internal plant nutrient transport can be slowed, 

pollination of flowering/fruiting crops can be impacted and the risk of plant diseases and fungus 

can increase. [189, 190]  With these risks in mind, humidity levels in the controlled environment 

must be maintained at levels appropriate for plant health.   

Humidity control in CEA is typically accomplished by a release of humid indoor air to the 

atmosphere when levels indoors are above desired boundaries (Figure 8-1).  While the release 

of humidity in arid regions is of concern as it relates to the water footprint, the necessary 

release of humidity to the environment in non-arid cold climates is of concern as it relates to 

the energy footprint.  Where humid air must be released to the environment and replaced by 

drier air to enable plant transpiration and prevent disease, cold incoming air must be heated.  A 

system offering humidity capture from indoor air in agricultural systems is therefore of interest 

not only in arid climates, but also in cold climates, albeit for different reasons (energy footprint 

as opposed to water footprint). 
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Figure 8-1 The standard irrigated agriculture fresh water cycle 

 

8.3.4.3 Humidity capture via liquid desiccant membrane contactors 

A desiccant system offers the potential for humidity capture from indoor air at ambient indoor 

temperatures. [50, 51, 91, 92, 166, 168, 169] These systems are different from common dew-

point condenser systems in that the indoor air does not need to reach its dew point 
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temperature for humidity removal to take place.  Instead, desiccant contactors function based 

upon their vapor pressure difference.   Desiccants are effective in capturing humidity when 

their internal vapor pressure is lower than the vapor pressure of the surrounding air.  

Desiccants are attractive for humidity removal over traditional refrigeration-based systems in 

that they offer the potential for a lower grid-energy footprint. [91, 166] Although both solid and 

liquid desiccants can be used, liquid desiccants offer operational flexibility for pumping and 

storage. The vapor pressure of a liquid desiccant is dependent on both its concentration and 

temperature.  A highly concentrated, cool liquid desiccant has a low vapor pressure in 

comparison to a weakly concentrated, hot liquid desiccant.    

Liquid desiccants can absorb water vapor directly or through a membrane contactor.  The use 

of membrane contactors in liquid desiccant based dehumidification systems has been 

evaluated by a number of authors [31, 77, 79, 82, 84-86]. Where a membrane contactor is used 

in the dehumidification process, the membrane offers protection for both the desiccant 

solution and the surrounding equipment.  For the desiccant, the membrane provides a barrier 

against pollutants such as dust and other airborne particulates.  Common liquid desiccants 

include concentrated salts such as magnesium chloride and calcium chloride [161, 191].  These 

salt solutions are corrosive for many common metals used in equipment materials of 

construction [166].  By keeping the solution separated behind a nano-porous membrane, both 

the risk of corrosion to these metals and the risk of contact with plant leave can be eliminated. 

Moreover, the membrane interface allows for independent operation of liquid and gas phases 

[31, 171, 172]. Potential drawbacks to application of membranes in liquid desiccant cycles are 
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the added mass transport resistance of the membrane (
1

𝑘𝑚
) and the additional cost compared 

to a direct-contact system. 

Compared to flat or tubular membrane contactors, and to direct-contact systems, the use of 

hollow fibers with liquid desiccants for dehumidification applications is attractive because of 

the high surface area provided per unit volume [173]. In addition, the number of pores per unit 

volume of hollow fibers can offer faster, more efficient moisture transport if leakage can be 

prevented. Hollow fibers have been used successfully with both lithium chloride and aqueous 

glycerol liquid desiccant solution pumped through polyetherimide membranes [31, 83].  In our 

previous work, we proposed and tested a new device for dehumidification based on a liquid 

desiccant solution pumped through polyvinylidene fluoride (PVDF) triple-bore hollow fibers 

using calcium chloride [80]. The triple-bore structure was chosen over the single-bore structure 

because it offers additional mechanical stability, allowing the fibers to be used in the open 

indoor environment rather than protected in a module.  In this study, the previously developed 

hollow fiber PVDF membranes are integrated into a bench-scale controlled environment 

agriculture system (CEAS), for humidity control and fresh water recovery. This work 

demonstrates for the first time a closed water cycle system in CEA utilizing liquid desiccants for 

humidity recovery and fresh water generation.  We describe the bench-scale CEAS 

configuration and demonstrate the dehumidification performance in a dynamic setting where 

the environmental conditions drive plant transpiration and dynamic humidity fluctuations in a 

closed environment.     
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8.3.4.4 Membrane distillation for fresh water recovery from liquid desiccants 

To close the production water cycle within an indoor growing environment, water of suitable 

quality for irrigation of plants can be recovered from the dehumidification system.  In the case 

of salt-based liquid desiccants, water must be removed from the desiccant solution via 

desalination in order to maintain a low vapor pressure and drive humidity capture.  For fresh 

water recovery and regeneration of liquid desiccant solutions, multiple desalination 

technologies have been suggested, including electrodialysis [54, 55, 192], reverse osmosis [33], 

and membrane distillation [56-58, 177-179] . Of these technologies, membrane distillation 

offers the best potential for use of solar thermal energy as the primary energy input into the 

systems. [44]    In such systems, the proposed water cycle for CEA can be modified from the 

standard CEA water cycle shown in Figure 8-1 to the revised CEA water cycle as shown in 

Figure 8-2. 
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Figure 8-2 Utilizing liquid desiccants in CEA to achieve an agricultural water footprint approaching zero 

 

During the course of this work, fresh water recovery via membrane distillation was 

experimentally evaluated utilizing a vacuum membrane distillation (VMD) system with PVDF 

hollow fiber membranes at the laboratory scale. Magnesium chloride desiccant solutions of 

varying concentration were regenerated/desalinated in the VMD system.  The objectives of this 
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work were to evaluate the performance of the VMD system in combination with the membrane 

contactor dehumidification system for application in closing the water cycle of CEA. The 

experimental setup, results, discussion, and conclusions of this work are presented in the 

following sections. 

8.3.5 Materials and methods 

8.3.5.1 Experimental setup of bench scale greenhouse 

A bench-scale box “greenhouse” CEASwas constructed for use under laboratory conditions. 

The interior dimensions of the box were 50 x 50 x 50 cm.  The greenhouse was equipped with a 

fan for air circulation.  A small-scale Miracle-Gro Aerogarden 3SL (www.aerogarden.com) 

hydroponics unit equipped with a full spectrum Compact Fluorescent Light (CFL) grow light was 

placed inside the box for plant production. The crops grown during the experimental trials 

included one plant each of cherry tomatoes, parsley and lettuce (varieties: mighty mini cherry 

tomato, curly parsley, and deer tongue lettuce, all sourced from www.aerogarden.com.)  An 

array of hollow fiber membranes was positioned adjacent to the side of the hydroponics unit 

for dehumidification.  Figure 8-3 shows the bench-scale setup. 

http://www.aerogarden.com/
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Figure 8-3 Bench-scale greenhouse setup: process schematic and photo of system as-operated in lab. 
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8.3.5.2 Crop evapotranspiration 

Evapotranspiration (ET) was both measured directly and estimated from theoretical equations.  

ET was measured directly by weighing the amount of water used by the crop at the end of each 

experimental run. A Mettler Toledo model ML3002E weighing scale was used to measure the 

water weight.  While this provided a direct measurement of the water use at the end of each 

experimental run (~100 hours), it did not provide an estimate of instantaneous ET.  Therefore, a 

theoretical equation was used to estimate instantaneous ET in mm/hr.  The equation chosen 

for estimating the ET in the bench-scale greenhouse setup was the Stanghellini equation, which 

is the equation recommended to estimate ET in medium and high technology greenhouses. 

[193, 194]  Important sensor-measured parameters for input into the Stanghellini equation 

included the light irradiation intensity, temperature, humidity, and air speed.  The CFL 

irradiation intensity was measured by a Spectroradiometer ILT950 (International Light 

Technologies, www.intl-lighttech.com). A logging temperature/humidity sensor (Testo 175H1 

model) was placed inside the greenhouse to record instantaneous temperature and humidity at 

10 min intervals.  A hot wire anemometer (Testo 435-4 multifunction meter equipped with 

model no. 0635 1535 thermal velocity probe) was used to determine the air speed. 

8.3.5.3 Dehumidification experimental set-up 

All of the dehumidification experiments were carried out in the closed bench-scale greenhouse, 

wherein the humidity and temperature fluctuated based upon evapotranspiration, heat input 

from the CFL, heat gained/lost from the CEAS walls, and heat and humidity added/removed by 
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the liquid desiccant pumped through the hollow fiber membrane array.  The temperatures of 

the desiccant immediately before entry into and after exit from the hollow fiber membrane 

array were logged using inline PT100 platinum resistance sensors (3mm diameter x 150mm 

length) attached to PT-104 screw terminal adapters (PP660) and connected into a Pico 

Technology PT-104 PT100 data logger (www.picotech.com).  Desiccant temperature was 

recorded every 10 min. The pressure of the desiccant solution at the entry to the hollow fiber 

array was monitored using a Keller brand Mano LEO 1, with a range of 0 to 31 bar absolute 

pressure (www.keller-druck.ch).  Magnesium chloride solution was used as the liquid desiccant 

for all dehumidification experiments. The actual concentration of magnesium chloride by 

weight decreased over time during dehumidification, as water vapor was condensed into the 

desiccant solution. Refractive index, used to determine the concentration of the desiccant 

before and after experimental runs, was checked using a Reichert Technologies Brix/RI-Check 

Refractometer (www.reichertai.com).  The refractometer was calibrated daily using distilled 

fresh water. 

The desiccant solution was collected in a glass container and pumped at a fixed flow rate 

through the lumens of the eight triple-bore hollow fibers in the array. The length of each 

exposed fiber varied from 52.5 to 59 cm. The pump used in the experiment was a Masterflex® 

L/S model no. 7523-80 peristaltic pump, size 0.1-600 RPM at 0.1 horsepower (www.cole-

parmer.com).  The desiccant container was placed on an electronic balance (Mettler Toledo 

model MS4002S) connected to a computer for recording the weight at 10 min intervals. The 

dehumidification flux (kg m-2 h-1) of the MgCl2 desiccant was measured by recording the change 

http://www.cole-parmer.com/
http://www.cole-parmer.com/
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in solution weight over time and dividing by the total membrane area. The desiccant 

temperature was warmed or cooled inside the CEAS and/or in the lab room, as the walls of the 

hollow fibers were in direct contact with the CEAS air and the walls of the glass container and 

connective tubing were in direct contact with the lab room air.  

