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Résumé 

Dans cette th¯se, le proc®d® de dessalement dôeau de mer en ayant recours ¨ la m®thode de 

distillation ¨ base de membranes (DM) a ®t® d®velopp®. Concernant lôapproche utilis®e, une 

technologie innovatrice pr®sentant lôavantage dô°tre respectueux de l'environnement et économe 

en énergie, appelée méthode de distillation pour membranes à demande thermique nulle 

(DMDTN) a ®t® propos®e. Cette approche utilise lô®nergie thermique disponible dans lôeau de 

mer, garantissant un procédé de dessalement autonome, ne n®cessitant pas une source dô®nergie 

thermique externe, qui sôav¯re °tre lôune des sources majeures de consommation ®nerg®tique et 

de dépense en coût de revient lors du procédé conventionnel DM. 

Des études de faisabilité économique ont été entreprises concernant le processus DMDTN. Ces 

derni¯res, ont montr® que lôeau potable pouvait °tre produite ¨ un prix de revient de 0.28 $/m3, 

correspondant à la moitié du prix de dessalement classique. En ce qui concerne la membrane, 

une nouvelle membrane a été développée en faisant usage de nanomatériaux incorporés dans le 

fluorure de polyvinylidène (FPVD). A cet effet, diffèrent nanomatériaux comprenant, le SiO2 

super hydrophobe, lôamine modifi®e hydrophile SiO2, lôoxyde de cuivre CuO et le CaCO3 ont été 

utilisés. En outre, il a également été démontré que la structure de la membrane et par 

conséquence ses performances pouvaient être affectées par les propriétés des nanoparticules, la 

concentration, la présence de matériau de support, le rapport de mélange FPVD, et le temps de 

pénétration. Dans ce travail, la plus performante des membranes développées (à savoir la 

membrane  ¨ distillation dans le vide (MDV)) permet  dôobtenir un accroissement de 2500% du 

rendement par rapport à celui de la membrane FPVD pure pour les conditions de température 

dôalimentation et de pression suivantes : 27.5 °C, pour une pression de 1.2 kPa, quand  un  poids 
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de 7.0 wt.% de nanoparticules hydrophiles SiO2 est ajout® ¨ lôint®rieur de la membrane contenant 

le FPVD protégée par des fibres non tissés mixtes de polyester. La membrane en question 

possède une sélectivité presque parfaite. 
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Abstract 

In this PhD thesis, seawater desalination by Membrane Distillation (MD) has been explored from 

the perspective of process and membrane. Regarding the process, an innovative, energy efficient, 

and environmentally friendly Zero Thermal Input Membrane Distillation (ZTIMD) process was 

proposed. ZTIMD uses thermal energy stored in seawater, which makes the process sustainable 

by being independent of the external sources of thermal energy, which is one of the major 

contributors to the cost and energy consumption of conventional MD desalination processes. 

Economic feasibility study was carried out for the ZTIMD process, and it was demonstrated that 

drinking water could be produced with a cost of $0.28/m3, which is approximately half of the 

cost of conventional desalination processes. Regarding the membrane, novel MD membranes 

were developed through incorporation of nanomaterials in polyvinylidene fluoride (PVDF). 

Different nanomaterials including superhydrophobic SiO2, amine modified hydrophilic SiO2, 

CuO, and CaCO3 were used for this purpose.  It was shown that membrane structure and 

consequently its performance could be affected by the nanoparticle properties, concentration, 

presence of backing material, PVDF blend ratio, and penetration time. In a best membrane 

developed in this work, almost 2500% increase was observed in the Vacuum Membrane 

Distillation (VMD) flux over that of the neat PVDF membrane at a feed temperature of 27.5 °C 

and vacuum pressure of 1.2 kPa, when 7.0 wt.% hydrophilic SiO2 nanoparticles were added into 

a PVDF membrane supported with Non-Woven Fabric (NWF) polyester. The membrane 

possessed near perfect selectivity.  
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comments before the manuscript was accepted by Separation and Purification Technology. 

Christopher Q. Lan provided supervision, guidance in research, and manuscript revision. Takeshi 

Matsuura contributed to manuscript revision. Dipak Rana provided experimental guidance and 

helped with manuscript correction. In particular, Dipak Rana suggested the use of EDS to detect 

potential leaching of nanoparticles from membranes into permeate.  

Chapter 7, Effects of polymer ratio and film-penetration time on the properties and 

performance of nanocomposite PVDF membranes in membrane distillation 

Mohammadali Baghbanzadeh provided the idea of investigating the effects of polymer ratio 

and film-penetration time on the properties and performance of the PVDF membranes. He did 

most of the lab works except for those performed by Nadine Hirceaga, which are described 

briefly later in this section. Mohammadali measured viscosity of the dope solutions, fabricated 

most of the membranes, characterized all of them by measuring pore size, porosity and thickness, 

analyzing morphology, surface hydrophobicity, and roughness. He performed most of the 

membrane performance tests including flux, selectivity, and LEPw measurements. Literature 

review and data analysis were thoroughly done by him. First draft of the manuscript was 

prepared by Mohammadali and he was responsible for the revision of the manuscript during the 

review process and based on the supervisorsô and reviewersô comments. He also drafted the 

point-to-point response to reviewersô comments and finalized it according to supervisorsô 

comments before the manuscript was accepted by Industrial & Engineering Chemistry Research. 

Nadine Hirceaga joined the research group as a MEng student to assist Mohammadali 

Baghbanzadeh in some experiments reported in this paper. She was trained and supervised by 

Mohammadali. From the works she did during her stay in the research group (Spring/Summer 

2015), some performance data such as flux, selectivity, and LEPw results for a specific 

membrane (H:L = 2:8, t = 3 min, SiO2 concentration: 7.0 wt.%) were included in this manuscript 
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after been verified by Mohammadali Baghbanzadeh experimentally. Her efforts were 

appreciated by putting her name as a co-author.  

Christopher Q. Lan and Takeshi Matsuura contributed to concept development, guidance in 

research, structuring, and revision of the manuscript. Dipak Rana helped with manuscript 

correction. 

Appendix A, Effects of superhydrophobic SiO2 nanoparticles on the performance of PVDF 

flat sheet membranes for vacuum membrane distillation 

The idea of using superhydrophobic silica nanoparticles in PVDF membrane was provided by 

Mohammadali Baghbanzadeh. To assist Mohammadali for accomplishment of this paper, 

Johnson E. Efome was hired as a MASc student. Mohammadali Baghbanzadeh trained 

Johnson during the early stages of membrane characterization and performance tests. 

Mohammadali was involved in some of the characterization tests for the neat PVDF membrane, 

and regularly participated in discussion of concepts, trouble shooting, and revision of the 

manuscript.     

Johnson E. Efome performed most of the experimental works including membrane development, 

characterization (morphology, pore size, porosity, thickness, hydrophobicity, and roughness), 

and MD performance tests (flux, selectivity, and liquid entry pressure of water (LEPw)), except 

some characterizations for neat PVDF membrane. He thoroughly did the literature review, 

analyzed data, and wrote the first draft, revised the manuscript according to the supervisorsô, 

Mohammadali Baghbanzadehôs and reviewersô comments. Johnson E. Efome was responsible 

for drafting a point-to-point response to reviewersô comments before the manuscript was 

accepted by Desalination. 

Christopher Q. Lan and Takeshi Matsuura provided supervision, guidance, and revision of the 

manuscript. Dipak Rana helped with correction and submission of the manuscript.  

It should be pointed out that some of the results involving the use of specialized instruments such 

as SEM and EDS were carried out by technicians/scientists in charge of these facilities in 

Carleton University. 
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1-1- Introduction  

Water scarcity, due to population and industrial growth, urbanization and intensified drought 

conditions, has become a serious threat in different areas of the world. It is predicted that over 

1.8 billion people would be exposed to absolute water scarcity while two third of the world 

population would be living under water-stress conditions by 2025 [1]. Fig. 1-1 shows water 

scarcity map throughout the world. 

 

Fig. 1-1 Water scarcity map around the world [2] 

While roughly 70% of the earth is covered by water, only 2.5% of the water is usable as 

freshwater [3]. Different approaches could be used to recover fresh water from the available 

sources including water catchment, wastewater reclamation and reuse, desalination, and water 

import. Among them, desalination has attracted much attention over the past few decades [4-11]. 

Different sources of raw waters can be used for desalination including seawater, brackish water, 

river water, and wastewater. Taking into consideration the large amounts of salted water stored 

in the oceans and seas, seawater desalination is potentially considered a sustainable solution for 

compensating the water shortage in countries with coastal areas. 

A variety of different methods have been developed for desalination and membrane-based 

processes and thermal distillation technologies are number one and number two top contributors 

to the global market, respectively [8]. While  membrane-based technologies such as Reverse 
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Osmosis (RO) are much more energy-efficient [12,13], thermal distillation processes are capable 

of maintaining their relative popularity in oil-rich regions such as the Middle East [1].  

Currently, the water production from RO is economically more affordable than the other 

processes such as Membrane Distillation (MD). However, MD has demonstrated unique 

advantages that make it potentially competitive with the other desalination technologies, 

especially RO [8,13]. These advantages include 1) MD requires no transmembrane pressure 

while RO demands a large transmembrane pressure in the range of 44-82 bar depending on salt 

concentration [14]; 2) MD is able to work well at large water recovery ratio, while the operating 

pressure of RO would be extremely high if the water recovery ratio is too high (e.g., 60% or 

above); 3) MD is less subjected to fouling and scaling than RO; 4) while intense pre-treatment is 

necessary for RO, MD requires only simple pre-treatment such as cartridge filtration; 5) RO is 

electrically an energy intensive process where almost 40% of the overall costs are spent for 

electrical energy consumption [15] whereas MD requires very limited electricity consumption.  

In spite of its favorable characteristics, MD has not yet been industrialized mainly due to two 

serious obstacles. First, huge thermal energy consumption required for water evaporation and 

second, low performance of MD membranes, especially at relatively low temperature, both of 

which control the overall costs of MD [16]. Therefore, any improvements in MD that would 

reduce its energy consumption and/or better the membrane performance would be of relevance in 

pushing MD towards being a commercially viable desalination technology. 

1-2- Project Objectives 

The objectives of this thesis are twofold:  

¶ Verify the economic feasibility of a novel seawater desalination strategy, i.e., Zero 

Thermal Input Membrane Distillation (ZTIMD), for cost-effective, energy-saving, and 

waste-free seawater desalination at large scale. To achieve this goal, water production 

costs under different conditions were estimated using process simulation;  

¶ Develop MD membranes with large fluxes at operation temperatures suitable for the 

proposed ZTIMD process. 

To achieve the objectives, this work is divided into two segments: 1) ZTIMD simulation and 

feasibility study based on the data available in the literature and a few justified assumptions, 2) 
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experimental development of MD membranes incorporated with hydrophobic and hydrophilic 

nanoparticles.  

For the ZTIMD simulation, fresh water production cost is chosen as the objective function and 

different case scenarios were made to study the effects of different parameters such as the 

complexity of the pre-treatment, operating conditions, and membrane characteristics on the 

economic feasibility of the proposed process.  

1-2-1- Zero Thermal Input Membrane Distilla tion (ZTIMD)  

ZTIMD proposes to extract the enthalpy of surface seawater for MD and use the cold bottom 

seawater as the heat sink (i.e., the coolant). Since the achievable temperature difference across 

the membrane will not be similar to that of the typical MDs, i.e. 40-60 °C, in the absence of 

external heating source, the proposed ZTIMD process would work at very low recovery ratios, 

less than 5%. Therefore, large amounts of raw seawater should be processed at industrial level, 

which might affect the costs associated with feed pumping, pre-treatment, etc. Furthermore, 

acquiring the coolant from the bottom sea would require a long underwater piping and additional 

electrical energy consumption to overcome the frictional pressure loss caused by pumping of 

seawater through the pipeline. Thus, the economic feasibility of the process needs to be 

investigated. For the simulation, two different case scenarios were made, where the pre-treatment 

can be estimated at different levels of complexity, i.e. that of the RO process which is intense 

and a more realistic pre-treatment for the ZTIMD process only by cartridge filtration. For each 

case, the major contributors to the production cost were determined, and their effect on the 

economic viability of the process was evaluated.   

1-2-2- Nanocomposite MD Membranes 

As discussed earlier, MD membranes play a major role in determining the overall cost in an MD 

desalination process. Many efforts have been devoted to improve the MD membranes 

performance via surface modification [17-19] and the use of polymeric additives [20,21]. 

However, the fabrication of nanocomposite membranes, which have already demonstrated great 

potential in the other applications, for MD has been out of the researchersô radar, and only a few 

works were reported in the literature applying carbon nanotubes [22] and modified hydrophobic 

CaCO3 nanoparticles [23,24] to generate mixed matrix MD membranes. Considering the lack of 
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information on the use of nanomaterial incorporated membranes for MD, despite many 

promising results published for Ultrafiltration (UF) [25-27], Microfiltration (MF) [28-30], 

Nanofiltration (NF) [31-33], RO [34-36], and Forward Osmosis (FO) [37-39], it is the aim of this 

work to investigate the effects of nanomaterials on the properties, structure, and performance of 

the MD membranes. 