The desiccant solution was pumped through the lumens of hollow fibers in the module at three 

velocities: 2.3, 4.7 and 8.1 cm/s. A fan (Sunon model KD1208PTS1, 12V, 2.6W) was placed in the 

greenhouse such that the air draft from the fan reduced the potential for a stagnant air layer 

and concentration polarization at the membrane surface (
1

𝑘𝑔
).  The fan also assisted to maintain 

a uniform distribution of humidity and temperature within the greenhouse.       

8.3.5.4 Experimental setup of vacuum membrane distillation unit 

To evaluate the use of PVDF hollow fibers in vacuum membrane distillation for fresh water 

recovery from liquid desiccants for CEA, experiments were carried out in a controlled 

laboratory environment.  The experimental setup is shown in Figure 8-4.   

  

 
 
Figure 8-4 Vacuum membrane distillation experimental setup 

 



279 

 
The temperature of the desiccant solution was increased prior to entry into the membrane 

distillation hollow fiber via a heat exchanger filled with heated oil delivered from a Lauda type 

RE 630 G heating unit with digital control of oil temperature and flow rate.  The temperature of 

the desiccant immediately before entry into and after exit from the hollow fiber membrane was 

logged using an inline PT100 platinum resistance sensor (3mm diameter x 150mm length) 

attached to PT-104 screw terminal adapter (PP660) that was plugged into a Pico Technology PT-

104 PT100 data logger (www.picotech.com).  The pressure of the desiccant solution at the entry 

to the hollow fiber was monitored using a Keller brand Mano LEO 1, type -1 to 30 bar with a 

range of 0 to 31 bar absolute pressure (www.keller-druck.ch).  Flow rate of the desiccant 

solution was controlled and maintained by a Masterflex® L/S model no. 7523-80 peristaltic 

liquid pump, size 0.1-600 RPM at 0.1 horsepower (www.cole-parmer.com). The tubing used in 

the pump for experiments was Masterflex® 06440-25 Tygon® E-LFL. Refractive index, used to 

determine the concentration of the desiccant before and after experimental runs, was checked 

using a Reichert Technologies Brix/RI-Check Refractometer (www.reichertai.com). The 

refractometer was calibrated daily using distilled fresh water. To maintain vacuum in the 

system, a Buchi type V-700 vacuum pump with a digital Buchi type V-850 vacuum controller 

was used.  Weight of the salt solution in the feed storage reservoir was monitored using a 

Sartorius CPA34000 weighing scale.  To cool and condense the vacuum-extracted vapors from 

the VMD unit, an insulated glass shell and tube vapor trap was installed in the vapor extraction 

line and supplied with liquid nitrogen (estimated temperatures below -196°C). Of course, the 

extracted water vapor froze inside the vapor trap.  After experimental runs, the extracted vapor 

(ice) was allow to thaw, weighed, checked for conductivity using a WTW inoLab Multi 740 

http://www.reichertai.com/
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meter, with a TetraCon® 325 conductivity probe, and then applied as irrigation make-up water 

in the bench-scale setup.  It should be noted that although condensing of VMD output vapors 

through the use of liquid nitrogen is not considered as a good solution for scale-up and field 

implementation in CEA, it is considered an excellent choice for use in laboratory experiments 

because it can be assured that all extracted vapors will condense (and freeze).  Therefore, the 

subsequent weighing of these condensed vapors provides very accurate results for determining 

VMD flux rates. 

Table 8-1 shows the experimental parameters for the VMD experiments.  

Table 8-1 Experimental parameters for hollow fiber vacuum membrane distillation tests 

Membrane Type PVDF 
Solution flow rate 15 mL min-1 

Solution input temperature 30 °C 
Number of fibers in module 1 
Total fiber length 395 mm 
Fiber inside diameter 0.60 mm 
Fiber outside diameter 0.87 mm 
Total active surface area 0.00074 m2 
Liquid velocity 0.88 m s-1 

Air side absolute pressure 3 mbar 

 

The only experimental parameter that varied during the VMD trails was the desiccant 

concentration. The desiccant solution concentration varied from 20-34 wt% magnesium 

chloride in the experiments. The actual concentration of desiccant solution wt% increased over 

time, as water vapor was removed during distillation.   
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VMD flux was calculated based on the amount of condensate collected over time, as shown in 

Equation 8-2.   

Equation 8-2: Flux calculation for VMD 

at

w
f




 

Where: 

f = average flux in kg m-2 h-1 

w = weight of condensate collected in kg 

t = time of experimental run in h 

a = membrane surface area in m2 

The refractive index of the solution was measured at the beginning and end of experimental 

runs. These values were then used to determine the respective solution concentration as per 

the linear relationship between solution concentration and refractive index. [195] 

 

8.3.6 Results and discussion 

8.3.6.1 Evapotranspiration within the bench scale greenhouse 

The evapotranspiration as estimated using the Stanghellini equation (  
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Equation 8-3) is dependent on the collected input parameters (light, temperature, humidity, air 
speed, and crop size) as well as a number of assumptions for other inputs.  Table 8-2 shows 
constant inputs into the Stanghellini ET equation for these experiments.   
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Table 8-3 includes variable inputs that were dependent on collected input parameters. 
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Equation 8-3 Stanghellini equation 

𝐸𝑇𝑝 = 2 𝐿𝐴𝐼 
1

𝜆
(

𝑠(𝑅𝑛 − 𝐺) + 𝐾𝑡 (
𝑉𝑃𝐷𝜌𝐶𝑝

𝑟𝑅
)

𝑠 + 𝛾(1 +
𝑟𝑐

𝑟𝑎
⁄ )

) 

Table 8-2 Constants used in the Stanghellini equation to calculate potential ETp. 

The ET as estimated by the Stanghellini equation is the potential ET, ETp. To determine the crop 

ET, potential ET is multiplied by a crop coefficient KC (Equation 8-4)  

Equation 8-4 Crop ET 

𝐸𝑇𝑐 =  𝐸𝑇𝑝 × 𝐾𝑐 

 

To then acquire an estimated amount of water used by the crop, the crop ET must be multiplied 
by the crop area, as shown in   

Constant Value Description 

LAI 2.88 
 

Leaf area index,  m
2
/m

2
  

λ 2.45 Latent heat of vaporization, MJ/kg 

G 0 Soil heat flux, suggested at 0 [160, 196], MJ/m
2
h 

Kt 3600 Unit conversion factor to acquire mm/h of ET, s/h 

Cp 0.001013 Specific heat of air,  MJ/kg °C   

γ 0.06735 Psychrometric constant at 101.325 kPa atmospheric pressure, kPa/°C 

rc 240 
Day canopy internal resistance, estimated from Villarreal-Guerrero et. al. 2012, 
s/m 

rc 1900 
Night canopy internal resistance, estimated from Villarreal-Guerrero et. al. 
2012, s/m 

Kc 0.6 Selected crop coefficient, [197, 198] 
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Equation 8-5.   
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Equation 8-5 Crop water use 

𝑊𝑈𝑒 =  𝐸𝑇𝑐 ×  𝐴𝑐 
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Table 8-3 shows the estimated crop water use WUe from the Stanghellini equation in g/h 

compared with the measured value.  The estimated ET was slightly less than the measured 

value for all experimental runs. Hourly crop ET as estimated using the Stanghellini equation is 

plotted against measured dehumidification rates in Figure 8-5. 

  



288 

 
Table 8-3 Stanghellini equation variables and output.  The first set of rows contains data collected from sensors 

during experimental runs.  The second set of rows contains data for input into the Stanghellini equation 
that depended upon collected data.  The third set of rows contains values as calculated from the 
Stanghellini equation and actual crop water use. 

                Trial Set 1                   _                Trial Set 2                  _                Trial Set 3                   _   

Variable Min Max Avg Min Max Avg Min Max Avg Description 

T 20.0 23.7 22.1 20.7 23.3 22.2 20.8 23.5 22.5 
Temperature of indoor 
air, °C 

RH 71.0 95.6 87.9 71.2 92.4 84.9 69.3 90.3 82.5 
Relative humidity of 
indoor air, % 

U 1 1 1 1 1 1 1 1 1 Air speed, m/s 

Rs 0.00 0.17 0.11 0.00 0.17 0.11 0.00 0.17 0.11 
Ground level solar 
radiation, MJ/m2h 

S 0.041 0.043 0.041 0.041 0.041 0.041 0.041 0.041 0.041 
Slope of saturation VP 
curve, kPa/C 

Rn 0 4.50E-05 2.97E-05 0 4.47E-05 2.94E-05 0 4.49E-05 2.95E-05 
Net radiation at crop 
surface, MJ/m2h 

VPD 0.12 0.83 0.32 0.21 0.80 0.40 0.28 0.82 0.48 
Hourly vapor pressure 
deficit, kPa 

Ρ 1.18 1.20 1.19 1.18 1.19 1.18 1.18 1.19 1.18 
Mean atmospheric 
density, kg/m3 

rR 201 212 206 202 210 205 202 210 205 
Radiative resistance, 
s/m 

ra 432 432 432 432 432 432 432 432 432 
Aerodynamic external 
resistance, s/m 

Etp 0.02 0.28 0.08 0.03 0.27 0.11 0.04 0.28 0.13 
Potential ET by 
Stanghellini eq., mm/h 

Etc 0.01 0.17 0.05 0.02 0.16 0.07 0.02 0.17 0.08 
Estimated hourly crop 
ET, mm/h 

Ac 700 700 700 400 400 400 340 340 340 
Recorded crop area, 
cm2 

WUe 0.78 11.84 3.53 0.62 6.58 2.61 0.72 5.63 2.60 
Estimated crop water 
use in g/h 

WUr - - 3.62 - - 2.64 - - 2.66 
Recorded crop water 
use in g/h 
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8.3.6.2 Humidity harvest and control 

Humidity was successfully harvested from the bench scale greenhouse air using the liquid 

desiccants inside the hollow fiber membrane array.  In addition, indoor relative humidity levels 

were kept from reaching saturation (100% relative humidity) and generally within the preferred 

humidity range (~70-85% relative humidity at ~23°C) by the liquid desiccants.  The relative 

humidity in the indoor environment varied dynamically based upon the rate of 

evapotranspiration, dehumidification and air temperature. In general, relative humidity of the 

indoor environment was higher duringthe“day” (lighton,higher temperatures,moreET,16

hours) vs. the “night” (light off, lower temperatures, less ET, 8 hours).  The rate of

dehumidification varied dynamically based upon the vapor pressure difference between the air 

and the desiccant.  The vapor pressure difference between the desiccant and air is larger during 

the day, driving a higher humidity flux into the desiccant solution.  The peak indoor humidity 

experienced during a day or night phase was limited by the evapotranspiration from the crop, 

the membrane surface area, the temperatures of the air and desiccant, and the concentration 

of the desiccant solution. 

Three experimental trial sets were conducted, each with a different desiccant flow rate/velocity 

through the hollow fibers.  Trial 1, 2, and 3 velocity were 2.3, 4.7, and 8.1 cm/s, respectively.  