Nanomaterials could be divided into two categories: 1) hydrophobic and 2) hydrophilic 

nanomaterials. The nano-additives of different hydrophobicity will definitely influence the 

membrane properties and structure, and consequently performance, in different fashion. 

Therefore, in this study, experimental works were designed in such a way to make it possible 

studying the effects of hydrophobicity of the nanomaterials on the membrane structure, 

characteristics, and performance, separately. To this end, different hydrophilic nanoparticles 

including CuO, CaCO3, and SiO2 as well as superhydrophobic SiO2 nanoparticles were chosen as 

the nano-fillers to be embedded in a polyvinylidene fluoride (PVDF) matrix. Membrane 

morphology, membrane properties such as pore size, thickness, porosity, surface roughness, 

contact angle, and Liquid Entry Pressure of water (LEPw), and membrane performance in terms 

of Vacuum Membrane Distillation (VMD) flux and selectivity were studied in the presence of 

the nano-fillers. It was tried to recognize the strength and weakness of the resulted membranes in 

each step and remove the flaws in the next step.  

The membrane flux was evaluated at a low temperature of the feed stream, i.e. 27.5 °C. It was 

attempted to develop nanocomposite MD membranes whose fluxes, even when operated at such 

a low temperature, are equal to or more than those of the high temperature MD membranes, 

which are usually operated at temperatures as high as 60-80 °C.  

1-3- Novelty of the Thesis 

In this thesis, the concept of ZTIMD is proposed and developed for the first time with the 

purpose of the extraction of the solar energy stored in surface seawater to provide the MD 

process with the required thermal energy for evaporation that would make the process 

independent from external sources of thermal energy. In addition, economic feasibility of the 

process is also investigated through simulation and using literature data with a few verified and 

realistic assumptions.  
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Furthermore, this is the first time that hydrophilic nanoparticles are used to improve the 

structure, properties, and performance of the MD membranes. 

1-4- Structure of the Thesis 

A comprehensive literature review on the MD is provided in Chapter 2, while the evaluation of 

economic feasibility of the proposed ZTIMD process based on simulation results are given in 

Chapter 3. 

For the experimental work, superhydrophobic SiO2 nanoparticles as well as three different kinds 

of hydrophilic nanomaterials including CuO, CaCO3, and amine modified SiO2 were 

incorporated in PVDF membranes, and the resulted nanocomposite membranes were subjected to 

VMD performance tests. A comprehensive literature review on the effects of the nanomaterials 

on the properties and performance of the membrane-based processes for water treatment is given 

in Chapter 4, while the experimental results are presented in Chapters 5 to 7 plus Appendix A.  

In chapter 5, two different hydrophilic nanoparticles, CuO and CaCO3, and in Chapter 6, amine 

modified hydrophilic SiO2 nanomaterials were embedded into PVDF membrane. The 

nanocomposite membranes at different loadings of the nano-additives were subjected to VMD 

test for determining the water flux and membrane selectivity. The membranes were further 

characterized by SEM to explore the effects of the nano-fillers concentration on their structure 

and properties for the purpose of interpretation of the results. It should be noted that the effect of 

non-woven fabric (NWF) backing material on the membrane properties and performance was 

also investigated in Chapter 6.   

In Chapter 7, the best membrane obtained by the incorporation of the nanomaterials in Chapters 

5, 6, and Appendix A was used as the base for further optimization by varying the ratio of the 

high and low molecular weight PVDF as the host polymer and also the penetration time, a 

critical parameter in preparation of supported membranes. To this end, different penetration 

times, defined as the period between the completion of membrane casting and the immersion in 

the coagulation bath, were tested, and the most appropriate penetration time that led to a better 

performance by considering the flux, selectivity, and LEPw together was recommended. 

Chapter 8 summarizes the results of this work, which proposed a disruptive ZTIMD desalination 

strategy that promises a cost-effective, energy-efficient, waste-free, and therefore truly more 

sustainable solution to the world freshwater demand, demonstrated its economic feasibility, and 
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developed novel MD membranes that may technically enable such a strategy. A few 

recommendations are also presented in terms of further studies that may help ready this 

technology for commercialization.   

Finally, it should be mentioned that this thesis includes an Appendix A, which its results have 

been used for the final conclusions. In Appendix A, a study was performed to investigate the 

effects of the superhydrophobic SiO2 nanomaterial on the structure, properties, and performance 

of the PVDF membranes.  The concentration of the nano-fillers in the matrix of the polymeric 

membrane were changed to find the optimum loading, where the nanocomposite membranes 

demonstrated the best VMD performance in terms of flux. The morphology of nanocomposite 

membranes was investigated by SEM images, and characterized by measuring the surface pore 

size, porosity, thickness, surface roughness, contact angle, and LEPw. 
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Abstract 

Membrane Distillation (MD) is a thermal-driven membrane-based separation process with great 

potential in applications such as desalination, wastewater treatment, and separation of volatile 

components from liquid mixtures. Since the formation of the MD concept in the 1960s, extensive 

studies have been devoted to both the understanding of the fundamental principles and 

improving the economic competitiveness of MD. This chapter strives to provide a 

comprehensive coverage of both the fundamentals and recent developments in association with 

the application, process design, and membrane fabrication in this field.  

Keywords: Separation; Distillation membrane; Membrane characteristic; Transport phenomena; 

2-1- Introduction  

Membrane Distillation (MD), introduced in the late 1960s [1], is considered as a low cost and 

energy saving alternative to conventional separation processes such as distillation and Reverse 

Osmosis (RO). MD is a membrane-based thermal-driven separation process that uses vapor 

pressure difference across the membrane as the driving force for mass transfer. The major 

obstacle hindering the commercial application of MD include the unavailability of appropriate 

MD membranes with required characteristics at reasonable costs [2] and the huge process 

thermal energy demand that result in a process which is not economically appealing in 

comparison with the conventional separation processes such as RO [3].  Extensive efforts have 

been focused on the development of novel MD membrane based upon a better understanding of 

mass and heat transfer principles of MD [4] with significant advances in many different fronts.  

In an MD process, liquid molecules are evaporated at the liquid-vapor interface and only vapor 
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molecules are permitted to pass through the porous and hydrophobic medium. Finally, 

concentrated solution would be collected on the permeate side. The following are considered 

characteristic of the MD process [5]: 

1. A porous membrane is needed. 

2. The membrane should not be wetted by process liquid. 

3. Capillary condensation should not take place inside the membrane pores. 

4. Liquid is not permitted to pass through the membrane and only vapor should be 

transported across the membrane. 

5. The membrane must be neutral to the vapor equilibrium of the different components in 

the process liquid. 

6. At least one side of the membrane should be in direct contact with the process liquid. 

7. For each component in the process liquid, the membrane operation driving force is a 

partial pressure gradient in the vapor phase across the membrane. 

In a MD process, the feed does not need to be heated up to the boiling temperature of the volatile 

component. Therefore, the process will work at low operating temperatures compared to 

conventional processes. In addition, the operating pressure in an MD arrangement is much less 

than that of pressure-driven membrane processes such as RO, Microfiltration (MF), 

Ultrafiltration (UF), and Nanofiltration (NF), resulting in a separation process consuming less 

electric power, requiring materials of less mechanical strength, and being less sensitive to 

membrane fouling compared to the pressure-driven processes. Furthermore, MD permeate can 

theoretically approach a selectivity of 100%, which is similar to conventional thermal distillation 

processes and much more superior to pressure-driven membrane based processes. Table 2-1 

compares the advantages and disadvantages of MD and RO for desalination. 
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Table 2-1 Comparison between MD and RO for desalination 

 Advantages 
Disadvantages 

RO 

1)Established commercial processes; 

2) Good membrane durability; 

3) Near zero thermal energy consumption; 

4) Compact systems with small footprint.  

1) High operating pressure; 

2) Need for mechanically strong systems; 

3) Lower product quality compared to that of MD; 

4) Limited water recovery; 

5) Environmental liabilities due to rejection of large 

volumes of concentrated brines; 

5)  Membrane fouling a significant concern; 

6) Rigid pre-treatment of feed required. 

MD 

1) No transmembrane pressure required; 

2) Small power consumption;  

3) Less tendency to fouling;  

4) Use of low-grade energy; 

5) Close to 100% salt rejection leading to 

high quality water products; 

6) Working well with concentrated brines 

1) High operating temperature in comparison with 

RO; 

2) Consuming large quantities of thermal energy; 

3) Membrane durability a hindrance; 

4) Relatively small flux in comparison to RO; 

5) Economically uncompetitive as stand-alone 

desalination process at present. 

 

2-2- Applications of Membrane Distillation Technology 

Membrane distillation has the potential of being used in water desalination, solution degassing, 

treatment of industrial effluents, purification of pharmaceuticals, processing of foods and 

removal of organic compounds, heavy metals from aqueous solutions [6-10] and radioactive 

wastes [11] and concentrating diluted non-volatile acids such as sulfuric acid and phosphoric 

acid [12].  

MD could also be employed for recovery of volatile compounds from aqueous solutions. By 

applying a hydrophobic membrane, components more volatile than water would be transported 

through the membrane pores and consequently the other side would be enriched by those 

components. Such a process has the potential to be used for integrated systems. For instance, in a 

membrane bioreactor, by continuous removal of ethanol from broth during fermentation, MD 

could enhance the process yield [13].  
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Another example of MD application is HCl recovery from industrial effluents [14]. For instance, 

HCl might be used as the pickling liquor for removing surface oxides before electroplating and  

spent pickling liquors should be refined from the harmful heavy metals. While neutralization 

methods are traditionally used, MD process can be employed for acid recovery. In this process, 

water vapor and gaseous acid are transferred through the membrane pores to the permeate side. 

Vapor is condensed and gaseous acid is then dissolved [15].  

The MD process could potentially be used for water treatment in place of RO provided to having 

high performance MD membranes which are comparable to the conventional RO membranes in 

terms of permeability and durability. Furthermore, a novel MD process which demands much 

less thermal energy input compared to the conventional MD processes needs to be developed. 

The main disadvantages of RO technology in water treatment are huge electrical energy 

consumption, limited water recovery and environmental liabilities in association with the 

rejection of large volumes of concentrated brines [16]. Furthermore, osmotic pressure increases 

significantly with the increase of the brine concentration and therefore, operation pressure and 

electrical energy consumption would increase dramatically with the increase of water recovery. 

In addition, fouling and scaling are important challenges in RO. 

2-3- Different Kinds of Membrane Distillation Configuration  

There are several configurations of MD systems, which are different based on the structure of the 

permeate side.  

2-3-1- Direct Contact Membrane Distillation (DCMD)  

Direct contact membrane distillation is the simplest MD configuration. The membrane is in 

direct contact with the liquid phase and has the ability of producing a high flux. Hot feed is in 

direct contact with the hot side of the membrane surface and vapor molecules pass through the 

membrane toward the permeate side and condensation takes place inside the module. The 

application of this configuration is in desalination and concentration of aqueous solutions 

[17,18]. Because of its simple structure and high flux, DCMD was exposed to a large amount of 

laboratory researches. The main disadvantage of this configuration is its low energy efficiency 

[4] and that is a great obstacle in its commercialization. As a result of a higher heat transfer 
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coefficient on the permeate side, DCMD has the highest heat conduction loss among the other 

configurations that will decrease its thermal efficiency [19,20]. Fig. 2-1 shows a schematic 

picture of DCMD concept. 
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Fig. 2-1 Direct Contact Membrane Distillation (DCMD) [4] 

2-3-2- Air Gap Membrane Distillation (AGMD)  

In an air gap membrane distillation arrangement, there is a layer of air between the membrane 

and condensation surface. Hot side is similar to that of DCMD, but as well as the membrane, 

vapor molecules pass through the stagnant air to reach the cold surface inside the module. This 

configuration has a high energy efficiency with a relatively low flux. AGMD can be particularly 

used where the available energy is small [21]. Due to its greater mass transfer and thermal 

resistances, air gap controls the heat and mass transfer. The air gap is usually thicker than the 

membrane and its thermal conductivity is smaller, thus more heat energy in this configuration 

will be used to evaporate water in comparison with DCMD. Latent heat of vapor can be 

recovered by the condenser, if a low temperature feed as the cooling stream is used to condense 

vapor. Because of a low temperature difference across the membrane, this configuration has a 

low flux and larger surface area is required [18,21,22]. Fig. 2-2 shows a schematic of AGMD 

concept. 
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Fig. 2-2 Air Gap Membrane Distillation (AGMD) [4] 

2-3-2-1- Memstill and Aquastill  

Memstill (Fig. 2-3-a,b) is a novel configuration based on the energy-efficient AGMD idea. 

Desalination takes place in a counter current flow configuration. Cold feed solution flows 

through a condenser with non-permeable walls which results in an increment in its temperature. 