Figure 8-5 shows how the calculated ET compared to the measured dehumidification mass flow 

rate in g/h for each experimental trial.  As can be seen from Figure 7, ET rates tended to be 

higher than the dehumidification rates during day phases at lower indoor humidity levels.  ET 

rates during day phases tended towards a dynamic equilibrium with dehumidification rates as 
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humidity in the indoor environment increased. ET rates tended to nearly equal or drop below 

dehumidification rates during night phases.  These results are expected as a low humidity and a 

high solar irradiation drive a higher ET.  When humidity levels increase and/or solar irradiation 

decreases, the ET rate decreases.  The increase in humidity therefore explains the decrease in 

ET observed from the beginning to the end of each experimental run. From the desiccant side, 

dehumidification rates decrease with a low relative humidity and increase with a high relative 

humidity.       
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Figure 8-5 Dynamic hourly ET as calculated from Stanghellini equation vs. measured hourly dehumidification rate 

during a) Trial 1 at 2.3 cm/s  b) Trial 2 at 4.7 cm/s and c) Trial 3 at 8.1 cm/s. 

Figure 8-6 shows how the equilibrium relative humidity (ERH) of the desiccant varied against 

the relative humidity (RH) and temperature of the air. At the ERH, the vapor pressure of the 

desiccant is equal to the vapor pressure of humid air at the same relative humidity.  In other 

words, the ERH is the minimum relative humidity to which the air can be dried in contact with 

the liquid desiccant.  ERH can be calculated when the concentration by wt% of a liquid 

desiccant salt in solution is known. [161]  In a static system, the ERH of the desiccant and the 

RH of the air would be expected to come to equilibrium.  In the dynamic system, however, the 
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RH of the air is elevated by the ET from the crops.   The extent to which the RH is elevated 

above the level of the ERH of the desiccant is determined both by the transpiration rate of the 

plants and the membrane contactor area for mass and energy exchange between air and the 

desiccant.   

 
 
Figure 8-6 Recorded variations in temperature (T) and relative humidity (RH) of indoor air plotted against the 

equilibrium relative humidity (ERH) of the desiccant solution during a) Trial 1 at 2.3 cm/s  b) Trial 2 at 
4.7 cm/s and c) Trial 3 at 8.1 cm/s. 
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Figure 8-7 shows how the vapor pressure of the air, the vapor pressure of the desiccant, and 

the vapor pressure difference between the two varied dynamically in response to changes in 

temperature and plant transpiration between the day and night cycles.  The vapor pressure of 

the air increases dramatically when the light is turned on, reaches a semi-plateau where the 

transpiration rate comes near to the dehumidification rate, decreases dramatically when the 

light is shut off, and then reaches a semi-plateau again.  The transpiration rate of the plants is 

limited by the relative humidity of the air, thus it becomes slower at higher vapor pressures.  

Meanwhile, the mass transfer of humidity into the desiccant increases as the vapor pressure 

increases. Thus, the two rates eventually come to a sort of dynamic equilibrium and a semi-

plateau in vapor pressure is reached. 

Figure 8-8 shows the average flux normalized for vapor pressure and standard deviation as 

permeance in g m-2 h-1 Pa-1 for the three trials. Although the average permeance trends up with 

an increase in the velocity of the desiccant through the hollow fibers, the standard deviation 

also trends up such that the differences between the dehumidification permeance at the three 

solution velocities are not significant.  The dehumidification permeance found during these 

dynamic humidity experiments are similar to the permeance obtained during our previous, 

controlled humidity trials with a fan on and chilling of the desiccant solution (0.25 g m-2 h-1 Pa-

1). [80] 
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Figure 8-7 Recorded variations in vapor pressure (VP) of indoor air plotted against the VP of the desiccant solution 

and the vapor pressure difference (VPD) during a) Trial 1 at 2.3 cm/s  b) Trial 2 at 4.7 cm/s and c) Trial 3 
at 8.1 cm/s. 

0

0.5

1

1.5

2

2.5

3

0 50 100

V
ap

o
r 

P
re

ss
u

re
 /

 k
P

a 

Time / h 

a) 

VP Desiccant

VP Air

VPD

0

0.5

1

1.5

2

2.5

3

0 50 100

V
ap

o
r 

P
re

ss
u

re
 /

 k
P

a 

Time / h 

b) 

VP Desiccant

VP Air

VPD



295 

 

 
 
Figure 8-8 Average dehumidification flux and standard deviation from the three trials with three different solution 

flow velocities. 

 

8.3.6.3 Fresh water recovery by vacuum membrane distillation 

Fresh water recovery from the liquid desiccant was achieved using vacuum membrane 

distillation with PVDF hollow fiber membranes.  The structure of the PVDF hollow fibers 

manufactured in the lab was evaluated using SEM, as shown in  

Figure 8-9.    
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Hollow fiber cross section Fiber wall cross section 

  
Outer wall edge Inner wall edge 

  
 

Figure 8-9 SEM images of PVDF hollow fibers used in vacuum membrane distillation experiments 

 

The VMD flux from the PVDF hollow fibers recorded at the different ERH of the desiccant 

solution is shown in Figure 8-10. The conductivity of the recovered fresh water (distillate) was 

<18 µS/cm, and is considered of suitable quality for use in irrigated agriculture of even very salt 

sensitive crops [199].  Therefore, the distillate was added to the bench-scale hydroponics unit 

as make-up water in batches to account for water used by plants for transpiration.  Nutrients 

were also added to the bench-scale hydroponics system in sufficient amounts to meet plant 
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requirements. The crops in the CEAS were successfully grown and harvested using this process.  

By using the water recovered from the liquid desiccants for irrigation of the crops in the bench-

scale CEAS, the water cycle was successfully closed within the system.  To account for water 

retained within the plant tissue, a small amount of additional water was added to keep water 

levels within the hydroponics system at the full level. 

 
 

Figure 8-10 Membrane distillation flux of MgCl2 desiccant solution as a function of ERH 

 

8.3.7 Conclusion – Outlook 

Laboratory-scale liquid desiccant systems were constructed for evaluation of humidity capture 

and subsequent fresh water recovery.  Liquid desiccant based systems were integrated into a 

bench-scale CEAS where transpired humidity from crop production was captured and reused 
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for crop irrigation.  Arrays of hollow fibers were tested to capture and control humidity to 

maintain an environment that is optimal for plant growth. Integrated desiccant regeneration 

and fresh water recovery was also tested for the bench-scale system.  Specifically, the following 

results were obtained: 

8.3.7.1 Hollow Fiber Membrane Dehumidification  

PVDF hollow fiber membranes were used successfully with MgCl2 desiccant solution to 

dehumidify air.  The humidity in the CEAS varied dynamically based upon ET of the crops in 

response to light, temperature, relative humidity, and wind speed. Humidity levels in the CEAS 

were successfully controlled and maintained when the mass flow rate of water vapor into the 

desiccant equaled the ET from the plants.  Humidity was successfully captured from the CEAS 

chamber for later recovery and reuse in irrigation. The vapor permeance rate varied from 0.26 

to 0.31 g m-2 hr-1 Pa-1 at desiccant velocities through the hollow fiber lumens of 0.023 to 0.081 

m s-1.  The vapor permeance observed in this study is similar to the permeance obtained in past 

work using liquid desiccants with triple-bore PVDF hollow fiber (~0.25 g m-2 hr-1 Pa-1 [80]) and 

falls within the range of vapor flux observed by others using liquid desiccants with hollow fiber 

membranes prepared from polyetherimide (PEI) coated with polydimethylsiloxane (PDMS) 

(0.13-0.64 g m-2 hr-1 Pa-1 [31]). 

As it relates to potential scale-up and application in a commercial-sized CEA system, a peak 

humidity capture rate of ~3,000 kg day-1 (~125 kg hr-1) would be required for a 360 m2 footprint 

greenhouse growing tomatoes at August conditions in Thuwal, Saudi Arabia [44].  To meet this 

dehumidification demand, approximately 1,250 m2 of hollow fiber membrane surface area 
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would be required at an expected vapor flux rate of 100 g m-2 hr-1  when the vapor pressure 

difference between the liquid desiccant and the air is kept at ~400 Pa (assuming a conservative 

flux of 0.25 g m-2 hr-1 Pa-1 for the PVDF hollow fiber membranes).  This membrane surface area 

requirement corresponds to a total hollow fiber membrane length of ~219 km with a total 

volume of ~0.57 m3 when utilizing the same triple-bore PVDF hollow fibers from the present 

study (1.82 mm outer diameter). 

8.3.7.2 Vacuum membrane distillation 

A VMD system was successfully used to regenerate/reconcentrate the liquid desiccants and 

also to recover the captured water vapor.  The distillation flux from the VMD system with a 

vapor-side pressure of 3 millibars and with a MgCl2 desiccant solution at ~30°C and possessing 

an ERH of ~50% was ~3.5 kg m-2 h-1. The resulting distillate from the VMD process was of very 

high quality (<18 µS/cm), and was successfully applied as irrigation make-up water in the 

bench-scale hydroponics setup. 

8.3.7.3 System Integration and Future Work 

Results show promise for developing a pilot-scale CEAS where transpired humidity is captured 

and reused in crop production using liquid desiccant based systems.  The combined work shows 

potential for greatly reducing the water footprint of CEA and also for reducing the heating 

energy footprint of CEA in cold climates.  If a liquid desiccant water cycling system is combined 

with a recycling hydroponics or aquaponics system, it is theorized that the production water 

footprint of crops could be reduced to only the water that is actually retained within the plant 

and fruit.  In this case, the average production water footprint for a crop like tomatoes could be 
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reduced from 171 L/kg [153] to ~1-2 L/kg of harvested fruit, providing a production water 

footprint reduction of ~99%. 

Based upon results from the bench-scale system, a pilot-scale CEAS with integrated water 

recycling via the liquid desiccant cycle is planned for testing and demonstration of the 

technologies at a production scale.  Integration with solar thermal and solar PV as energy 

drivers for the liquid desiccant systems is further planned to enhance the sustainability and 

energy use of the technologies.   
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Chapter 9 

9 Manuscript #6 “Bench-scale Experimental Evaluation of Liquid Desiccant 

Membrane Distillation Methods for Controlled Environment Agriculture” 

9.1 Introduction 

The following chapter is intended to be submitted to a scientific journal for publishing.  The 

copy of the work included here is the draft version and is still under development.  As such, the 

figures included within this version of the text are to be considered as draft rather than final. 