Then it is heated up using a source of energy and enters an evaporator that its walls consists of a 

microporous hydrophobic membranes. The condenser and membrane could be either tubular or 

flat sheet. It has been reported that depending on the cost of thermal energy provided, using 

Memstill for desalination would reduce the product cost to 0.26-0.50 $/m3 of water produced 

[20]. The low cost is due to the cheaper plant materials for the module compared to high pressure 

RO. Furthermore, there is the possibility of using low grade sources of heat such as waste heat to 

provide thermal energy for desalination. Memstill has the lowest thermal energy required among 

the other configurations (56-100 kWh/m3) which would result in the highest Gain Output Ratio 

(GOR) that has been ever reported (11.2) [4]. Feed temperature should be within 80-90 °C and 

electrical energy required is almost 0.75 kWh/m3 [23].   
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Fig. 2-3-(a), (b) Memstill configuration [4,24] 

2-3-3- Permeate Gap Membrane Distillation (PGMD) 

PGMD is a configuration between AGMD and DCMD. The air gap is inherently open to 

atmospheric air at ambient pressure. By closing the bottom distillate outlet and allowing the 

permeate to fill up the air gap, the permeate will be discharged from the top and such a 

configuration is called PGMD. In fact, stagnant air in AGMD is replaced by stagnant liquid in 

PGMD. An important advantage of this configuration compared to DCMD is the separation of 

permeate channel from the cooling stream. It results in the use of other fluids for cooling 

purpose. For instance, cold feed solution could be employed as the coolant and it would be 

preheated before entering the hot side. Actually, it provides the possibility of internal heat 

recovery. There is a thin foil between the permeate gap and coolant in this configuration that 

adds an extra thermal resistance to the system and reduces the effective temperature difference 

across the membrane. PGMD arrangement has higher permeate flux in contrast to AGMD [25] 

due to a faster condensation that takes place when vapor is directly mixed with colder liquid, and 

also a faster heat loss rate towards the polymeric film (foil) that is in contact with the coolant 

stream. Furthermore, at low feed temperatures, PGMD has lower specific thermal energy 

consumption compared to AGMD. A schematic of PGMD is given in Fig. 2-4.    
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Fig. 2-4 Permeate Gap Membrane Distillation (PGMD) 

2-3-4- Sweep Gas Membrane Distillation (SGMD) 

In SGMD, there is an inert gas (stripping gas) instead of the stagnant air in AGMD to carry the 

vapor that leaves the membrane. Vapor is condensed in an external condenser. Unlike AGMD, 

the gas barrier for reducing heat loss is not stationary which results in an enhancement in the 

mass transfer coefficient. This configuration is used to remove volatiles from an aqueous 

solution [26,27]. Due to the greater driving force originating from the reduced vapor pressure on 

the permeate side, SGMD has higher mass transfer in comparison with AGMD and lower heat 

loss across the membrane than DCMD, but employing an external condenser and blower would 

increase its capital and operating costs. Fig. 2-5 presents a schematic of SGMD concept.    
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Fig. 2-5 Sweep Gap Membrane Distillation (SGMD) [4] 

2-3-5- Vacuum Membrane Distillation (VMD)  

In this configuration, the permeate side is vapor under reduced pressure, and it could be 

condensed in separate equipment such as an external condenser. In this arrangement, pressure is 

maintained below the equilibrium vapor pressure to improve mass transfer. VMD is beneficial 

for removing volatiles from an aqueous solution [28,29]. VMD is characterized by first: 

vaporization of the more volatile components at the liquid-vapor interface and second: diffusion 

of the vapor through the membrane pores according to a Knudsen mechanism. To maintain a 

vapor pressure difference across the membrane, the vapor permeate should be removed 

continuously from the vacuum chamber. By considering the fact that vapor pressure on the cold 

side can be reduced to near zero, VMD could provide the highest driving force at the same feed 

temperature compared to the other MD configurations. VMD is a suitable approach for reducing 

heat loss and reaching higher vapor flow rates. It should be mentioned that the possibility of 

liquid penetration into the membrane pores in this configuration is higher than the other 

arrangements and a membrane with a smaller mean pore size should be applied [6]. A schematic 

of VMD configuration is shown in Fig. 2-6.    
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Fig. 2-6 Vacuum Membrane Distillation (VMD) [4] 

2-3-5-1- Vacuum Gap Membrane Distillation (VGMD) 

VGMD (Fig. 2-7) is a type of AGMD configuration in which a slight vacuum pressure is applied 

on the permeate side. In other words, VGMD is an arrangement between AGMD and VMD. It is 

different from VMD in a way that product water is condensed inside the module at the highest 

possible temperature. To create the vacuum pressure, an air ejector or a vacuum pump could be 

used [25]. By using a slight vacuum, electrical energy consumption would be significantly 

decreased compared to the conventional VMD process which works at a very high vacuum 

pressure, moreover, there would not be a need for a continuous evacuation in VGMD. Therefore, 

and to prevent vacuum loss due to the existence of non-condensable gases in feed solution, it is 

necessary to remove them first. To this end, degassing could be proposed as the preliminary step 

before the VGMD process. To degas the feed solution, hollow fiber membranes are typically 

employed under a vacuum pressure [30,31]. Higher the vacuum pressure means a greater level of 

degassing and consequently, a better VGMD performance. The performance of VGMD is greatly 

dependent on the vacuum pressure which is used on the permeate side. Higher vacuum would 

result in a better performance, however, it would result in more energy consumption and less 

effective internal heat recovery [25]. At a very small vacuum of 0.9 bar, VGMD demonstrated to 

have a performance between PGMD and AGMD in terms of permeate flux and specific thermal 
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energy consumption [25]. It is predicted that the VGMD function could be enhanced by 

increasing the vacuum pressure.       
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Fig. 2-7 Vacuum Gap Membrane Distillation (VGMD) 

2-3-5-2- Memsys 

Memsys (Fig. 2-8) is a novel configuration of VGMD that has employed an internal heat 

recycling concept to reduce the thermal energy consumption. It is known as Vacuum Multi -

Effect Membrane Distillation (VMEMD) which combines the advantages of multi effect and 

vacuum concepts to make a multistage setup integrated into a compact plate and frame module. 

This configuration has been successfully commercialized [32]. A Memsys module consists of a 

steam raiser, multiple stages and a condenser. Each stage has several membrane and foil frames. 

Temperature difference between steam raiser and condenser provides a driving force for the 

entire process. Foils are made from metal coated Polypropylene (PP) and act as the condensation 

plates. Membranes are made from Polytetrafluoroethylene (PTFE) and serve as vapor channels. 

Feed solution flows in the space between foils and membrane frames. A vacuum pump is 

employed to generate vacuum pressure throughout the module, however, vacuum pressure varies 

from 0.1 to 0.3 bar in different stages [32]. Thermal energy consumption of Memsys process is 

within 175-350 kWh/m3 that corresponds to a GOR of 3.6. Its electrical energy requirement is in 
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the range from 0.75 to 1.75 kWh/m3, and feed solution temperature falls between 60 and100 °C, 

while the coolant temperature is less than 40 °C [4].    

 

Fig. 2-8 Memsys Configuration [4,33] 

2-3-5-3- Difference Between VMD and Pervaporation (PV) 

Both VMD and PV are membrane-based separation processes in which hot solution is in direct 

contact with membrane on upstream side, while a vacuum pressure is employed on downstream 

side of the membrane. Membrane plays a significant role in differences between these two types 

of processes. In VMD configuration, porous and hydrophobic membranes are applied which their 

function is like a support for vapor-liquid interface and they do not influence the separation 

performance, but in pervaporation, dense and selective membranes are employed and the 

separation process is affected by the solubility and diffusivity of the components in the 

membrane. In VMD, vapor molecules cross the pores of the membrane, but in PV, diffusion is 

the dominant mechanism and vapor molecules are diffused through the membrane. In other 

words, VMD uses porous membranes, while non-porous membranes are applied in PV. 

Therefore, VMD usually achieves higher flux than that of PV [34]. 

Table 2-2 summarizes the differences between various configurations of MD.  
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Table 2-2 Comparison between different MD configurations 

Configuration Applicable Module Advantages Disadvantages 

DCMD 

1) Plate and Frame 

 

 

1) Simple structure 

2) High flux 

3) A broad availability of research data 

1) Low energy efficiency due to conductive 

heat loss 

2) Coolant should be preferably the same as 

the permeate  

AGMD  

1) Plate and Frame 

 

 

1) Simple structure;  

2) Higher energy efficiency than DCMD 

3) Capable of latent heat recovery  

Smaller flux than DCMD due to smaller 

driving force at same feed/coolant temperature 

PGMD 
1) Plate and Frame 

2) Spiral Wound 

1) Simple structure; 

2) Larger driving force and hence flux than AGMD 

at same feed/coolant temperature 

3) Less conductive heat loss than DCMD 

4) Capable of latent heat recovery 

1)  Smaller driving force and hence flux than 

DCMD at same feed/coolant temperature 

2) Lower energy efficiency than AGMD due 

to conductive heat loss 

SGMD 
1) Plate and Frame 

2) Hollow Fiber 

1) Larger flux than AGMD due to turbulence on 

permeate side 

2) Smaller conductive heat loss than DCMD 

Need external condenser/air blower 

VMD  

1) Plate and Frame 

2) Hollow Fiber 

3) Spiral wound 

1) Greatest driving force among the MD 

configurations, because the pressure on permeate 

side could be reduced to almost zero 

2) High flux 

3) Absence of conductive heat loss 

1) Require membranes of large liquid entry 

pressure; 

2) Need external condenser/vacuum pump 

3) Challenge of maintaining vacuum at large 

scale 

4) Increase water pH due to CO2 removal 

VGMD  
1) Plate and Frame 

 

1) Larger flux than AGMD due to larger driving 

force 

2) Lower thermal energy consumption than AGMD 

3) No need of external condenser 

4) No need of continuous evacuation, less power 

consumption than VMD 

1) Need degassing of feed 

2) Maintenance of vacuum a challenge, 

especially at large scale 

3) Complex system demanding careful sealing 

 



 

25 
 

2-4- Distillation Membranes 

2-4-1- MD Modules 

There are four major membrane modules which are plate and frame, hollow fiber, tubular and 

spiral wound [6].  

2-4-1-1- Plate and Frame 

In this module, membrane and spacers are placed between two plates. It is suitable for flat sheet 

membranes and can be applied for DCMD, AGMD, SGMD, and VMD configurations. Spacers 

are used to increase turbulence and reduce temperature polarization for enhancing the flow 

dynamics. Packing density in this module is within 100-400 m2/m3 [35]. Its effective area for the 

same volume is relatively smaller than the other modules, and a membrane support is required, 

but multiple layers of flat sheet membranes could be used to increase the effective area. On the 

other hand, the simplicity of its construction, cleaning and replacing damaged membranes make 

the module appropriate for laboratory applications to test the influence of membrane properties 

and process variables on the membrane performance. Indeed, this type of module is most 

commonly used in laboratory experiments. Figs. 2-9-a and b show a schematic of plate and 

frame module and flat sheet membrane.    

 

Fig. 2-9 (a) Plate and frame module, (b) Supported flat sheet membrane [4] 
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2-4-1-2- Hollow Fiber 

In this module, thousands of hollow fibers are bundled and sealed into a housing. It is possible 

for the feed solution to flow inside or outside the fibers while the permeate product would be 

collected from the other side. According to the cooling fluid arrangement, presence of air gap, 

sweeping gas or negative pressure on the permeate side, DCMD, AGMD, SGMD or VMD 

configurations could be achieved. It has a very high packing density (about 3000 m2/m3) [36], 

and its energy consumption is very low which are two main advantages of this module, which 

further would result in the process being potentially applicable in industry. Although, its high 

tendency to fouling and difficulty to cleaning and replacing the broken hollow fibers are 

considered as the main disadvantages of this module. The broken hollow fibers could be detected 

by a liquid decay test [37-39]. Low efficient distribution of feed solution in the shell side may 

cause high degrees of temperature polarization. To reduce this effect in hollow fiber modules, 

cross flow patterns have been developed [40]. A schematic of hollow fiber module and hollow 

fiber membrane are given in Figs. 2-10-a and b.  

 

Fig. 2-10 (a) Hollow fiber module, (b) Hollow fiber membrane [4] 

2-4-1-3- Tubular  

In this module, there are two cylindrical chambers for hot and cold fluids and a tube shaped 

membrane is placed between the chambers. Its ease of cleaning, high effective area and low 

tendency to fouling make it a good option for commercial applications. However, having a high 

operating cost is considered to be a disadvantage of this module. Tubular modules could be used 

in DCMD, AGMD, and VMD configurations.     
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2-4-1-4- Spiral Wound  

In this module, flat sheet membranes and spacers are enveloped and rolled around a perforated 

central collection tube. Feed flows in an axial direction through the membrane surface, and the 

permeate product moves radially to the center where it is accumulated by the collection tube. In 

this module a feed spacer mesh is used to keep the membranes separated, therefore, feed water 

will flow between the sheets, and then a separate permeate carrier is obtained on the opposite 

side of the membrane sheets to carry the permeate to the perforated tube for the collection of the 

product. Generating turbulence, lowering the boundary layers thickness close to the membrane 

surface, and helping reduce scaling and fouling potentials are the main concerns that need to be 

taken into account in a feed spacer design. 

This module has average packing density, tendency to fouling, and energy consumption [6]. 

2-4-2- Applicable Membranes for MD 

Flat sheet (Fig. 2-10-b) and hollow fiber (Fig. 2-11-b) are the two most common types of 

membrane in different applications. As shown in Fig 2-10-b, a supported flat sheet membrane is 

made up of two layers. A thin active layer and a porous support layer. Support layer provides 

sufficient mechanical strength and enables the active layer to be constructed as thin as possible to 

reduce the mass transfer resistance. It should be pointed out that unsupported flat sheet 

membranes are also common in MD. PP, PTFE, and polyvinylidene fluoride (PVDF) are 

materials which are used for flat sheet membranes fabrication, while PP, PVDF and PVDF-PTFE 

composite are mainly used for preparing hollow fiber membranes. Hollow fiber membranes have 

larger specific surface area than flat sheet ones, but they typically have low flux due to their poor 

flow dynamics and high degree of temperature polarization [41,42]. However, high-flux hollow 

fiber membranes (as high as that of flat sheet membranes) have been recently developed, such as 

hollow fiber membranes with a sponge-like structure and thin walls, dual-layer hydrophilic-

hydrophobic fibers with a very thin effective hydrophobic PVDF layer (50 µm) [4].   

2-4-2-1- Nanocomposite Membranes 

Much attention has been paid to nanocomposite membranes in different membrane-based 

processes such as MF, UF, NF, RO, and FO [43-52]. However, using nanomaterials in 
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developing the MD membranes is considered to be a new concept and only a few studies have 

been reported in the literature in this direction. Carbon nanotubes [53], CaCO3 [16,54,55], CuO 

[16], and SiO2 [56,57] are the nanomaterials which were used for making the MD nanocomposite 

membranes. The use of hydrophobic nanomaterials was more often among those researches [54-

56]. Interestingly and in spite of the nature of the MD membranes which highly demands 

hydrophobic surfaces, Baghbanzadeh et al. demonstrated that hydrophilic nanoparticles such as 

CaCO3 [16], CuO [16], and SiO2 [57] have a great potential in enhancing the membrane 

performance by increasing the permeability through enlarging the surface pore size, porosity, and 

reducing the thickness of the sponge-like layer which is considered to be the major contributor to 

the mass transfer resistance across the membrane. They showed that hydrophilic silica 

nanoparticles could increase the thickness of the finger-like layer significantly, and since such a 

membrane might be mechanically fragile in long term MD operation, nanocomposite membrane 

could be stabilized by a non-woven polyester backing material for a longer durability [57]. A 

quite large VMD pure water flux of 12.7 kg/m2h was reported in their work when a feed 

temperature of 27.5 °C and an vacuum pressure of 1.2 kPa was used [57]. It is worth pointing out 

that the hydrophilic nanomaterials incorporated membranes demonstrated nearly perfect salt 

rejection in those studies [16,57].  

2-4-3- Membrane Characteristics in MD 

Hydrophobic microporous membranes are employed in MD processes. Generally, membranes in 

MD applications should have high thermal and chemical resistance at relatively high 

temperatures against basic and acidic solutions. In the following, the major characteristics of the 

membranes in an MD process are presented. 

2-4-3-1- Liquid Entry Pressure (Wetting Pressure) 

Liquid entry pressure (LEP) is the highest pressure that could be applied in MD without 

penetration of the liquid feed into the membrane pores. If the pressure exceeds this amount, 

liquid would enter the hydrophobic membrane. It depends upon maximum pore size and 

membrane hydrophobicity. Feed concentration would influence the LEP as well. For example, 

organic solutes usually reduce the LEP. Gostoli and Sarti [58] reported that by increasing the 

concentration of ethanol, LEP would linearly decrease. Generally, LEP is related to the nature of 
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organic matter, its concentration, and feed temperature [59]. Laplace equation (equation 2-1) can 

be used to determine LEP [60]. 

max

cos2

r

B
PPP l

pf

qg-
=-=D  (2-1) 

Pf and Pp are the hydraulic pressure on the feed and permeate side, respectively, B is a geometric 

pore coefficient (equal to 1 for cylindrical pore), ɔl is liquid surface tension, ɗ and rmax are 

contact angle (between the solution and membrane surface) and maximum pore size, 

respectively. For an aqueous solution of NaCl, surface tension depends on the salt concentration 

(cf) and can be calculated by equation 2-2 [61]. 

fwaterll c467.1, +=gg  (2-2) 

waterl ,g  is pure water surface tension and equals to 72 mN/m at 25 °C. Considering equation 2-1, a 

membrane with a high contact angle (equivalent to high hydrophobicity), small pore size, low 

surface energy (equivalent to high hydrophobicity), and high surface tension is greatly desired in 

MD for reaching an appropriate LEP of the feed solution. 

2-4-3-2- Membrane Thickness 

Permeate flux is inversely related to the membrane thickness. It means a thicker membrane 

results in a lower permeate flux. It is due to an increase in mass transfer resistance when the 

membrane becomes thicker, however heat loss would decrease in this case. According to Lagana 

et al. [62], the optimum membrane thickness is in the range from 30 to 60 ɛm. Among the MD 

configurations, membrane thickness has the smallest impact in AGMP, because mass transfer is 

controlled by stagnant air gap thickness in the arrangement.  

2-4-3-3- Porosity and Tortuosity 

Porosity (Ң) is defined as the ratio of the membrane pores volume to the total volume of the 

membrane. It varies between 30% and 85% in different membranes [63]. Higher porosity means 

higher thermal resistance (lower conductive heat loss) and permeability of the MD membranes 

due to a larger evaporation surface area, and results in an increment in the heat efficiency and 

flux. Although, mechanical strength decreases by increasing the porosity that brings about a 
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membrane with a high tendency to crack formation under mild pressures. The SmolderïFranken 

equation is used for calculating the porosity as follows [64]: 

pol

m

r

r
e -=1  (2-3) 

Where mr  and polr  are the densities of membrane and polymer material, respectively.  

Tortuosity is a parameter for determining the deviation of the pore structure from a cylindrical 

shape. Higher tortuosity means a more complicated transportation path and accordingly a smaller 

permeate flux. Macki-Meares suggested the following relationship between porosity and 

tortuosity [65]. 
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2-4-3-4- Mean Pore Size and Pore Size Distribution 

MD membranes usually have a pore size in the range from 0.1 to 1 ɛm [17,63]. Permeate flux 

increases with membrane pore size. Since pore size distribution in a membrane is not uniform, 

the mean pore size is usually used to characterize the membrane. The membrane pore size should 

be optimized in such a way that it provides an appropriate flux while not allowing the membrane 

to become wet. Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) can 

be used to determine surface morphology of an MD membrane [16,56,57,66-68]. These analyses 

are able to estimate the porosity, pore size, and pore size distribution of a membrane. SEM is 

used to study the top and bottom surface as well as the cross section of the membrane while the 

sample needs to be gold/carbon sputtered before analysis. However, AFM can be used without 

sample preparation at ambient pressure and temperature. To measure the maximum and mean 

pore size besides the pore size distribution, bubble point with gas permeation method can be 

employed. The procedure has been explored elsewhere [34].   

2-4-3-5- Thermal Conductivity  

MD demands the membranes with low thermal conductivity because sensible heat transfer 

increases with thermal conductivity which would further result in a reduction in the permeate 
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flux as a result of the reduced interface temperature gradient [4]. Thermal conductivity of a 

membrane (km) consists of two contributors, i.e. polymer and gas thermal conductivities (kpol and 

kg, respectively). Since the thermal conductivities of air and water vapor are close to each other, 

it could be assumed that gas inside the pores only consists of a single component, and its thermal 

conductivity at a temperature close to 40 °C could be calculated by equation 2-5 [21]. 

Tkg

3105.1 -³=  (2-5) 

 Finally, thermal conductivity of a MD membrane can be better estimated by a volume average 

of the polymer and gas resistances using equation 2-6 [69]. 
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Where kpol depends upon the temperature, degree of crystallinity, and the shape of the crystal. 

Thermal conductivities of most hydrophobic polymers are close to each other. Equation 2-7 has 

been suggested to calculate the thermal conductivity of PTFE [6]. 

253.01086.4 4 +³= -Tkpol  (2-7) 

2-4-3-6- Membrane Fabrication 

Among the materials used in membrane fabrication, PTFE has the highest hydrophobicity, good 

thermal and chemical stability, and oxidation resistance. But due to its relatively high thermal 

conductivity, it has fairly high heat loss due to conduction. However, PVDF and PP membranes 

also show appropriate hydrophobicity, thermal and chemical resistance and mechanical strength. 

New materials such as carbon nanotubes and fluorinated copolymers have been recently 

developed in membrane fabrication [4]. 

For membrane fabrication, different methods such as sintering, stretching, and phase inversion 

are mostly used.  
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Sintering is used to prepare PTFE membranes. Polymeric powder is pressed into a film or plate 

and sintered below the melting point. The membranes which are prepared by this method have a 

porosity within 10%-40% and their typical pore size is in the range from 0.2 to 20 ɛm [4]. 

PP and PTFE membranes could be manufactured by using a stretching process. In this method, 

polymeric layers are formed by extrusion from a polymeric powder at temperatures near the 

melting point that is combined with a rapid draw-down. The pore size of the membranes 

fabricated in this way is within 0.2-20 ɛm and their porosity is around 90% [4]. 

PVDF membranes could be made by applying phase the inversion method. In this process, a 

polymeric solution is prepared using an appropriate solvent and cast as a thin layer on non-

woven polyester, PP backing material or PP scrim backing supports to make a supported 

membrane or on a glass plate to generate an unsupported membrane. Afterwards, the cast 

membrane is immersed in a non-solvent medium such as water, and the solution is converted to 

two phases (a solid polymer rich phase and a liquid rich phase). The pore size of such a 

membrane is within 0.2-20 ɛm while its porosity is approximately 80% [4].  

2-5- Transport Phenomena in MD 

In an MD process, heat and mass transfers take place in the same direction from the hot to cold 

side. Feed solution temperature drops by convection mechanism through the feed side boundary 

layer from Tf to Tf,m at the membrane hot surface. Simultaneously, a part of liquid feed molecules 

are evaporated and transferred across the membrane to the cold permeate side. Along with the 

mass transfer through the membrane, heat is transported by conduction (sensible heat) and 

carried by the vapor molecules (latent heat) to the other side. In the cold side, depending on the 

MD configuration which is used, temperature decreases across the permeate boundary layer from 

Tp,m at the membrane cold surface to a bulk temperature of Tp at the cold plate or stream. 

Therefore, the driving force for the transport phenomena is the vapor pressure difference 

between Tf,m and Tp,m.   

2-5-1- Mass Transfer in MD 

Mass transfer in MD includes three steps. First of all, liquid feed solution vaporizes at the liquid-

gas interface. Second, vapor molecules go through the membrane pores towards the cold 
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interface as a result of vapor pressure difference, and finally, according to the MD 

configurations, vapor molecules will be condensed in a liquid stream, stagnant or moving gas, or 

reduced pressure space. Thus, there are two main factors that control mass transfer. The first is 

the vapor pressure difference and the second is the membrane permeability. Mass transfer in MD 

is limited by mass transfer across the membrane if fluid dynamics on the hot and cold sides of 

the membrane shows a good condition with an appropriate turbulency.  

A global transport equation for mass transfer through the membrane is given by equation 2-8 that 

correlates mass flux to vapor pressure difference across the membrane by introducing a 

membrane coefficient (Cm) that is related to the dominant mechanism for mass transfer in the 

membrane [6]. 

)( pfm PPCJ -=  (2-8) 

Where Pf and Pp are the vapor pressure at the membrane feed and permeate interfaces, 

respectively, and could be calculated by the Antoine equation [70].  

The following should be taken into consideration regarding the mass transfer in the membrane 

[4]:  

1. Since the porosity of a membrane is always less than 100%, the effective area for mass 

transfer is less than the total area of the membrane. 

2. Since the membrane pores do not go straight within the membrane matrix, i.e. a 

tortuosity of less than unity, vapor molecules travel a longer path than the membrane 

thickness. 

3. Resistance to diffusion increases by the inner walls of the pores due to a decrease in 

momentum of the vapor molecules. 