9.2 Impact on Dissertation Research 

The recovery of fresh water from liquid desiccants is an important step the proposed liquid 

desiccant cycle.  In this work, various types of membrane distillation setups were tested at the 

bench scale.  The primary focus of this work was to evaluate a select range of membrane types 

(PP vs. PVDF vs. PTFE, flat sheet vs. hollow fiber), desiccant types (MgCl2 vs. CaCl2), and forms of 

membrane distillation (direct contact vs. vacuum).  The work helps to further refine the 

parameters that will be selected for design in a pilot-scale MD unit to serve a CEAS utilizing the 

liquid desiccant cycle. 
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9.3 Manuscript #6  

Bench-scale Experimental Evaluation of Liquid Desiccant Membrane Distillation 

Methods for Controlled Environment Agriculture 

 

9.3.1 Research highlights 

 Vacuum membrane distillation with hollow fiber PVDF and PP membranes for 

fresh water recovery from liquid desiccants 

 Direct contact membrane distillation with flat sheet PTFE membranes for fresh 

water recovery from liquid desiccants 

 Discussion of results from bench-scale membrane distillation units 

 Recommendations for future work and implementation at pilot scale 

9.3.2 Abstract 

The demand of fresh water resources for irrigation of food crops is a major global challenge 

that lies at the heart of the food and water nexus.  An estimated 70-80% of global fresh water 

supplies are consumed by agriculture, making it essential to develop solutions to reduce the 

water footprint of food production.  Controlled environment agriculture (CEA) offers the 

potential to produce more and higher quality food in harsh climates and urban environments.  

A liquid desiccant cycle for humidity recovery and use as irrigation water within controlled 

environment agriculture has been proposed as a potential solution for reducing the water and 

energy footprints.  Membrane distillation technology allows the use of renewable solar thermal 

and waste heat energy resources in the water recovery phase from liquid desiccants.  The 

present work is focused on evaluating and comparing the performance of vacuum membrane 

distillation utilizing PVDF and PP hollow fiber membranes and direct contact membrane 
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distillation utilizing PTFE flat sheet membranes.  Special emphasis is placed around the 

applicability of the processes within controlled environment agriculture systems.  As such, the 

quality of the distillate, fouling potential, process maintenance, and the potential for scale up 

are of special interest.  Based upon these parameters, the most promising of the bench-scale 

systems tested for scale-up and incorporation in a full scale controlled environment agriculture 

system is the vacuum membrane distillation system utilizing PVDF membranes.  

Keywords: Controlled environment agriculture, membrane distillation, liquid desiccant, 

sustainable agriculture 

9.3.3 Introduction 

9.3.3.1 Background  

Controlled environment agriculture (CEA), i.e. greenhouses, vertical farming, and indoor 

farming, offers the potential to harvest high quality and large amounts of vegetables and fruits 

from relatively small land areas.  In addition, CEA can be applied in harsh climates and urban 

areas where agriculture would otherwise be seasonal or impossible.  The application of liquid 

desiccants within CEA offers the potential to capture humidity from air. [31-34, 36, 37, 39, 41, 

44, 50, 51, 76-80, 82, 83, 85, 87, 91, 92, 156, 166, 168, 169, 200-203] In CEA where outdoor air 

is input into the system, humidity removal may be required to condition incoming air for 

optimal plant growth.  Where closed air cycles are applied to CEA (no air exchange with 

outside), dehumidification is necessary to maintain relative humidity levels below saturation, 

and offers the potential for true water recycling.  [44] 
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The dehumidification potential of liquid desiccants is reduced as humidity is absorbed, thus 

removal of the water from the liquid desiccant is essential to maintain the dehumidification 

potential.  Recovery of this water offers a source of irrigation water for plants thereby enabling 

a true closed water cycle within the CEA system.   This water must be suitable for irrigation as 

CEA systems often employ advanced hydroponic and/or aquaponics growing systems where the 

water is recycled.  A potential for salt accumulation exists in recycling water if the make-up 

water source is not of sufficient quality, where increasing salt levels may reduce yields at best 

and may threaten crop survival at worst depending on the type of crop under cultivation.  As 

many liquid desiccants are salt-based solutions, the potential exists for salt transfer and 

accumulation in the recovered fresh water from any separation/desalination process. 

For fresh water recovery and regeneration of liquid desiccant solutions, multiple desalination 

technologies have been suggested, including electrodialysis [54, 55, 192], reverse osmosis [33], 

and membrane distillation [44, 57, 58, 177]. Of these technologies, membrane distillation offers 

the best potential for use with solar based thermal energy as the primary energy input into the 

systems.  This work therefore focusses on evaluating multiple membrane distillation 

technologies for implementation in CEA. 

Fresh water recovery via membrane distillation using two processes and three different 

membranes was experimentally evaluated.  First, a vacuum membrane distillation (VMD) 

system using polyvinylidene difluoride (PVDF) and polypropylene (PP) based hollow fiber 

membranes was evaluated at the laboratory scale. Second, a direct contact membrane 

distillation (DCMD) system utilizing commercial polytetrafluoroethylene (PTFE) laminated 
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membranes installed in a plate and frame unit was tested.  Calcium and magnesium chloride 

desiccant solutions of varying concentration were pumped through the feed side of both 

systems.  The objective of this work was to evaluate the performance of the vacuum and direct 

contact membrane distillation systems for application in closing the water cycle of CEA. The 

quality of the distillate collected, the fouling potential and maintenance requirements of the 

membrane distillation processes, and the potential for scale up are of special interest.  

9.3.3.2 Experimental setup of vacuum membrane distillation unit 

To evaluate the use of membrane distillation in fresh water recovery from liquid desiccants, 

membrane distillation experiments were carried out in a controlled laboratory environment.  

The principle of how the hollow fibers function in membrane distillation is illustrated in 

Figure 9-1.  The experimental setup is shown in Figure 9-2.   

 

 
 
Figure 9-1 Functional diagram of hollow fibers in vacuum membrane distillation 
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Figure 9-2 Vacuum membrane distillation experimental setup 

 

The temperature of the desiccant solution was increased prior to entry into the membrane 

distillation hollow fiber via a heat exchanger filled with heated oil delivered from a heating unit 

(Lauda type RE 630 G) with digital control of oil temperature and flow rate.  The temperature of 

the desiccant immediately before entry into and after exit from the hollow fiber membrane was 

logged using an inline PT100 platinum resistance sensor (3mm diameter x 150mm length) 

attached to PT-104 screw terminal adapter (PP660) connected to a Pico Technology PT-104 

PT100 data logger (www.picotech.com).  The pressure of the desiccant solution at the entry to 

the hollow fiber was monitored using a digital manometer (Keller brand Mano LEO 1, type -1 to 

30 bar, www.keller-druck.ch).  Flow rate of the desiccant solution was controlled and 

maintained by a Masterflex® peristaltic liquid pump (L/S model no. 7523-80), size 0.1-600 RPM 
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at 0.1 horsepower (www.cole-parmer.com).  Refractive index, used to determine the 

concentration of the desiccant before and after experimental runs, was checked using a 

Reichert Technologies Brix/RI-Check Refractometer (www.reichertai.com). The refractometer 

was calibrated daily using distilled fresh water. To maintain vacuum in the system, a Buchi type 

V-700 vacuum pump with a digital Buchi type V-850 vacuum controller was used.  Weight of the 

salt solution in the feed storage reservoir was monitored using a Sartorius CPA34000 weighing 

scale.  To cool the condensers in the system, coolant was delivered to condenser coils from a 

Huber Minichiller with digital control of coolant temperature. 

The various experimental variables are explained below - 

a) Desiccant type – Magnesium chloride (MgCl2) desiccant solutions were used.  

b) Desiccant concentration - The starting concentration feed varied from 25-42 wt% 

calcium chloride solution and 20-34 wt% magnesium chloride in the experiments. The 

actual concentration of desiccant solution by weight increased over time, as water 

vapor was removed during membrane distillation closed loop experiment.   

c) Variable temperature – The desiccant solution temperature was varied from 28-30 °C. A 

constant temperature within this range was maintained for the duration of individual 

experimental runs.  The vapor pressure of the solution, and therefore the flux of the 

water vapor out of the desiccant solution, varied as a result of the input temperature 

and the changing desiccant concentration as water vapor was extracted.  

d)  Number of hollow fibers – The number of hollow fibers included in the vacuum 

membrane distillation module varied from one to three. 

e) Type of hollow fibers – The type of hollow fibers evaluated in the vacuum membrane 

distillation module were PVDF hollow fibers fabricated in our laboratory and commercial 

PP hollow fibers supplied by Zena membranes (www.zena-membranes.cz).  

 

http://www.reichertai.com/
http://www.zena-membranes.cz/


308 

 
9.3.3.3 Experimental operations 

All MD experiments, both the VMD and DCMD types, were carried out utilizing the same 

experimental operations.  The experiments were carried out with temperatures recorded every 

10 min. Flux was calculated based on the change in wt% of salt in the desiccant solution over 

time.  Experimentally, the wt% of salt in the solution was determined at the beginning and end 

of experimental runs by measuring the refractive index of the solution.  The refractive index 

was then related to a wt% of salt in solution using the linear relationship between 

concentration and refractive index. Conductivity of condensed water was measured to know 

the quality of water. 

 

9.3.3.4 Experimental setup of direct contact membrane distillation unit 

Commercial PTFE laminated membrane filters from Sterlitech Corporation (www.sterlitech.com) 

with an average pore size of 0.22 µm and 0.45 µm were installed in a direct contact plate and 

frame membrane distillation unit.  The area of the installed membrane was 0.005 m2.  A 

polypropylene mesh spacer was installed on the feed and permeate sides of the membrane to 

increase turbulence and decrease temperature and concentration polarization. CaCl2 and MgCl2 

desiccant solutions of varying concentrations were heated in the feed tank using a heating coil 

with circulating heated oil received from a Thermo Scientific Phoenix II heater/chiller. The 

heated feed solution was pumped through the feed side of the DCMD.  Cool, fresh water was 

circulated on the permeate side of the membrane.  The fresh water was cooled in the permeate 

tank using a cooling coil receiving chilled water from a VWR model 1156D digital temperature 

http://www.sterlitech.com/
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controller and chiller. Identical Cole Parmer model no. 75211-35 digital gear pumps were used 

to control flow on both the feed and permeate sides of the module. The total weight of fresh 

water in the permeate tank was measured and logged during the experiment using a Mettler 

Toledo ML3002 weighing scale. The temperature of the desiccant and fresh water before and 

after the DCMD setup was measured and logged using an inline PT100 platinum resistance 

sensor (3mm diameter x 150mm length) attached to PT-104 screw terminal adapter (PP660) 

connected to a Pico Technology PT-104 PT100 data logger (www.picotech.com). The permeate 

conductivity was measured in the permeate tank using a WTW Cond 3310 conductivity meter 

to check for salt passage through the membrane. The DCMD setup is shown in Figure 9-3. 

 

 
 
Figure 9-3 DCMD experimental setup. 

The various experimental variables for the DCMD setup are explained below - 
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a) Desiccant type – Calcium chloride (CaCl2) and magnesium chloride (MgCl2) desiccant 

solutions were evaluated.  

b) Desiccant concentration - The starting concentration feed varied from 25-39 wt% CaCl2 

solution and 10-31 wt% MgCl2 in the experiments. The actual concentration of desiccant 

solution by weight increased over time, as water vapor was removed during membrane 

distillation.   

c) Variable temperature – The desiccant solution temperature was varied from 55-70 °C. 

The permeate solution temperature was varied from 20-31 °C.  A constant temperature 

within this range was maintained for the duration of individual experimental runs.  The 

vapor pressure of the solution, and therefore the flux of the water vapor out of the 

desiccant solution, varied as a result of the input temperature and the changing 

desiccant concentration as water vapor was extracted.  

d) Variable flow rate/velocity – Both the desiccant solution and the permeate solution flow 

rate/velocity were varied.  Desiccant solution flow rates were varied from 400-1960 

ml/min (0.05-0.26 m/s crossflow velocity) and permeate flow rates were varies from 

400-1000 ml/min (0.05-0.13 m/s crossflow velocity). A constant flow rate/velocity 

within these ranges was maintained for the duration of individual experimental runs. 

Higher velocities were expected to decrease concentration polarization as a result of 

increased turbulence and lower solution residence times. This in turn was expected to 

increase flux of the DCMD process.  

 

9.3.4 Results and discussion 

Fresh water recovery from the liquid desiccant was achieved using both vacuum membrane 

distillation (VMD) with hollow fiber membranes and direct contact membrane distillation 

(DCMD) with flat sheet membranes.  Results of both sets of experiments are discussed in the 

following sections. 

9.3.4.1 Vacuum membrane distillation 

PVDF hollow fibers were manufactured as per the method discussed in [44]. The structure of 

the PVDF hollow fibers fabricated in our lab was evaluated using SEM, as shown in  
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Figure 9-4.  The structure of the commercial PP hollow fibers is shown in  

Figure 9-5. 

 

PVDF Hollow fiber surface PVDF Hollow fiber surface 

  
 

Figure 9-4 SEM images of PVDF hollow fibers used in membrane distillation experiments 

 

PP Hollow Fiber Surface PP Hollow Fiber Surface 

  
 

Figure 9-5 SEM images of PP hollow fibers used in membrane distillation experiments 
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Table 9-1 shows the experimental parameters for the membrane distillation experiments. Note 

that the conductivity of the recovered fresh water (distillate) was very good for all experiments 

(<18 µS/cm), and is considered of suitable quality for use in irrigated agriculture of even very 

salt sensitive crops [199]. 

Table 9-1 Experimental parameters for hollow fiber vacuum membrane distillation tests 

Membrane Type PVDF PP 

Solution flow rate (mL/min) 15 6 

Solution input temperature (°C) 30 28 

Individual fiber length (mm) 395 400 

Number of fibers in module (n) 1 3 

Total fiber length (mm) 395 1200 

Fiber inside diameter (mm) 0.60 0.49 

Fiber outside diameter (mm) 0.87 0.59 

Total active surface area (m2) 0.00074 0.00185 

Liquid velocity (m/s) 0.88 0.18 

Absolute pressure air side (mbar) 3 3 

Conductivity of distillate (µS/cm) 2-18 4-12 

 

In the first set of experiments, the membrane distillation flux of PVDF hollow fibers 

manufactured in the lab was compared with the flux of commercially available PP hollow fibers.  

Results are shown in Figure 9-6. 
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Figure 9-6 Membrane distillation flux of MgCl2 desiccant solution as a function of membrane type and ERH 

 

The PVDF hollow fiber membranes gave a higher flux per m2 of membrane surface area than 

the PP hollow fibers over the range of ERH tested.  However, the PVDF membrane has a larger 

outer diameter (0.59 mm for PP vs. 0.87 mm for PVDF) and in a real system design, more PP 

hollow fibers can fit per unit of cross sectional system area than PVDF fibers.  Figure 9-7 reflects 

the flux from the hollow fibers normalized against the fiber cross sectional area. 
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Figure 9-7 Membrane distillation flux of MgCl2 desiccant solution taking into account the cross sectional area of the 
hollow fibers 

 

In this comparison, it can be noted that the flux from the PVDF is still higher than the PP hollow 

fibers over the ranges of desiccant ERH values tested.  Therefore, PVDF should be considered 

the better choice for scale up and pilot testing, assuming that a commercially available PVDF 

hollow fiber can be found providing similar performance to the fibers fabricated in the lab.  In 

addition, the price point of commercial PVDF fibers should compare favorably with the PP fibers 

in terms of flux provided per unit of cost. 

9.3.4.2 Direct contact membrane distillation 

Two types of desiccant solution were evaluated for fresh water recovery using DCMD. 

Experimental results are described in the following two sections, which are divided based upon 

the type of desiccant salt used: CaCl2 or MgCl2.  
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9.3.4.2.1 DCMD with CaCl2 Desiccant Solution 

Experiments using CaCl2 desiccant solution were run to evaluate the potential flux of the 

counter-current DCMD unit at different temperatures using a PTFE membrane with an average 

pore size of 0.22 µm.  Experimental parameters and results are shown in Table 9-2.  Figure 9-8 

shows the experimental results.  The increase in feed temperature clearly resulted in an 

increase in flux from the DCMD process.  However, both temperature set points were able to 

produce a CaCl2 solution of sufficient concentration for use in dehumidification.  The higher 

temperature process was capable of producing a desiccant solution with an ERH of ~43%, which 

is very good for use in dehumidification.  The lower temperature process produced solution 

with an ERH of ~58%, still sufficient for humidity capture in a closed greenhouse.  The higher 

temperature solution provided an increase in flux of ~2.5 kg m-2 hr-1 over the lower 

temperature solution at the same CaCl2 concentration. 
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Table 9-2 Results of direct contact flat sheet membrane distillation experiments, varying temperature 

Parameter 

Lower 
temperature 

solution 

Higher 
temperature 

solution Units 

Feed (Desiccant) T in 55.6 62.8 °C 

Feed (Desiccant) T out 54.2 61.1 °C 

Feed (Desiccant) T average 54.9 62.0 °C 

Permeate (Fresh Water) T in 25.2 22.5 °C 

Permeate (Fresh Water) T out 27.1 25.2 °C 

Permeate (Fresh Water) T 
average 

26.1 23.8 °C 

Average Temperature 
Difference 

28.8 38.2 °C 

Active membrane surface 
area 

0.005 0.005 m2 

Feed flow rate 1960 1960 mL/min 

Permeate flow rate 667 667 mL/min 

Final conductivity of 
permeate 

138.6 143 µS/cm 

Maximum concentration 
CaCl2 reached using DCMD 
process 

32% 39% %CaCl2 by wt 

Minimum ERH reached  for 
CaCl2 solution using DCMD 
process 

57.5% 42.6% ERH 

Average flux at 29% 
concentration CaCl2 

1.1 3.6 kg m-2 h-1) 
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Figure 9-8 Direct contact membrane distillation flux of CaCl2 desiccant solution at two temperature profiles with: a) 

flux vs. measured solution concentration, b) flux vs. equilibrium relative humidity, c) flux vs. average 
29% solution concentration and d) permeance (taking into account the vapor pressure difference) vs. 
average 29% solution concentration 

 

Additional experiments were conducted at the higher temperatures.  However, flux noticeably 
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should fall on the same flux vs. concentration trend line.  The difference in trend lines between 

these experimental runs represents the decrease in flux due to fouling of the membrane 

surface. 

In connection with membrane fouling, noticeable color changes were observed in the liquid 

desiccant solution and at the membrane surface (Figure 9-10).  The color changed to match that 

of a typical rust color (reddish brown), suggesting corrosion of metal components within the 

system.  Calcium chloride solution is known to be corrosive to certain types of metal, including 

some types of stainless steel. The laboratory setup included metals in the fittings and the 

heating coil of the feed container, therefore, it is likely that corrosion byproducts were formed 

and later deposited on the surface of the membrane.  To test this assumption, a sample was 

collected of the fouling deposit and analyzed using Inductively Coupled Plasma (ICP) to 

determine its inorganic chemical makeup.  Iron was found in this sample, matching with the 

assumption that corrosion may be contributing the development of a fouling layer at the 

membrane surface. 

Table 9-3 Results of direct contact flat sheet membrane distillation experiments, same temperature 

Parameter 
Before 
fouling 

After 
fouling Units 

Maximum concentration CaCl2 reached 
using DCMD process 39% 28.5% 

%CaCl2 
by wt 

Average flux at 27% concentration CaCl2 4.3 1.6 kg m-2 h-1 
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Figure 9-9 Direct contact membrane distillation flux of CaCl2 desiccant solution with feed temperature at 62°C and 

permeate temperature at 24°C before and after fouling with: a) flux vs. measured solution 
concentration, b) flux vs. average 27% solution concentration and c) permeance vs. average 27% 
solution concentration 
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Figure 9-10 Reddish-brown deposits on feed side of membrane post-experiments 

 

9.3.4.2.2 DCMD with MgCl2 Desiccant Solution 

Initial experiments were run using MgCl2 solution distilled across a PTFE membrane with an 

average pore size of 0.45 µm at three membrane cross flow velocities: 0.05, 0.11, and 0.13 m s-1 

(400, 800, and 1000 mL min-1 in the experimental setup).  Increases in the crossflow velocity are 

expected to lead to increased flux rates due to reduced concentration polarization and 

increased turbulence. [204] For these experiments, the permeate and feed velocities were kept 

equal to one another, thus the liquid crossflow velocities were equal on both sides of the 

membrane.  Figure 9-11 shows the results of these experiments.  As expected, the increased 

crossflow velocity led to a higher flux through the membrane.  The permeate quality achieved 

from these experiments was very good, with measured conductivity values less than 10 µS/cm. 
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Figure 9-11 Increased crossflow velocity led to increased flux.  Experimental conditions: feed temp 60°C, permeate 
temp 20°C.  Average MgCl2 solution concentration 12 wt%.  