Regarding the presence or absence of air molecules inside the membrane pores, there are three 

basic mechanisms which would determine the mass transfer through the membranes: Knudsen 

diffusion (K), Poiseuille or viscous flow (P), and Molecular diffusion (M). However, a 

combination of them could also take place which is known as transition mechanism. When 

Knudsen is applicable, the molecule-pore wall collisions are dominant over molecule-molecule 
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collisions. Molecular diffusion would be the case when the vapor molecules collide with each 

other, while a Knudsen/Molecular mechanism happens when the vapor molecules collide with 

each other, and also diffuse through the air film. In Poiseuille flow (viscous flow), the gas 

molecules act as a continuous fluid driven by a pressure gradient [6]. To determine which 

mechanism plays the major role in mass transfer across the membrane, Knudsen number is 

defined by equation 2-9 as follows [4]: 

d
Kn

l
=  (2-9) 

Where ɚ is the mean free path of the molecules (the average distance which is traveled by a 

molecule between consecutive collisions), while d is the mean pore size of the membrane. ɚ is 

obtained from the kinetic theory and using equation 2-10 [6]. 

22 e

B

Pd

Tk

p
l=  (2-10) 

Where kB, T, and P are Boltzmann constant, absolute temperature, and average pressure within 

the membrane pores, respectively. In addition, de is the diameter of the molecule. 

A large value of Kn means that the mean free path of vapor molecules is large in comparison 

with the membrane mean pore size, while a small amount of Kn proves that membrane has a 

large mean pore size. Table 2-3 shows different situations which may take place in mass transfer 

through a membrane in different MD configurations. 
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Table 2-3 Dominant mechanisms in mass transfer across the membrane in different MD configurations 

MD 

Configuration 
Kn Mechanism Cm 
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In AGMD configuration, mass transfer through the stagnant air is controlled by molecular 

diffusion and vapor molecules are transferred from the cold surface of membrane to the 

condensation film by molecular diffusion. The flux in an air gap layer is calculated by equation 

2-11. 

GapAirGapAirGapAir

lmGapAir

GapAir PCP
Pl

P

RT

D
N D=D=  

(2-11) 

The total vapor flux in an AGMD can be estimated via equation 2-12 as follows: 
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By considering equation 2-8 and Table 2-3, membrane coefficient is a function of temperature, 

pressure, membrane structure, and diffusing species, while the driving force (Pf-Pp) is a function 

of liquid solution temperature and composition at hot and cold membrane surfaces. Furthermore, 

it could be concluded that in a MD process, flux is enhanced by increasing the pore size and 

membrane porosity, and by reducing the membrane tortuosity and thickness. Although, when the 

thickness of membrane decreases, sensible heat loss increases. This suggests that an optimum 

thickness for the membrane should be found out.    

2-5-2- Heat Transfer in MD 

Heat transfer from bulk feed to the permeate side involves two steps. First of all, heat is 

transferred from the hot to cold side through the membrane as sensible heat and latent heat. 

Sensible heat is conducted across the membrane, while the latent heat is carried by the vapor 

molecules through the membrane pores. As a result of sensible and latent heat transfer, a 

temperature difference between the boundary layer and bulk liquid in the hot channel is 

generated that would result in the second step. In this phase, heat is transferred from the bulk 

feed to the hot side boundary layer by convection. It is worth mentioning that heat transfer in 

both steps are equal. 

Heat transfer via convection in the feed boundary layer is given by equation 2-13. 

)( ,mffff TThQ -=  (2-13) 

Where hf represents heat transfer coefficient at the feed boundary layer. 

Heat transfer across the membrane via conduction and vapor molecules movement is presented 

by equation 2-14. 
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vmpmf
m

m HJTT
k

Q D+-= )( ,,
d

 (2-14) 

Where km, ŭ, J, and ȹHv are membrane thermal conductivity, membrane thickness, permeate 

flux, and heat of vaporization, respectively.  

)()( ,,, mfffvmpmf
m

mf TThHJTT
k

QQ -=D+-­=
d

 (2-15) 

It should be pointed out that the above equations are used for the heat transfer analysis at the hot 

side and across the membrane for all of the MD configurations except VMD in where heat 

conduction in the membrane is not applicable. 

Surface temperatures of both sides of the membrane (Tf,m and Tp,m) cannot be obtained 

experimentally, however, a mathematical iterative model according to equation 2-16 has been 

proposed by Termpiyakul et al. [71] for their estimation. 
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Heat transfer on the permeate side of DCMD, SGMD, and VMD can be simulated by equation 2-

17. 

)( , pmppp TThQ -=  (2-17) 

According to equation 2-18, heat transfer on the cold side of AGMD configuration includes two 

parts. The first is related to heat transfer across the stagnant air gap that occurs by conduction 

and vapor molecules transportation, and the second is for condensation in the permeate boundary 

layer. It is worth mentioning that for a PGMD configuration, since the vapor molecules become 

liquid as soon as they pass through the membrane, the second term related to latent heat in 

equation 2-18 will be ignored [72]. 
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k
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It should be noted that heat transfer coefficient (hp) in the condensate film on a vertical plate is 

obtained via equation 2-19 [73].  
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If the air gap is thicker than 5 mm, free convection would take place between two vertical plates 

across the air gap region and heat coefficient could then be estimated by equation 2-20 [6]. 
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Table 2-4 summarizes the heat transfer in different MD arrangements. 

Table 2-4 Heat transfer in different regions of an MD configuration (If there is no resistance in cooling surface) 
MD 

Configuration ╠█ ╠□ ╠╖╪▬ ╠▬ 
Natural 

Convection 
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VMD  )( ,mfff TTh -  
vHJD  vHJD  )( pfilmp TTh -  - 
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2-5-2-1- Thermal Efficiency and Heat Loss 

In an MD process, thermal efficiency (Ʉ) is defined as the ratio of latent heat of vaporization to 

the total (latent and sensible) heat [6]. Usually, thermal efficiency is enhanced by increasing the 

feed temperature, feed flow rate, and membrane thickness. On the other hand, it would decrease 

with an increase in feed concentration [74]. Equations 2-21 and 2-22 are used to calculate the 

thermal efficiency of a DCMD and AGMD process [18], respectively. 
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Ŭ and ɓ are obtained experimentally for an air gap distance less than 5 mm, and Ta is the average 

MD temperature between 30 and 80 °C [75]. The cp and ka are specific heat and air gap thermal 

conductivity, respectively.  

According to Martínez-Díez et al. [76], heat loss reduces by increasing the feed temperature and 

flow rate. Three sources of heat loss in an MD configuration are: 1) presence of air inside the 

membrane pores, 2) heat loss across the membrane via conduction, and 3) heat loss due to 

temperature polarization. To minimize heat loss in MD, degassing of feed solution, increasing 

the membrane thickness, setting up an air gap between the membrane and the condensation 

surface, and working in a turbulent regime have been suggested [6]. Using heat recovery in MD 

would result in better performance for the process, however it would need an external heat 

exchanger and a membrane with larger area that increases the capital costs.   

2-5-3- Temperature and Concentration Polarization 

In an MD process, the feed solution is evaporated at the membrane hot surface that would create 

a heat transfer boundary layer on the hot side. In addition, by condensing the vapor molecules in 

the other side, the permeate heat transfer boundary layer would also be established on the cold 
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side. The presence of boundary layers would bring about a temperature difference between the 

liquid-vapor interface and bulk fluids that is known as temperature polarization. It is estimated 

by equation 2-23 as follows: 

pf

pmfm

TT

TT

-

-
=

,,
y  (2-23) 

For a VMD configuration, temperature polarization is characterized based upon equation 2-24 

[17]: 

pf

fmf

TT

TT

-

-
=

,
y  (2-24) 

Temperature polarization represents the effect of heat transfer boundary layers on total heat 

transfer resistance of the system [6]. It means by reducing the boundary layer resistances, the 

temperature difference between the liquid-vapor interface and bulk fluids becomes smaller and ɣ 

approaches 1. In addition, if the heat transfer is controlled by the boundary layer resistances, 

system demonstrates a high degree of temperature polarization and ɣ approaches zero. 

According to Alkhudhiri et al. [6], for DCMD arrangement, ɣ is within 0.4-0.7. It is noteworthy 

mentioning that the temperature polarization is more important at high concentration, high 

temperature, and low feed velocity, when the boundary layer resistances become greater. 

Typically, by making the fluids more turbulent using a spacer, temperature polarization would be 

reduced.  

Concentration polarization is defined according to equation 2-25 as the ratio of solute 

concentration on the membrane surface to that of the bulk feed, and is symbolized by ʌ. 

f

m

c

c
=F  (2-25) 

Solute concentration on the membrane surface is obtained via equation 2-26 [6]: 

)exp(
K

j
cc fm

r
=  (2-26) 
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Where, ɟ and K are the liquid density and mass transfer coefficient, respectively.  

Since the accumulated solute on the membrane surface generates a diffusive flow back to the 

feed [6], concentration polarization and fouling should be taken into account in modeling 

purposes, and vapor flux cannot be only estimated by Knudsen, molecular, and Poiseuille flow 

mechanisms, due to the differences between the properties of boundary layer at the membrane 

surface and the bulk solution.   

2-5-4- Fouling 

Fouling is related to the creation of an additional layer on the membrane surface from the 

components which are present in the liquid solution. The additional layer could be due to 

biological fouling (by bacteria) or scaling as a result of high concentration solutions. Fouling and 

scaling would result in the blockage of the membrane pores, which would further reduce the 

effective area of the membrane, and finally decrease the permeate flux. Furthermore, the 

additional film acts as an extra resistance against heat transfer. Moreover, it may cause a pressure 

drop and severe temperature polarization effect.  

Equation 2-27 is used to estimate the heat transfer in the additional layer that is generated as a 

result of fouling. Heat is transported through the layer via conduction. 

)( ,, mffoulingf

fouling

fouling

fouling TT
k

Q -=
d

 (2-27) 

Fouling highly depends upon membrane and feed solution properties, module geometry, and 

operating conditions [77]. It can be inhibited by using pre-treatment methods or membrane 

cleaning. In addition, working at low temperature with high feed flow rate would bring about a 

decrease in tendency to fouling. 

2-5-5- Operating Parameters 

There are several parameters that influence vapor flux in an MD configuration, including: 
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2-5-5-1- Feed Temperature 

Since vapor pressure increases exponentially with temperature according to the Antoine 

equation, considering equation 2-8, by increasing the feed temperature, permeate flux would 

exponentially increase. Srisurichan et al. [65] reported that using a feed solution of high 

temperature would increase the mass transfer coefficient in the membrane. Furthermore, it has 

been reported that by increasing the feed temperature, temperature polarization would decrease 

[69].  

2-5-5-2- Permeate Temperature 

Permeate flux decreases with an increase in permeate temperature, however, because vapor 

pressure variation with temperature is insignificant at low temperatures, the cold side 

temperature has smaller effects on permeate flux compared to the feed temperature [6].  

2-5-5-3- Feed Concentration 

By increasing the feed concentration, vapor pressure decreases, temperature polarization 

increases, and feed viscosity would exponentially increase which results in a reduction in driving 

force and eventually, a decrease in the permeate flux [6]. 

2-5-5-4- Feed Flow Rate 

By increasing the feed flow rate or its velocity, turbulence increases that reduces hydrodynamic 

boundary layer thickness and subsequently, temperature polarization that would eventually result 

in an increment in convective heat transfer coefficient. Therefore, permeate flux would increase. 

The effects of feed flow rate on permeate flux are more significant at higher temperatures [6]. 

2-5-5-5- Air Gap Thickness 

Permeate flux declines linearly by increasing the air gap distance in AGMD module [17]. 

Temperature gradient across the gap decreases by reducing the air gap thickness that results in 

the permeate flux enhancement. 

2-5-5-6- Membrane Properties 

Permeate flux increases with membrane porosity, while it is inversely proportional to the 

membrane tortuosity and thickness. In addition, membranes with larger pore size show a higher 
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flux, and the presence of backing material is favorable in mechanically stabilizing the membrane, 

although has a negative effect on vapor flux through the membrane.  

2-6- Conclusion 

Considering the contents above, membrane distillation (MD) is an emerging technology that has 

not yet been totally commercialized due to the expensive low performance MD membranes 

besides the huge thermal energy consumption throughout the process which would bring about a 

more expensive final product compared to the other membrane-based processes such as reverse 

osmosis. To overcome these problems, thermal energy consumption in MD needs to be 

optimized, while thermal energy input should be replaced by big sources of available cheap 

energy such as industrial waste heat. Moreover, novel MD membranes need to be developed 

which are appropriate in terms of permeability, selectivity, chemical and mechanical stability, 

and durability to further reduce the cost of the final product. To this end, nanocomposite 

membranes have been demonstrated to be suitable in improving the performance of the MD 

membranes. Nonetheless, Memsys has successfully developed a commercial MD module for salt 

water desalination [32]. The module uses novel concepts such as using a low grade heat for 

steam raiser stage (feed temperature lies between 50 and 80 °C), applying approximately high 

vacuum to the entire system (0.1-0.3 bar), and employing an internal heat recycling system to 

reduce the amount of thermal energy consumption.  
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Zero thermal input membrane distillation, a zero-waste 

and sustainable solution for freshwater shortage  

Mohammadali Baghbanzadeh, Dipak Rana, Christopher Q. Lan*, Takeshi Matsuura 

Department of Chemical and Biological Engineering, University of Ottawa, 161 Louis Pasteur Private, Ottawa, 

Ontario, Canada K1N 6N5 

Abstract 

The innovative concept of a zero-waste, energy efficient, and therefore sustainable desalination 

strategy, Zero Thermal Input Membrane Distillation (ZTIMD), is demonstrated to be 

economically more effective than existing seawater desalination technologies by simulation 

based on a single-pass Direct Contact Membrane Distillation process using surface seawater as 

the feed and bottom seawater as the coolant. Thermal energy required for water distillation in the 

process was satisfied by extracting the enthalpy of the surface seawater using the bottom 

seawater as the heat sink. Under one of the favorable conditions, the proposed ZTIMD process 

could produce pure water with a cost of $0.28/m3 at a specific energy consumption of 0.45 

kWh/m3, which is significantly lower than that of the major existing seawater desalination 

processes, including the currently dominating technology, Reverse Osmosis ($0.45-2.00/m3). 