  

Following these experiments, the crossflow velocities were kept constant at 0.13 m s-1 for the 

remaining experimental runs.  The next set of tests focused on the changes in flux expected at 

summer (70°C feed input, 30°C permeate input) and winter (60°C feed input, 20°C permeate 

input) conditions in Thuwal, Saudi Arabia. The feed temperatures represent expected 

temperatures output from a heat exchanger connected to a solar thermal heating unit, while 

the permeate temperatures represent the expected average cool point that can be achieved by 

a heat exchanger connected to a seawater-based cooling tower. Figure 9-12 shows the results 

of these runs.  While the temperature difference between the feed and permeate is 40°C for 

both sets of data,thefluxishigherforthe“summer”conditionsduetoalargervaporpressure

difference between the feed and permeate.  The quality of permeate collected from both 

DCMD conditions was very high, with measured conductivity values less than 20 µS/cm. 
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Figure 9-12 DCMD flux from two temperature profiles for MgCl2 solution a) dynamic flux vs. solution concentration, 

b) dynamic flux vs. solution ERH, c) average flux at 16% MgCl2 solution, and d) permeance at 16% MgCl2 
solution 
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experimental runs, it was noticed that flux was decreasing and a fouling layer could be seen on 

the membrane surface.  Therefore, the unit was disassembled and rinsed with distilled water to 

remove visible foulants. Again, a sample was taken of the foulant and analyzed in the 

laboratory via ICP, and again iron was detected in the fouling layer. Figure 9-13 demonstrates 

how the flux was restored after the rinse.  Figure 9-14 shows photos of the fouling on the PTFE 

membrane before and after rinsing. 
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Figure 9-13 DCMD flux in fouled state and after rinse. Feed temperature 70°C, permeate temperature 20°C.  a) 

Flux vs. recorded concentration, b) flux vs. feed solution ERH c) average flux at 29% average MgCl2 
solution concentration and d) permeance e at 29% average MgCl2 solution concentration 
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Figure 9-14 PTFE membrane and spacer a) fouled and b) after rinse with DI water 

 

9.3.5 Conclusion – Outlook 

Laboratory-scale MD systems were constructed for evaluation of liquid desiccant regeneration 

and fresh water recovery.  Specifically, the following results were obtained: 

9.3.5.1 Vacuum Membrane Distillation 

Both CaCl2 and MgCl2 desiccant solutions were successfully desalinated to produce fresh water.  

PVDF membranes provided a higher membrane distillation flux (2.8-7.0 kg m-2 hr-1) than PP 

membranes (1.0-1.6 kg m-2 hr-1).   
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9.3.5.2 Direct Contact Membrane Distillation 

Both CaCl2 and MgCl2 desiccant solutions were successfully desalinated to produce fresh water 

using DCMD.  In addition, the desiccant solution was regenerated for use in dehumidification.  

PTFE flat sheet membranes showed fouling due to corrosion byproducts when utilizing both 

CaCl2 and MgCl2 desiccant solutions.  The flux in the DCMD experiments utilizing CaCl2 solution 

varied from 0 to 5 kg m-2 h-1 depending upon the difference in vapor pressure between the feed 

and permeate and upon the fouling status of the membrane.  Flux in DCMD experiments 

utilizing 60°C MgCl2 desiccant at 12 wt%  and permeate at 20°C saw flux increase from 6.5-15.2 

kg m-2 h-1 as crossflow velocities were increased from 0.05 to 0.13 m s-1. Higher fluxes were 

obtained when operating DCMD at simulated summer conditions as compared with winter 

conditions for Thuwal, Saudi Arabia.  A fresh water rinse was successful in removing a fouling 

layer and restoring flux from 2.0 to 3.5 kg m-2 h-1 at a feed temperature 70°C, a permeate 

temperature of 20°C, and a MgCl2 concentration of 29 wt%. 

9.3.5.3 Integration into a Full Scale CEAS and Future Work 

Results show promise for developing a pilot-scale CEAS where water recovered from liquid 

desiccant solutions can be applied for the irrigation of crops.  If applied in closed, recycling-air 

CEAS, the work shows potential for greatly reducing the water footprint of CEA. 

If commercially available, it is recommended that PVDF hollow fiber membranes with 

characteristics similar to those fabricated in the lab be procured and installed within a vacuum 

membrane distillation system utilizing MgCl2 desiccant solution for development and testing at 

the pilot scale.  If similar PVDF hollow fibers are not available, a system may be pursued using 
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the PP hollow fibers tested in this study. This type of system is recommended over the others 

for the following reasons:  

1. The VMD process provided a higher quality of permeate and did not have any 

membrane fouling concerns.  In contrast, the DCMD process produced a lower quality 

permeate and had significant concerns associated with membrane fouling.  However, it 

is expected that the fouling concerns associated with the DCMD process could be 

remedied by better control over the system components (e.g. remove all metals).  

2. Although the VMD system will require a vacuum pump, it is capable of yielding the same 

amount of target fresh water output with less preheating required.  The DCMD system 

would require more preheating of the desiccant in the absence of a vacuum.  If solar 

collectors are used to provide this heat input, this will require a certain amount of 

additional land footprint.  For urban applications, a smaller land area footprint is 

especially advantageous, as the available land area is often restricted or comes with a 

high price tag.  For rural systems, the land area availability may be less of a concern, 

however, the capital cost of the solar thermal collector systems vs. the running cost of 

electricity for vacuum pumps will play into the decision for system selection.    
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Chapter 10 

10 Conclusions and Recommendations 

The goal of the research was to contribute to the advancement of CEA dehumidification and a 

reduced water footprint for crops produced.  Much research work was completed that can 

indeed contribute to these goals.  A liquid desiccant dehumidifier was tested and evaluated 

using a membrane contactor hollow fiber system.  Fresh water production/recovery potential 

from liquid desiccant regeneration was evaluated using membrane distillation.  Finally, a bench-

scale CEAS was tested for integration of the dehumidification and fresh water recovery systems.  

The following sections discuss revising the hypotheses, conclusions from the research work, and 

suggestions for future research.   

10.1 Revising Hypotheses 

The central hypotheses for this Ph.D. dissertation are revised as follows: 

10.1.1 Hypothesis #1: The majority of fresh water used in CEA today is “lost” via 

evapotranspiration. 

The freshwater that is applied in CEA goes somewhere.  It was hypothesized that the majority 

of fresh water used in CEA is“lost”to evapotranspiration in either the cooling phase or the crop 

production phase.  To evaluate this hypothesis, the amount of expected evapotranspiration in a 

commercial scale greenhouse was evaluated via evapotranspiration models.  Knowledge of 

expected evapotranspiration quantities allowed calculation of humidity levels required as 

outputs from the cooling system.   In addition, questions such as: how much water must the 
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dehumidification system remove, how much water does the regenerator need to recover, and 

what is the ideal minimum water usage of a greenhouse (with water recovery) were addressed. 

This hypothesis and associated questions are primarily addressed in Chapter 5, in the published 

paper entitled “Liquid desiccant dehumidification and regeneration process to meet cooling 

andfreshwaterneedsofdesertgreenhouses.”[44] 

Specific questions as addressed included the following, with answers obtained from the 

doctoral research: 

1) How much fresh water is transpired by greenhouse plants under expected conditions? 

a. Based upon the expected conditions in Thuwal, Saudi Arabia on the design day of 

August 15-16, 2014, it is expected that a greenhouse tomato crop will transpire 

between 2 to 8.3 mm of water.  This amounts to between 720 and 2,970 liters of 

water per day from a 9 m x 40 m greenhouse.  The actual amount transpired will 

vary depending upon the stage of the crop and the indoor conditions.   

2) If incorporated, how much water is expected to be evaporated by the adiabatic cooler 

(evaporative cooler) to cool the greenhouse?  

a. Based upon the same design day, ~3,100 liters per day of water is expected to be 

evaporated by an evaporative cooler.  The actual amount evaporated will vary 

depending upon incoming air conditions, the type and design of evaporative 

media used, and the hours per day of evaporative cooling applied.   

3) What humidity level does the dehumidifier need to achieve for proper cooling?   

a. The humidity level required at the outlet of the dehumidifier depends upon the 

crop being grown, the efficiency of a following evaporative cooler (if applied), 

and the CEA design, among other things.  In the design for a cooling system as 

applied in a 9 m x 40 m greenhouse in Thuwal, Saudi Arabia, on August 15-16, 

the required relative humidity level from the outlet of the dehumidifier was 52% 

at temperatures of 30.8 to 32.5 °C.  

4) How much water and heat must the desiccant dehumidifier remove from the air? 

a. To achieve proper cooling in the same design, the desiccant dehumidifier must 

remove 278 to 2,560 MJ/h of energy and 126 to 839 kg/h of water (humidity) if 

100% outdoor air is input.  If 100% recycled air from the greenhouse outlet is 
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input into the dehumidifier, then 6.2 to 790 MJ/h of energy and 48 to 295 kg/h 

of water must be removed. 

5) How much water must be recovered by the desiccant regenerator if it is to supply all 

necessary greenhouse fresh water needs? 

a. The desiccant regenerator must at a minimum recover an amount of water equal 

to the amount transpired by plants grown indoors (see question #1). If fresh 

water is used in an evaporative cooling step, then the total amount of water 

recovered must include expected evaporative cooling water needs (see question 

#2).  In addition, a minor amount of water should be recovered/supplied for 

maintenance such as washing of produce and cleaning of equipment. 

6) What is the ideal minimum fresh water usage of a greenhouse assuming water recovery 

from the liquid desiccant? 

a. The ideal minimum fresh water usage of a greenhouse or CEA system is that 

water which is consumed and cannot be recovered.  In this case, the expected 

minimum fresh water consumption is the amount of water retained within the 

harvested plant that is transported offsite for consumption. In the case of 1 kg of 

tomatoes harvested, for example, the ideal minimum water consumption is 1-2 

kg to account for the water stored within the tomato fruit, leaves, stem, etc. 

10.1.2 Hypothesis #2:  A hollow-fiber membrane based liquid desiccant dehumidifier can 

dehumidify air to required levels while preventing carry-over and loss of desiccant 

salts. 

Pad-based direct-contact and membrane based non-contact liquid desiccant systems have been 

built and tested in other studies [31, 32, 82, 91, 92].  We hypothesized that using novel 

membrane materials in hollow fibers would allow greater dehumidification potential with a 

smaller footprint and with less desiccant salt carryover/loss than other systems.  To evaluate 

this hypothesis, the flux of humidity through the membrane interface, dehumidification 

performance per unit volume of dehumidifier, and loss of dehumidification potential over time 

(salt loss) was evaluated for a hollow-fiber membrane based dehumidifier.  
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Hypothesis #2 and associated questions are primarily addressed in Chapter 6, which includes a 

paper published in the Journal of Membrane Science entitled “Triple-bore hollow fiber 

membranecontactorforliquiddesiccantbasedairdehumidification.”[80]  The hypothesis and 

associated questions are also addressed in Chapter 8, which includes a manuscript entitled 

“Membrane-based Humidity Capture and Fresh Water Recovery in a Bench Scale Controlled 

EnvironmentAgricultureSystem.” 

Specific questions addressed included: 

1) What is the performance of the membrane dehumidifier? 

a. The dehumidification flux obtained during experimental trials in the bench-scale 

CEAS was around 0.25-0.31 g m-2 h -1 Pa-1.  

2) What are the operating parameters that should be taken into account when using a 

hollow fiber membrane dehumidifier, and what are the optimum set points for these 

parameters for scale up? 

a. A number of operating parameters should be taken into account, including: 

i. desiccant flow rate – experimental results from the bench-scale system 

indicated that a higher desiccant flow rate provided a higher flux.  

However, the increase in flux was not significantly different for the three 

flow rates tested (0.023, 0.047, and 0.081 m/s).   More pressure drop 

through the hollow fiber lumens is expected at higher velocities due to 

friction losses, thus requiring more pumping energy input. 

ii. length of the hollow fibers – the vapor flux rate showed no obvious 

relationship to the length of the hollow fiber within the range of lengths 

from 150 to 660 mm, although a higher pressure at the inlet of the 

hollow fiber was required to maintain the flow rate as the fiber length 

increased.  However, the pressure loss per unit length decreased with 

increasing fiber length.  

iii. air flow rate past the membranes – the use of a fan to mix the air at the 

surface of the hollow fiber increased vapor flux by approximately 4 times 

higher than when the air was stagnant.  
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iv. the type of desiccant selected – the type of desiccant selected will 

influence corrosion potential, the salt crystallization point, and 

concentration required to achieve the desired ERH, among other physical 

properties.  MgCl2 was considered better than CaCl2 for use in the bench-

scale CEA system because it caused less significantly less corrosion in the 

laboratory setup during the experimental trials. 

v. the temperature of the desiccant – a cool desiccant will have a lower 

vapor pressure and thus a higher driving force for dehumidification 

3) Based on expected performance and system variables, are the evaluated 

dehumidification systems appropriate for real world use in CEA? 

a. Yes, the systems are appropriate for real world use in CEA from an application 

perspective.  The results from the bench-scale system (Chapter 8) are especially 

relevant and encouraging.  However, it is unknown if the systems are 

appropriate from the perspective of cost.  To evaluate this, both pilot and 

commercial scale dehumidification systems will need to be built and tested, both 

from an efficacy and from an economic perspective. 

 

10.1.3 Hypothesis #3: Fresh water production to meet greenhouse fresh water needs can be 

realized from regeneration of liquid desiccant solutions through the use of membrane 

distillation.  

Use of membrane distillation was proposed to allow the recovery of fresh water from weak 

(used) liquid desiccant solutions and with a primary energy input sourced from solar thermal 

resources.  It was theorized that dehumidification of greenhouse air and recovery of fresh 

water to meet greenhouse irrigation needs from the liquid desiccant process could be done 

with a low from-grid energy footprint. To test this hypothesis, the yield of a membrane 

distillation process for liquid desiccant desalination was evaluated. In addition, the quality of 

produced water was evaluated regarding its suitability for use in irrigation.  

Hypothesis #3 and associated questions are addressed in Chapter 5, 7, 8 and 9.  
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Specific questions to be addressed included: 

1) What is the performance of a membrane distillation unit used for regeneration of liquid 

desiccants?   

a. A vacuum membrane distillation unit utilizing PVDF fibers yielded a flux of ~8 kg 

m-2 h-1 with a feed solution temperature of 50°C when vacuum was applied to 

reach an absolute pressure of 25 mbar on the air side of the membrane when 

magnesium chloride solution with and ERH of 50% (~30 wt%.). 

b. A vacuum membrane distillation unit utilizing PVDF fibers yielded a flux of ~5 kg 

m-2 hr-1 with a feed solution temperature of 30°C when vacuum was applied to 

reach an absolute pressure of 3 mbar on the air side of the membrane when 

using magnesium chloride solution with an ERH of 60%. 

c. A vacuum membrane distillation unit utilizing PP membranes yielded a flux of ~1 

kg m-2 hr-1 with a feed solution temperature of 30°C when vacuum was applied 

to reach an absolute pressure of 3 mbar on the air side of the membrane when 

using magnesium chloride solution with an ERH of 60%. 

d. A direct contact membrane distillation unit utilizing PTFE flat sheet membranes 

yielded a flux of ~6 kg m-2 h-1 with a feed solution temperature of 70°C and a 

permeate temperature of 20°C when using magnesium chloride solution with an 

ERH of 60%.  The flux was further affected over time by the fouling status of the 

membrane. 

2) What are the operating parameters that should be taken into account when using a MD 

unit for liquid desiccant regeneration, and what are the optimum set points for these 

parameters for scale up? 

a. When using a vacuum membrane distillation system, the parameters that should 

be considered are: 

i. Vacuum set point:  a higher amount of vacuum (lower absolute pressure) 

yielded both a higher flux rate and a higher quality of fresh water 

recovered. 

ii. Membrane type: PVDF and PP membranes were tested, with PVDF 

yielding better flux.  However, the PP membranes utilized in the 

experimental trials are commercially available, whereas the PVDF 

membranes were manufactured in the lab.  Therefore, for scale up it may 

be easier to utilize the PP membranes. 

iii. Desiccant type: MgCl2 and CaCl2 were successfully desalinated to produce 

fresh water.  The type of desiccant chosen will depend upon local 

availability and cost.  However, MgCl2 was considered more favorable 
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during experimental trials because it was less corrosive in experimental 

setups than CaCl2. 

iv. Desiccant temperature: In general, flux increased approximately 

threefold for each 10 °C increase over the temperature range tested (40-

60 °C).  The optimum set point is therefore the highest temperature that 

is reasonably possible based upon the heat source and the materials of 

construction used in the MD module. 

v. Solution velocity through the hollow fibers: at the velocities tested (0.7-

1.1 m/s), the vapor flux did not increase significantly as the velocity 

increased, but the pressure drop did increase by ~25%.  Based upon these 

results, 0.7 m/s velocity or lower is recommended. 

b. When using a direct contact membrane distillation system, the parameters that 

should be considered are: 

i. Desiccant type:  Both CaCl2 and MgCl2 desiccant solution produced 

corrosion byproducts in the experimental setup that lead to membrane 

fouling.   

ii. Input temperature: a higher input temperature yielded higher flux.  

However, if solar thermal is the input, then this may require more solar 

collection area.  It is recommended that any full-scale DCMD system take 

into consideration the flux required as well as the area available for unit 

installation, as membranes can be stacked or placed vertically to create 

more surface area, while solar thermal collectors must be spread out 

horizontally. 

iii. Membrane crossflow velocity: increased crossflow velocities led to higher 

flux through the membrane.  Crossflow velocities for membranes during 

scale up are recommended to be at 0.13 m/s or above, pending the 

resulting pressure as measured in the scaled-up unit. 

iv. Permeate temperature: a lower permeate temperature increased the 

vapor pressure difference between the hot desiccant and the permeate, 

leading to higher flux rates.  However, if the permeate temperature is 

lowered below ambient, then energy or water must be consumed to cool 

the permeate.  Therefore, a full scale DCMD system should be designed 

with a preferred permeate temperature taking into account both the 

ambient temperature and the amount of energy or water to be 

consumed through any additional cooling.   

v. Desired level of equilibrium relative humidity of the desiccant solution:  a 

lower equilibrium relative humidity is more desirable for use in 
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dehumidification, however, the flux from a DCMD unit decreases as the 

ERH of the desiccant decreases.  Therefore, the DCMD system size will 

need to be increased to achieve a lower desiccant ERH with the same 

system freshwater output.  

3) Based on expected performance and system variables, are the evaluated MD systems 

appropriate for real world use in CEA? 

a. The evaluated MD systems are appropriate for real world use in CEA.  The 

vacuum membrane distillation system seems especially promising. To this end, it 

is recommended that a pilot-scale VMD system be designed and tested within a 

pilot-scale CEAS utilizing liquid desiccant for dehumidification and water 

recovery. 

 

10.1.4 Hypothesis #4:  An integrated system of liquid desiccant dehumidification with fresh 

water recovery from regeneration can be realized to meet water supply needs in CEA.  

Dehumidification and regeneration systems were tested stand-alone in the lab.  Results of 

these tests were then used to develop an integrated system at a bench-scale for further testing. 

Real crops were grown using artificial lighting in the lab in a bench-scale closed structure.  The 

performance of the dehumidification system, the MD-based desalination system, and the plants 

when irrigated with output from the MD system were evaluated.  Based on the results, 

conclusions were drawn regarding the applicability of the technology to meet CEA needs for 

dehumidification and water supply in larger setups.    

Hypothesis #4 and associated questions are addressed in Section 8.  Section 8 includes a 

manuscript entitled“Membrane-based Humidity Capture and Fresh Water Recovery in a Bench 

Scale ControlledEnvironmentAgricultureSystem.” 

Specific questions addressed included: 
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1) How does the dehumidification system interact with the plants?   

a. The dehumidification system interacted with the plants dynamically to respond 

to changes in plant transpiration.  The relative humidity in the indoor 

environment varied dynamically based upon the rate of evapotranspiration, 

dehumidification and air temperature. In general, relative humidity of the indoor 

environmentwashigherduring the“day” (lighton,highertemperatures,more

ET) vs. the “night” (light off, lower temperatures, less ET).  The rate of 

dehumidification varied dynamically based upon the vapor pressure difference 

between the air and the desiccant.  The vapor pressure difference between the 

desiccant and air is larger during the day, driving a higher humidity flux into the 

desiccant solution.  The peak indoor humidity experienced during a day or night 

phase was limited by the evapotranspiration from the crop, the membrane 

surface area, the temperatures of the air and desiccant, and the concentration of 

the desiccant solution. 

2) Are humidity levels controlled adequately by the system? 

a. Yes. The humidity levels were maintained below saturation (100%) at all times.  

The relative humidity in the indoor environment could be modified by controlling 

the strength and temperature of the desiccant solution. 

3) How do the dehumidifier and MD unit perform when applied ina“real”CEAsystem? 

a. ET rates tended to be higher than the dehumidification rates during day phases 

at lower indoor humidity levels.  ET rates during day phases tended towards a 

dynamic equilibrium with dehumidification rates as humidity in the indoor 

environment increased. ET rates tended to nearly equal or drop below 

dehumidification rates during night phases.  These results are expected as a low 

humidity and a high solar irradiation drive a higher ET.  When humidity levels 

increase and/or solar irradiation decreases, the ET rate decreases.  From the 

desiccant side, dehumidification rates decrease with a low relative humidity and 

increase with a high relative humidity.  When the vapor pressure difference is 

taken into account, the dehumidification permeance achieved was around 0.25 g 

m-2 h-1 Pa-1, which was similar to the permeance obtained during the controlled 

humidity trials before integration into a CEA system. 