Some major advantages promised by the ZTIMD include 1) With no requirement of external 

thermal energy input, ZTIMD is an inherently energy-saving process, 2) it is economically 

competitive to existing desalination technologies, and 3) it is waste-free.   

                                                 
*Corresponding author. Tel.: 1 613 562 5800x2050.  
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3-1- Introduction  

Water scarcity due to population, agricultural, industrial growth and urbanization, which is 

further intensified by global warming and widespread droughts, has become a serious threat all 

over the world. Currently, one third of the global population is in short of clean water, and it is 

anticipated that over 1.8 billion people would experience absolute water shortage and two third 

of the population would be under water stress by 2025 worldwide [1,2] . Almost 70% of the earth 

surface is covered by water [3] , however, only 2.5% of that water is deemed to be usable as 

freshwater [4] . Recovering freshwater from undrinkable water bodies such as oceans and 

brackish waters by means of desalination has become increasingly important over the past few 

decades [5-16]. For instance, Singapore is planning to increase the share of desalination in their 

water supply market from 10% at present to 30% by 2061. China is expected to roughly 

quadruple their current desalination capacity by 2020. In California, the largest desalination plant 

in the western hemisphere will produce 50 million gallons of drinkable water every day from 

pacific seawater with an investment of $1 billion by 2016 [1] . According to a recent analysis by 

Frost & Sullivan, the global desalination capacity is predicted to double by 2020 [17] .  

At present, desalination itself is not sustainable due to its consumption of extremely large 

quantities of energy, mainly fossil fuels [16,18]. As an example, Saudi Arabia with the largest 

desalination market in the world at a share of 17% [1] , consumes 1.5 million barrels of oil every 

day to generate a daily desalinated water of 3.3 million m3 [19] . This oil-for-water strategy is 

making freshwater the new oil in reference to its unsustainability [1] . It is of interest to mention 
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that late Richard Smalley, a Nobel laureate of 1996 in chemistry, listed ñenergyò and ñwaterò as 

the first and second among the top 10 problems facing the humanity for the next 50 years [19] . It 

has been argued that the use of renewable energy such as solar [20-23], geothermal [24,25], 

wind [26,27], and tidal [28,29] for desalination would result in longer-term sustainable water 

supply. However, such a desalination process is not economically affordable at large scale up to 

now despite of the extensive efforts worldwide [20,30,31].   

The global desalination market is currently dominated by Reverse Osmosis (RO) [3,9,32-38] 

since it demands much less specific energy than thermal desalination processes [39-42]. 

Nevertheless, the 3-4 kWh/m3 [19,43-46] specific energy consumption of RO still accounts for 

about 40% of the overall cost of the final product, which shows the process to be still quite 

energy intensive [43] .  Furthermore, exergy analysis shows that remarkable irreversibility takes 

place in RO processes [47-50] and the aforementioned typical energy consumption in RO is 

approximately 600% more than the thermodynamic minimum energy required to reduce the salt 

concentration of seawater from 35,000 mg/L to that of drinkable water, i.e., 300 mg/L,  at a 

water recovery of 40% [51] . In practice, commercial RO processes usually work at a water 

recovery in the range of 40-60%, which would generate even larger irreversibility. Other 

challenges in association with RO include its high operational pressure, sensitivity to the quality 

of raw feed, need for extensive feed pre-treatment, and the fouling and scaling problems 

[9,34,52-54].  

Membrane Distillation (MD) is considered as the most promising emerging technology which 

has the potential to compete with RO in the desalination market [9,33]. MD has important 

advantages that set it apart from other desalination technologies. These include 1) nearly 

complete salt rejection even at high salt concentration of feed where RO normally fails, 2) 
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possibility of using low grade heat, 3) ability of working at high water recoveries, 4) low 

tendency to fouling and scaling which would result in lower operation and maintenance costs and 

environmental impacts, and 5) chemical pre-treatment of the feed might be eliminated due to the 

mild operating conditions  [9,33,55-60]. In addition, exergy analysis indicates that MD would be 

more appropriate if waste heat is available [50] .  

Nevertheless, MD has not yet been industrialized as a stand-alone desalination process at large 

scale and related studies have mostly focused on integrating MD as part of a hybrid process such 

as  RO/MD and nanofiltration (NF)/RO/MD, where MD is utilized to achieve high overall water 

recovery that is not realistic with RO or NF/RO [61,62].  One of the main constraints of 

conventional MD desalination is its requirement of large quantities of thermal energy input to 

pre-heat the feed [62] , which might be in the range of 600-9080 kWh/m3 [21] .  

Extensive efforts have been made to reduce the costs or increase the sustainability of energy for 

MD desalination, and different approaches have been proposed including 1) use of low grade 

heat such as waste heat from industrial facilities [63,64], 2) use of renewable energy such as 

solar energy [30,65] and geothermal energy [25] , and 3) introducing new configurations 

designed to partially recover the thermal energy [62,66,67].  

Only a few techno-economic studies on MD desalination process are available in the literature, 

which provide valuable information on the key contributors to costs and the overall competence 

of the technology [21,25,57,65,68,69]. Al-Obaidani et al. [57]  reported pure water costs of 

$1.17/m3 and $1.25/m3 for a Direct Contact Membrane Distillation (DCMD) process with and 

without heat recovery, respectively. For the DCMD plant without heat recovery, the authors 

showed that almost 61% of the operation and maintenance costs are spent to generate steam for 
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heating purpose. Therefore, one could considerably reduce the total water costs by reducing or 

eliminating the heat requirement. It was estimated that the pure water production cost via a 

DCMD process would drop to $0.64/m3 if the required thermal energy is obtained from a zero-

cost source such as waste heat [57] , and MD would become quite competitive with the RO 

desalination process as a result. According to the data in the literature, pure water cost via 

Seawater RO (SWRO) varies between $0.45/m3 and $2.00/m3 in different areas of the world 

[62,70]. It has also been reported that the integration of MD and cheap industrial waste heat 

could result in a huge reduction in pure water production cost which might be as low as $0.26/m3 

[62,71]. However, it is apparent that only in very limited circumstances industrial waste heat 

would be available at a rate that could fulfill the energy demand of a large scale MD desalination 

plant [62] . 

To this end, seawater is a natural heat reservoir that promises to match any possible scale of 

desalination operations. However, to extract the enthalpy of seawater, a heat sink of a lower 

temperature is needed. Fortunately, the sea has the answer in itself, i.e., the low temperature 

bottom seawater. In a tropical region, the average surface and bottom seawater temperatures 

could be typically at around 30 °C and 10 °C (depending upon the depth), respectively [72,73]. 

The temperature difference between the seawater at the surface and bottom provides the basis for 

the proposed concept of Zero Thermal Input Membrane Distillation (ZTIMD).  

This work establishes the feasibility of the novel concept of ZTIMD for cost-effective, energy-

saving, and zero-waste stand-alone MD for large scale seawater desalination. It is demonstrated 

that, by using bottom seawater as the coolant, the huge thermal energy stored in surface seawater 

could be extracted for efficient MD, which eliminates the need for external thermal energy input, 

making it both energy efficient and cost-effective. Furthermore, this process would be able to 
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avoid discharging high concentration brines into the seawater, alleviating a common 

environmental liability of large scale seawater desalination plants, i.e. the increase of salinity of 

local seawater that threatens the aquatic ecosystem [74,75]. In addition, the moderate operational 

conditions of ZTIMD, including low transmembrane pressure and low water recovery, removing 

the need of chemical pre-treatment, which is required for RO, and therefore avoid discharge of 

waste chemicals into the environment. This is the first attempt to exploit the abundant thermal 

energy stored in surface seawater for sustainable MD desalination. The successful 

implementation of this strategy is expected to revolutionize the seawater desalination industry.  

3-2- Methodologies 

3-2-1- Zero Thermal Input Membrane Distillation (ZTIMD)  

As shown in Fig. 3-1, a ZTIMD process could be a single stage DCMD process with an external 

heat exchanger to reject heat to the bottom seawater, and a storage tank to collect the product 

fresh water. Underwater piping is needed for the coolant to be pumped up from the bottom of the 

sea. As a practical example, a region in Gulf of Oman close to the Strait of Hormuz is considered 

as a case study in this paper. According to Fig. 3-1-a, seawater at a temperature of 10 °C is 

available at the depth of approximately 800 m from the surface. Water of even lower temperature 

would be accessible at deeper locations [72,76].  

Thermal energy consumption and membrane costs are two major contributors to the water 

production cost in a conventional MD desalination process. While the ZTIMD is a free thermal 

input process, working at extremely low recovery ratios, which is required to avoid external 

thermal energy inputs, would result in demand on large amounts of raw feed. As a consequence, 

pre-treatment may become a relatively expensive entity if an intense pre-treatment step similar to 
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that in RO is to be used. Fortunately, MD works at very small or, practically zero trans-

membrane pressure and would less likely suffer from severe fouling, which justifies a much 

simpler pre-treatment [60,68,77]. In fact, it has been accepted that chemical pre-treatment could 

be disregarded for MD and the pre-treatment can be simplified to only cartridge filtration of the 

raw seawater [68] . Furthermore, it was reported that lower feed temperatures could potentially 

reduce the fouling tendency in a DCMD process [62] .  Therefore, it would be even more so in 

ZTIMD since it works at very low temperatures (approximately 30 °C) in comparison with that 

in conventional MD (60-80 °C). In addition, the low working temperature may help minimize 

thermal aging of MD membranes and therefore elongate the durability of membrane for reduced 

production costs. 

It should be pointed out that, since sensible heat of the feed is absorbed for water evaporation in 

a MD process, approximately 5.4 °C temperature decrease is associated with a water recovery of 

1%. As a result, the temperature difference of 20 °C between the surface seawater and bottom 

seawater would allow only a water recovery of less than 4%. Going beyond this water recovery 

would require the heating of the concentrated brine by external thermal energy input for more 

passes to the incremental increase of water recovery. This is a small water recovery compared to 

the common practice in RO, which usually have a water recovery of 40-60% or even higher. In 

other words, a ZTIMD process is necessarily a single-pass MD process with a low water 

recovery. This small water recovery presents a unique advantage since it will make the 

concentration difference between the discharged concentrate and the natural seawater to be 

negligible, while the discharge of high concentration brines into the seawater on site has been an 

environmental liability to conventional desalination processes such as SWRO 

[41,53,57,61,62,78,79]. Furthermore, working at very low recovery ratios will considerably 
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decrease the possibility of scaling, which is a common problem in high recovery ratio SWRO 

processes due to the precipitation of alkaline earth metal salts in the concentrated brine on the 

membrane surface. This will further diminish the need for chemical treatment of feed and 

therefore further justify the simplification of pre-treatment for the proposed ZTIMD. 

Combination of the avoidance of chemical pre-treatment and the discharge of close-to-natural-

seawater concentration would make the ZTIMD practically waste-free. 

However, the limitations of the proposed ZTIMD process do create the following three major 

inherited challenges, 1) the low working temperature of 30 °C or less implies a small driving 

force for membrane distillation, which may significantly increase the cost of membranes; and 2) 

the small water recovery requires the pre-treatment of seawater of 15-20 times of a conventional 

desalination process or even more; and 3) bottom seawater needs to be pumped at a long distance 

to the plant site to serve as the coolant, which raises concerns over the added capital and O&M 

costs. In the following stimulations, we will demonstrate the feasibility of the ZTIMD strategy 

despite of these challenges. It should be mentioned that the temperature rise due to pumping 

power is estimated to be less than 0.01 °C using energy balance. Further assume heat transfer 

between seawater and the environment in pumping is negligible due to proper insulation (see the 

sample calculations at the end of this Chapter for thickness of insulation material), and the water 

temperature at the entrance of the DCMD unit equals to that at the pump inlet, at the surface or 

bottom of the sea. 
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Fig. 3-1 (a) General schematic of the proposed desalination plant on the cross-sectional temperature profile of Gulf of Oman [72]  where 

enthalpy of seawater is extracted for DCMD configuration, (b) ZTIMD process flow diagram 

3-2-2- Process Simulation 

To study the economic feasibility of the proposed ZTIMD, final product cost is taken as the 

objective function. A schematic diagram of a single-pass ZTIMD process is shown in Fig. 3-1-b 

with specifics of a few key parameters. The effects of some key process operating conditions, 

including temperature of concentrate discharge, Tf,out, and minimum approach temperature in the 

external heat exchanger, ȹTmin =  [Tp,in ï Tc,in]min, along with the membrane characteristics such 

as price, lifespan, and permeability on the objective function are investigated. The temperature of 

(b) 
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the feed and coolant at the entrance of membrane module are assumed to be 30 °C and 10 °C, 

respectively.  