4) How do the plants respond to receiving irrigation water from the MD desalination 

system? 

a. The plants responded positively to receiving irrigation water from the MD 

desalination system.  No differences were noted between the plants when 

irrigated with tap water vs. output from the MD system.  Plants were 
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successfully cultivated, harvested and used for human consumption from the 

bench-scale hydroponics setup. 

5) What lessons can be learned from the integrated bench-scale system for application at a 

pilot and commercial scale? 

a. The extent to which the RH is elevated above the level of the ERH of the 

desiccant is determined by the transpiration rate of the plants and the level of 

contact between air and the desiccant.  The level of contact is an important 

factor to keep in mind when designing a humidity control system for a dynamic 

system such as growing crops indoors. If a humidity level for the indoor air closer 

to the ERH of the desiccant is desired, then a larger membrane surface area must 

also be applied per plant area, such that the mass flow rate in g/h of 

dehumidification nearly equals expected mass flow rate in g/h from plant 

transpiration at the desired temperature and humidity of the indoor 

environment. 

6) Whatistherealpotentialforcreatinganear“closedloop”waterandaircyclewithina

CEAS using a liquid desiccant based system? 

a. Results show promise for developing a pilot-scale CEAS where transpired 

humidity is captured and reused in crop production using liquid desiccant based 

systems.  The combined work shows potential for greatly reducing the water 

footprint of CEA and also for reducing the heating energy footprint of CEA in cold 

climates.  If a liquid desiccant water cycling system is combined with a recycling 

hydroponics or aquaponics system, it is theorized that the production water 

footprint of crops could be reduced to only the water that is actually retained 

within the plant and fruit.  In this case, the average production water footprint 

for a crop like tomatoes could be reduced from 171 L/kg [153] to ~1-2 L/kg of 

harvested fruit, providing a production water footprint reduction of ~99%. In 

addition, the system shows potential for use in extreme environments where a 

completely closed system is required, such as those that would be experienced 

very hot or cold environments or in outer space. 

10.2 Outcomes from Research 

A specific set of conclusions is included at the end of each research section (Sections 3-9) in this 

doctoral thesis.  The author directs the reader to these sections for specific conclusions drawn 
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from individual research trials. The following is a list of desired outcomes as identified in the 

introduction to this work, along with the results obtained. 

1) A reduced water footprint or closed-loop self-watering greenhouse. 

a. Result:  Both a reduced water footprint (aquaponics system inside of a 

greenhouse cooled by evaporation of seawater, ~90% water savings) and a 

closed-loop self-watering greenhouse (hydroponics system inside of a bench-

scale artificially-lighted CEA system, ~99% water savings) were realized during 

the course of this work. 

2) Advanced membrane materials to enable precisely engineered separation of gas and 

liquid phases and optimum control of mass transfer between them. 

a. Result: PVDF hollow fiber membranes manufactured in the lab were successfully 

used for dehumidification and vacuum membrane distillation with liquid 

desiccants.  The PVDF hollow fibers out performed commercial PP hollow fibers 

in vacuum membrane distillation in terms of flux.  

3) Demonstration of potential for successful implementation of a liquid desiccant based 

dehumidification and fresh water production cycle in complex CEA settings, including in 

ALA, vertical agriculture, and urban agriculture. 

a. Results:  the bench scale CEAS demonstrated the potential for successful 

implementation of a liquid desiccant based dehumidification and fresh water 

production cycle.  These results are applicable in complex CEA settings, including 

vertical agriculture, urban agriculture, and ALA in food-insecure world locations. 

4) Pairing of this technology with similar resource-saving technologies for a complete 

growing system that is appropriate for greenhouse agriculture: including aquaponics, 

hydroponics, and artificial lighting. 

a. Results:  The liquid desiccant water cycle was successfully paired with a 

hydroponics system and artificial lighting at the bench scale.  Aquaponics was 

successfully used to cultivate commercial-quality horticulture crops in 

combination with a pozzolan-media-based evaporative cooling system. 

10.3  Suggestions for Future Research 

Although the work conducted as part of this doctoral dissertation will contribute to advancing 

the potential for liquid desiccant technology to be applied within CEA for saving water and 

energy in food production, a great amount of work is still to be done.  As other scientists have 
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stated in relation to other work, "this research only scratches the surface, but it seems to be a 

very itchy one."  [205]  The following is a list of suggestions for next steps and future research 

based upon research gaps identified. 

1. Evaluate dehumidification flux at different air flow rates past the membrane surface at 

the bench-scale.  To this end, an experimental setup has already been manufactured 

and set up for testing in the KAUST WDRC labs.  However, no experimental trails have 

taken place at the time of writing of this Doctoral Thesis work.   

2. Build and test a pilot-scale CEA system utilizing the liquid desiccant cycle for 

dehumidification and water cycling.  As part of this, the following systems are 

recommended to be built and tested: 

a. Pilot-scale vacuum membrane distillation unit. 

b. Pilot-scale membrane dehumidification unit. 

c. Logic-based control system for sending desiccant to/from various system 

components, controlling flow rate, temperature, etc. 

d. Solar thermal and/or waste heat collection. 

e. Geothermal, sea, night-time radiative, or cooling-tower connected cooling 

source for heat removal from the LDD.  To this end, a pilot-scale DCLDD has 

already been built for testing at KAUST in combination with a PEC that will supply 

cool water for heat removal.  However, no experimental trails have taken place 

at the time of writing of this Doctoral Thesis work. 

f. Non-metal heat exchangers.  It was shown during laboratory testing that 

corrosion can greatly inhibit and even lead to the failure of membrane 

distillation systems.  Therefore, it is imperative that no metal components be 

utilized in the design of a full scale LDD and/or MD unit. A non-metal heat 

exchanger is recommended.  To this end, conductive plastic tubes have been 

procured for implementation in a pilot-scale LDD for heat exchange.  These 

tubes are on-hand in the WDRC lab at KAUST, and are cut to fit within the 

existing DCLDD that has been built at KAUST.  However, no experimental trials 

have taken place at the time of writing of this work.    

3. Evaluate alternative types of fresh water recovery/regeneration of liquid desiccants, 

including solar-photovoltaic connected electro dialysis. 

4. Further evaluate the potential for heating via latent heat recovery/dehumidification by 

using liquid desiccants for CEA in cool climate. 
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5. Investigate alternative growing systems for pairing with the liquid desiccant system in 

CEA.  Of specific interest is an aquaponics system that is capable of yielding high value 

and high quality fish and vegetables utilizing brackish water.  To this end, a research 

proposal has already been developed for an experimental aquaponics setup at KAUST 

utilizing shrimp and salt-tolerant tomato varieties. 

It is the hope of the author that this work will continue to expand, and that more food will be 

produced with less water and energy inputs such that global human consumption needs can 

continue to be met in spite of a changing climate and a growing population.    As such, any 

future research designed with this goal in mind is both suggested and whole-heartedly 

encouraged. 

10.4 Papers, Presentations, and Conference Proceedings from PhD Work 

The following is a list of papers, presentation, and/or conference proceedings that have been 

completed or are intended for publication or presentation in connection with work completed 

during the course of the PhD.   

1. R.Lefers.“ALiquidDesiccant Cycle for Dehumidification and Fresh Water Supply in 
ControlledEnvironmentAgriculture.” PhD Dissertation, 2017.  

2. R.Lefers,NMSBettahalli,N.Fedoroff,S.P.Nunes,andT.Leiknes.“Vacuum membrane 
distillation of liquid desiccants utilizing pvdf hollow fiber membranes.”Paperstatus:in 
revision to address reviewer comments. 

3. R.Lefers,NMSBetthalli,N.Fedoroff,PADavies,S.Nunes,andT.Leiknes.“Membrane-

based Humidity Capture and Fresh Water Recovery Using Liquid Desiccants in a Bench-

Scale Controlled Environment Agriculture System.”  Paper status: Ready for Journal 

Submission 

4. “Puzzolan rock bricks for salt water powered evaporative cooling in controlled

environmentagriculture.”PaperStatus:in preparation. 

5.  “Bench-scale Experimental Evaluation of Liquid Desiccant Membrane Distillation 

Methods.”PaperStatus:in preparation. 

6. R.Lefers,A.Alam,andT.Leiknes.“UrbanAgriculture,ThroughtheLensofFood
Security.”PresentationatKAUST Fall Enrichment Program, October 19, 2016, Thuwal, 
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Saudi Arabia.   

7. R.Lefers,NMSBettahalli,N.Fedoroff,S.Nunes,andT.Leiknes.“Membranesystemsfor
recoveryandreuseofplanttranspirationwateringreenhouses.”Presentationat
International Membrane Science and Technology Conference, December 5-8, 2016, 
Adelaide Australia. 

8. R.Lefers,S.Masharawi,M.Reddy,N.Fedoroff,andT.Leiknes.“Seawater-based Sea 
Purslane Fodder Production and Integrated Seawater Cooling of Greenhouses with 
Aquaponics.”Presentationat:1st International Seawater Energy and Agriculture Systems 
Forum, Masdar Institute, November 102, 2016, Abu Dhabi, UAE.   

9. R.Lefers,J.Lefers,D.Jahangir,A.Alam.“OpportunitiesinSustainableAgriculture.”
Presentation at TiE Lahore Chapter, June 4, 2016, Lahore University of Management 
Science (LUMS), Lahore Pakistan. 

10. N.M.S.Bettahalli,R.Lefers,N.Fedoroff,T.Leiknes,andS.P.Nunes.“Triple-bore hollow 
fibermembranecontactorforliquiddesiccantbaseddehumidification.”Journal of 
Membrane Science, Volume 514, pp. 135-142, (2016). 

11. R.Lefers,N.M.S.Bettahalli,P.Davies,N.Fedoroff,S.P.Nunes,andT.Leiknes.“Liquid
Desiccant Dehumidification and Regeneration Process to Meet Cooling and Fresh Water 
NeedsofDesertGreenhouses.”Desalination and Water Treatment, pp 1-13, (2016). 

12. R.Lefers,A.Alam,andT.Leiknes.“AlternativeWaterSourcesforProfitableand
SustainableAquaponicsintheKSA.”Presentationat:Forum on Aquaculture Investment 
Opportunities in Saudi Arabia.  27-28 January 2016, Yanbu, Saudi Arabia. 

13. R. Lefers, N.Spackman,M.Harb,N.AlJassim,M.Awlia,andJ.Lefers.“Freshwateror
freshideas:themovetowardsustainablepracticesinworldfoodandagriculture.”
Short-course taught at KAUST Winter Enrichment Program, January 2016. 

14. R. Lefers, R. Maliva,andT.Missimer.“Seekingaconsensus:watermanagement
principlesfromthemonotheisticscriptures.”Journal of Water Policy, IWA Publishing, 
2015. p984-1002. doi: 10.2166/wp.2015.165
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