The effect of thermal energy input on a single-pass DCMD process which is identical to the 

proposed ZTIMD process except the thermal energy input was also explored by increasing the 

process feed temperature, Tf,in, from 30 °C to 50 °C. Simulations are based on two case scenarios 

differ in pre-treatment assumptions, 1) with an intense pre-treatment similar to that of RO, and 2) 

with a simplified pre-treatment including only cartridge filtration. An algorithm of the simulation 

is presented in Fig. 3-2, and the related assumptions and equations are listed in Tables 3-1&2, 

respectively. 
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Fig. 3-2 Applied algorithm to study the economic vability of the ZTIMD  

Considering the algorithm provided in Fig. 3-2, the bottom seawater enters the process at Tc,in=10 

ºC, the surface seawater is fed to the system at Tf,in=30 ºC, or it can be elevated up to 50 ºC, by 

using an external heat source. It is assumed that permeate leaves the membrane module at 

Tp,out=25 ºC and coolant is discharged in the sea at Tc,out=20 ºC. In the first loop, effects of the 

process feed temperature, i.e. Tf,in, on the process efficiency and production cost will be explored. 

Temperature of concentrate discharge, i.e. Tf,out, is changed within a range of 20 to 28 ºC in the 
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second loop, while the minimum approach temperature in the external heat exchanger is varied 

from 5 to 1 ºC in the third loop by changing the permeate inlet temperature, i.e. Tp,in, from 15 to 

11 ºC for the purpose of optimization. Production cost is used as the objective function for 

simulation and optimization, which were carried out by Microsoft Excel 2016 and VBA. The 

economic feasibility of ZTIMD is established by comparing the production costs of freshwater 

with those of the existing desalination technologies.  

A list of assumptions made for the calculations in this work is given in Table 3-1.   
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Table 3-1 Assumptions for the economic feasibility analysis of the ZTIMD process 

Plant availability (%)  90 Storage cost (% of collector cost) [30] 20 

Plant capacity (m3/day) 24,000 Steam HEX global heat transfer coefficient (W/m2.C) [57,80] 2,500 

Plant life (year) 20 External HEX global heat transfer coefficient (W/m2.C) [80,81] 700 

Interest rate (%) [57,69,82] 5 Steam and external HEX efficiency    0.8 

Amortization factor a 0.08 Steam HEX cost ($/m2) [57] 2,000 

DCMD feed pressure (kPa) 120 External HEX cost ($/m2) [57] 1,540 

Raw feed temperature (ºC) 30 Underwater piping installation costs ($) [83] 1,500,000 

Permeate outlet temperature (ºC) 25 Purchased underwater pipe cost for the coolant ($/ft) [84] 96.5 

Coolant inlet (bottom seawater) temperature (ºC) 10 Underwater pipe diameter (in) b 40.5 

Coolant outlet temperature (ºC) 20 Underwater pipe length (m) 1,100 

Temperature polarization coefficient [85-91] 0.7 Cartridge filter cost ($/unit) c 245 

Membrane permeability (kg/m2h.Pa) [85] 0.00774 Electricity cost ($/kWh) [57] 0.03 

Membrane cost per unit area ($/m2) [25,57,61,82] 90 Ordinary electrical energy consumption (kWh/m3) [57] 0.045 

Membrane replacement (%/year) [22,25,57,61,68,69,82,92,93] 15 Spares cost ($/m3) [57] 0.033 

Solar insolation in Muscat, yearly average (kW/m2) [94] 0.246 Labor cost ($/m3) [57] 0.03 

Solar collector efficiency  0.8 Chemical cost ($/m3) [57] 0.018 

Flat plate collector cost including solar racks ($/m2) [92] 208 Steam cost ($/kg) [57] 0.007 

a Amortization factor was calculated by ὥ  where i and n represent annual interest rate and plant life time, respectively [61] . 

b Schedule 40-OD: 42-ASME 
c Datum was obtained from personal communication with the manufacturer, GE Water, USA 
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Considering the information presented in Table 3-1 and regarding a daily water consumption of 

150 L per person for a family of four in the Middle East [1] , the proposed plant would be large 

enough for a city with a population of almost 160,000 people. Membrane permeability was taken 

from the literature, 0.00774 kg/m2h.Pa, [85]  for the flux calculations and is considered an 

average value within the data available in the literature, while much higher permeabilities in the 

range of 0.01285ï0.05178 kg/m2h.Pa are estimated [25,95]. In addition, MD membrane price 

also changes significantly in the literature, and the prices were mostly those of membranes for 

the other membrane applications, most likely due to the lack of the data for MD membranes of 

industrial scale. For example, Al-Obaidani et al. used $90/m2 in their cost estimation analysis 

[57] , and a similar price was applied elsewhere [25,61,82], however, a membrane price of 

$116/m2 [96] , $36/m2 [22,97], and $18.5/m2 [68]  was used in other cost evaluations. Regarding 

the membrane durability, it has been reported that MD membranes could withstand between 5 

and 20 years, which is based on the lifespan of commercial RO membranes [68] , and also largely 

depends upon the raw feed quality. Therefore, membrane replacement cost varies from 5 to 20% 

of the purchased membrane cost [22,25,57,61,68,69,82,92,93]. In this work the center values of 

$90/m2, 15%, and 0.00774 kg/m2h.Pa for membrane price, replacement rate, and permeability, 

respectively, are adopted, and a sensitivity analysis is carried out within the ranges of 18.5 to 116 

$/m2, 5 to 20%, and 0.00516 to 0.01161 kg/m2h.Pa, i.e. ±50% of that of the average value in the 

literature, 0.00774 kg/m2h.Pa, while the upper limit of the permeability used in this study, i.e. 

0.01161 kg/m2h.Pa, is much less than the data available in the literature [25,95]. 

Generally, the production cost is broken down into two categories. Capital cost and Operation 

and Maintenance (O&M) cost. Capital cost accounts for fixed, one-time expenses due to 

purchased equipment, installation, construction, land, depreciation, administrative etc., which 
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can be further divided into direct and indirect costs. Those expenses that are directly related to 

the production of a product such as equipment cost are considered as the direct capital cost, 

while the expenses that indirectly affect the production cost such as administrative fees are 

referred to as the indirect capital cost. Indirect capital cost could be roughly estimated as 10% of 

the direct capital cost [57] . It should be pointed out that land cost mostly depends on the project 

location, and was neglected by many other researchers [21,22,68,69,92], and will not be taken 

into consideration in this study. Operation and maintenance cost represents the yearly expenses 

due to the operation and maintenance of the plant including cost of energy, spares, labor, etc. A 

list of capital and operation and maintenance costs which have been considered in this study is 

presented in Table 3-2. 



 

68 
 

Table 3-2 A list of capital and operation and maintenance costs for the proposed ZTIMD desalination process 

Capital Costs 

Cost of civil work excluding the underwater piping ($)  ρωτυὡ Ȣ [57]  

Cost of purchased underwater piping ($) (Required pipe length)×l 

Cost of underwater piping installation ($) a 1,500,000 [98]  

Cost of intake and pre-treatment ($) φυψὡ ὙὙϳ Ȣ [57]  b 

Cost of DCMD feed pumps ($) τȢχψρπ ὡ ὙὙϳ ὖ[57]  

Cost of DCMD coolant pumps ($) c 
[84]  

Cost of membrane ($) (Required membrane area)×m 

Cost of heat exchangers ($) 
(Required heat exchanger area)×h 

Total direct capital costs ($) Sum of all above costs 

Indirect capital costs ($) 0.1×(Total direct capital costs) [57]  

Total capital costs ($) (Direct + Indirect capital costs) 

Annual fixed charges ($/m3) 
ὥ 4ÏÔÁÌ ÃÁÐÉÔÁÌ ÃÏÓÔÓȾὪ ὡ σφυ [57]  

Operation and Maintenance Costs 

Membrane replacement ($/year) (Total cost of membrane)× rm 

Cost of electricity excluding the bottom seawater pumping ($/year) (Annual electricity consumption)×e 

Cost of electricity for pumping the coolant, i.e. bottom seawater ($/year) 
(Annual electricity consumption)×e 

Cost of chemicals ($/year) (Specific chemical cost per m3)×W 

Cost of spares ($/year) (Specific spears cost per m3)×W 

Cost of labor ($/year) (Specific labor cost per m3)×W 
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Total annual O&M costs ($/year) Sum of all above costs 

Annual O&M charges ($/m3) 
4ÏÔÁÌ ÁÎÎÕÁÌ /Ǫὓ ὧέίὸίȾὪ ὡ σφυ [57]  

Total Water Cost 

Overall Water Cost ($/m3) (Annual fixed charges)+( Annual O&M charges) 

Where W, l, RR, m, h, a, f, rm, e represent for plant capacity, purchased piping cost per length, recovery ratio, membrane cost per area, heat 

exchanger cost per area, amortization factor, plant availability, membrane replacement rate, and electricity cost, respectively. 

a Installation cost depends on the pipe length, which is further related to the depth that seawater is extracted, and is assumed to be 1100 m. 

b This equation is used when pre-treatment cost is estimated as intense as that of the SWRO process. 

c Purchased coolant pumps cost depends on the required power and is obtained by finding the frictional pressure loss in the pipe according to 

equation 3. 
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It should be noted that the ZTIMD is considered to be a process free from thermal energy input. 

However, in the case scenarios where surface seawater is heated by an external source of energy 

such as solar, fossil fuel, and waste heat, the required capital and O&M costs related to the 

external heat source, including the solar collectors along with the storage costs besides the 

expenses related to the steam generation need to be added to Table 3-2.    

It is also worth mentioning that in our calculations, the recovery ratio (RR) was estimated 

according to energy balance (equation (3-1)), and the water vapor pressure (P*) by equation (3-

2), which was derived by combining Antoine equation and Raoultôs law [85,99]. Water flux was 

calculated by multiplying the membrane permeability and logarithmic mean of vapor pressure 

difference around the membrane module in Fig 3-1-b. 

ϷὙὙ
ά

ά
ρππ

ὅ Ὕȟ Ὕȟ

ЎὌ
ρππ (3-1) 

Equation (1) was derived from the energy balance using the membrane module as the control 

volume if there is no conductive heat loss across the membrane [62] . Where mp is the rate of 

freshwater production (same as membrane permeation rate), mf the flow rate of feed, Cp the 

specific heat capacity of seawater, Tf,in process feed temperature, Tf,out temperature of concentrate 

discharge, and æHv the latent heat of vaporization at the temperature of operation. The difference 

between the flow rate of feed and that of concentrated seawater is assumed to be negligible. The 

same equation is applicable on the downstream side of the MD module by using Tp,out and Tp,in, 

respectively, instead of Tf,in and Tf,out. 
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ὖᶻ ÅØÐ ρφȢσψχς
σψψυȢχ

Ὕ ςσπȢρχ
ρ ὼ (3-2) 

In equation (2), P* (kPa) stands for the water vapor pressure at a temperature of T (ºC), and x 

represents the seawater salt concentration, 35 g/L in this study. 

Furthermore, to find the additional electrical energy required for pumping the coolant from the 

bottom sea, and according to the Bernoulli's equation, energy equivalent to the pressure drop 

through the pipeline need to be supplied by the coolant pumps, while the frictional pressure loss 

(ȹPf) per 100 ft of the pipe is obtained via Equation (3-3) [100] .  

Ўὖ
ὡ Ȣ‘Ȣ

ςπȟπππὨȢ”
 (3-3) 

Where W and ɛ represent the coolant mass flow rate (lb/h) and its viscosity (cP), respectively, 

and d and ɟ are internal pipe diameter (in) and fluid density (lb/ft3), respectively. 

3-2-3- Results and Discussion 

To study the economic viability of the proposed ZTIMD, the unknown temperatures in Fig. 3-1-

b, i.e. Tf,out and Tp,in were optimized. Optimization has been carried out by taking the water 

production cost as the objective function. Furthermore, major contributors to the overall cost 

need to be found out, and a sensitivity analysis on those crucial parameters was performed.    
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3-2-3-1- Effects of Concentrated Brine Discharge Temperature (Tf,out) on the Water 

Production Cost 

Technically, water recovery decreases as Tf,out (see eq. 1) increases, which will result in more 

investment on the feed section, including pumping, pre-treatment, etc. However, as the brine 

temperature (Tf,out) is elevated, driving force across the membrane will increase, which will bring 

about a higher water flux and accordingly lower membrane cost in the process. Therefore, an 

optimum brine temperature should exist at which the water production cost is minimized. Fig. 3-

3 shows the water production cost versus Tf,out in the range of 20 to 28 ºC for two case scenarios: 

1) an intense pre-treatment (that of RO) is applied for the proposed ZTIMD and 2) pre-treatment 

is simplified to a more realistic condition including cartridge filtration only. The cost variations 

as a function of membrane price, durability, and permeability in each case scenario are also 

investigated, and the results of which are presented in Figs. 3-3-a, 3-3-b, and 3-3-c, respectively. 
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Fig. 3-3 Water production cost vs. brine temperature where pre-treatment is as intense as that of RO or as simple as cartridge filtration at Tf,in=30 

°C and Tp,in=15 °C, when (a) membrane price varies between 18.5 and 116 $/m2 at a constant membrane replacement rate and permeability of 

15% and 0.00774 kg/m2h.Pa, (b) membrane replacement rate varies between 5 and 20% at a constant membrane price and permeability of 

$90/m2 and 0.00774 kg/m2h.Pa, (c) membrane permeability varies between 0.01161 and 0.00516 kg/m2h.Pa at a constant membrane price and 

replacement rate of $90/m2 and 15%, IPT and SPT stand for Intense and Simplified Pre-Treatment, respectively 

As shown in Fig. 3-3, which were obtained using the center values of membrane price ($90/m2), 

replacement rate (15%), and permeability (0.00774 kg/m2h.Pa), water production cost goes 

through a minimum for both case scenarios, i.e. $1.48/m3 at Tf,out=21 ºC for the intense pre-

treatment and $0.65/m3 at Tf,out=27 ºC for the simplified pre-treatment. The results show that 
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when the surface seawater is fed to the system at 30 ºC with the assumptions in Table 3-1, a 

brine temperature of either 21 or 27 ºC depending on the complexity of the pre-treatment step 

would result in a minimum water production cost of 1.48 or 0.65 $/m3. As expected, adopting the 

simplified pre-treatment brought about a much lower water production cost.  

 (a) Major Contributors to the Water Production Cost  

To better understand the major contributors to the product cost at different levels of complexity 

of the pre-treatment step, overall (a), total capital (b), along with the operation and maintenance 

(c) cost broke-down for each case scenario at the optimum brine temperature and is presented in 

Fig. 3-4, when each membrane parameter is maintained at its center value. 
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Fig. 3-4 (a) Overall, (b) total capital and (c) total O&M cost break-down when (1) intense and (2) simplified pre-treatment step is adopted to the 

ZTIMD process at a membrane price, replacement rate, and permeability of $90/m2, 15% and 0.00774 kg/m2h.Pa, respectively, other costs in (a) 

includes cost of civil work, indirect capital, regular electrical energy, chemicals, spares, and labor 

Considering Fig. 3-4-a, the additional costs for implementation of the ZTIMD compared to the 

regular DCMD desalination process, which include the costs associated with the feed (due to 

working at low recovery ratios) and coolant pumping, external heat exchanger, and underwater 

piping are not significant in comparison with the pre-treatment and membrane costs. They only 

take 3.4% and 12.3% of the overall costs for the ZTIMD coupled with intense and simplified 
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pre-treatment, respectively. As shown in Fig. 3-4-b-1 for the intense pre-treatment, pre-treatment 

(58%) and purchased membrane costs (22%) are the major contributors to the total capital cost of 

a ZTIMD process, while in Fig. 3-4-b-2 for the simplified pre-treatment, the pre-treatment cost 

goes down to 6.6% and the purchased membrane cost goes up to 44.9%, thus controlling the total 

capital cost. As for the O&M cost, membrane replacement cost is the major contributor for both 

intense (81.4%, Fig. 3-4-c-1) and simplified (73%, Fig. 3-4-c-2) pre-treatment. The energy costs 

associated with transportation of the bottom seawater to be used as the coolant at the external 

heat exchanger is surprisingly insignificant (less than 3% for both scenarios). This is because the 

seawater is pressurized at the bottom of the sea and the increase in water head by pumping is not 

necessary. The friction loss in the piping calculated by equation 3 is very small.  

As discussed earlier in this section, the concentrated brine temperature would have opposite 

effect on the pre-treatment and membrane cost. This trend is clearly shown in Fig. 3-5 for both 

scenarios as the shares in the capital cost. 
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Fig. 3-5 Share of major contributors to the total water cost, i.e. intake and pre-treatment and purchased membrane costs, in total capital cost vs. brine 

temperature, at Tf,in=30 °C, Tp,in=15 °C, and a membrane price, replacement rate, and permeability of $90/m2, 15% and 0.00774 kg/m2h.Pa, 

respectively 

According to Fig. 3-5, the portion of intake and pre-treatment cost increases as the concentrated 

brine leaves the process at higher temperatures, mainly due to smaller recovery ratios and 

therefore larger amounts of feed to be processed at higher Tf,out (recovery ratio decreases from 

1.8% to 0.4% when Tf,out increases from 20 to 28 ºC). On the other hand, increased concentrated 

brine temperature will result in lower purchased membrane and accordingly replacement costs 

due to the higher fluxes obtained through working at higher brine temperatures (water flux 

0

10

20

30

40

50

60

70

80

90

20 21 22 23 24 25 26 27 28 29

S
h
a

re
 i
n
 T

o
ta

l 
C

a
p

it
a

l 
C

o
s
t 

(%
)

Brine Temperature (ÁC)

Membrane, IPT Membrane, SPT Intake and Pre-treatment, IPT Intake and Pre-treatment, SPT



 

85 
 

 

 

 

 

increases from 3.7 to 7.2 kg/m2h when Tf,out increases from 20 to 28 ºC). These two opposite 

trends will lead to a minimum water production cost at a Tf,out of 21 and 27 ºC for the ZTIMD 

coupled with intense and simplified pre-treatment, respectively. 

 (b) Effects of the Membrane Characteristics on the Water Production Cost 

As shown in the previous section, membrane cost is the top contributor to the overall cost of a 

ZTIMD process when the pre-treatment step is approximated by cartridge filtration only. The 

range bars in Fig. 3-3 representing cost variation demonstrate that a cheaper, more durable and 

permeable membrane resulted in a cheaper product. When the pre-treatment step is approximated 

by that of the RO process, total water cost varies from 0.96 to 1.80 $/m2 at Tf,out=21 ºC depends 

upon the membrane price, lifespan, and permeability, while for the ZTIMD process coupled with 

the simplified pre-treatment step, product could be obtained in the range of 0.33-0.85 $/m2 at 

Tf,out=27 ºC depending on the membrane characteristics. Nonetheless, a best case scenario would 

be when a membrane with the price, replacement rate, and permeability of $18.5/m2, 5%, and 

0.01161 kg/m2h.Pa, respectively, used in a ZTIMD process with the simplified pre-treatment by 

cartridge filtration, where the product could be obtained at a cost as low as of $0.28/m3.  

3-2-3-2- Effects of Minimum Approach Temperature in the External Heat Exchanger, 

(ȹTmin) on the Water Production Cost 

Minimum approach temperature, ȹTmin, in the external heat exchanger in the ZTIMD process 

will be changed from 1 to 5 ºC by varying the permeate inlet temperature, i.e. Tp,in in Fig 3-1-b, 

from 11 to 15 ºC. Considering the lowest ȹTmin of 1 ºC, Tp,in is its lowest at 11 ºC, hence the 

largest heat exchanger is required to cool the downside stream. On the other hand, the downside 
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stream of the lowest Tp,in enters the membrane module, resulting in the highest membrane flux 

and the lowest membrane purchase cost. In other words, lowering the ȹTmin has two opposing 

effects on the water production cost, by increasing the cost for heat exchanger, while decreasing 

the membrane purchase cost. Effects of Tp,in (as well ȹTmin) on the water production cost is given 

in Fig. 3-6,  where the solid lines represent the water production cost for the intense and 

simplified pre-treatment, when the membrane price, replacement rate, and permeability are at 

their central values. The effects of the variation of the membrane price, replacement rate, and 

permeability are shown by the range bars and broken lines in Figs. 3-6-a, 3-6-b, and 3-6-c, 

respectively. 
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Fig. 3-6 Water production cost vs. permeate inlet temperature where pre-treatment is as intense as that of RO or as simple as cartridge filtration at 

Tf,in=30 °C, when (a) membrane price varies between 18.5 and 116 $/m2 at a constant membrane replacement rate and permeability of 15% and 

0.00774 kg/m2h.Pa, (b) membrane replacement rate varies between 5 and 20% at a constant membrane price and permeability of $90/m2 and 

0.00774 kg/m2h.Pa, (c) membrane permeability varies between 0.01161 and 0.00516 kg/m2h.Pa at a constant membrane price and replacement rate 

of $90/m2 and 15% 

As shown in Fig. 3-6, water production cost decreases by 8.8% from $1.48/m3 to $1.35/m3 when 

an intense pre-treatment is performed as Tp,in decreases from 15 to 11 ºC, which is equivalent to a 

reduction in ȹTmin from 5 to 1 ºC, while for the simplified pre-treatment, water production cost is 

reduced by 6.2%, from $0.65/m3 to $0.61/m3, when Tp,in decreases from 15 to 11 ºC.  These 

results demonstrate that the effect of membrane cost reduction is dominant in determining the 

water production cost in comparison with the increase in the external heat exchanger cost. Fig. 3-
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7 wherein the share of the membrane purchase cost and the external heat exchanger cost are 

shown to support this conclusion.  

 

Fig. 3-7 Share of purchased membrane and external heat exchanger costs, in total capital cost vs. permeate inlet temperature at Tf,in=30 °C, and a 

membrane price, replacement rate, and permeability of $90/m2, 15% and 0.00774 kg/m2h.Pa, respectively 

According to Fig. 3-7, the share of the external heat exchanger cost increases only slightly as 

ȹTmin decreases, and it remained below 0.8% and 2.4% for the intense and simplified pre-

treatment, respectively, demonstrating that the costs associated with the external heat exchanger 
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do not play a major role in controlling the product water cost. On the other hand, the share of the 

membrane purchase cost decreased from 22.4% to 18.7%, and 44.8% to 41.7%, for intense and 

simplified pre-treatment, respectively. It is worth mentioning that intake and pre-treatment cost is 

still a major contributor to the water production cost for the intense pre-treatment scenario by 

occupying approximately 58 to 61% of the total capital cost within the range of the ȹTmin 

variation. According to the results presented in Fig. 3-6, ȹTmin should be set at 1 ºC and permeate 

should enter the membrane module at 11 ºC to obtain the minimum total water cost.  

3-2-3-3- Effects of Process Feed Temperature (Tf,in) on the Water Production Cost 

As discussed earlier, huge thermal energy consumption is considered as a major obstacle in the 

commercialization of the MD process. Although, the proposed ZTIMD process is supposed to 

require no heat input, it would be worth investigating the effect of the process feed temperature, 

Tf,in, on the water production cost, especially when the recovery ratio is low. Looking into the 

flow sheet given in Fig. 3-1-b, the increase in Tf,in will increase the water flux due to the 

enhanced driving force, which leads to the decrease in purchased membrane cost. At the same 

time, the recovery ratio will also increase and the feed seawater flowrate supplied to the 

membrane module will decrease. For instance, in one of the case studies where Tf,out and Tp,in  are 

set equal to 27 and 11 ºC, respectively, with an increase in Tf,in from 30 to 50 ºC, recovery ratio 

increases from almost 0.5% to 4.3% as a result of water flux increase from 7.6 to 24.7 kg/m2h. 

Consequently, feed seawater flow rate decreases by almost 8 times. The heat required to elevate 

the temperature of the latter amount of feed seawater from 30 to 50 ºC is 28.9 kWh/m3, which 

should be provided by an external heat source. Our calculations showed that the water 
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production cost would increase from $0.61/m3 to $8.02/m3, an enormous 1214.8% increase, 

when the solar energy is used as the heat source, while employing the fossil fuel would result in 

an increase from $ 0.61/m3 to $ 6.56/m3, i.e. 975.4% increase, when the simplified pre-treatment 

was adopted and Tf,out, Tp,in, membrane price, replacement rate, and permeability were set equal 

to 27 ºC, 11 ºC, $90/m2, 15%, and 0.00774 kg/m2h.Pa, respectively. It should be pointed out that 

at Tf,in=50 ºC, more than 89% of the total capital cost is for the solar collectors and storage cost, 

when the solar energy is the heat source. On the other hand, more than 97% of the O&M cost 

was shared by the steam generation cost when fossil fuel was used to heat up the feed. It is worth 

mentioning that a cooling water temperature of 10 ºC due to the use of bottom seawater as the 

coolant and a low water recovery due to the adoption of a single-pass DCMD process are used in 

the simulation. The results with external thermal input using solar energy and fossil fuels 

therefore might be different from conventional DCMD processes using corresponding energy 

sources.  

There are several reports in the literature on the viability of the MD desalination when the 

required external heat input is fulfilled by waste heat. In such a case, water production cost was 

evaluated to range from 0.26 to 0.65 $/m3 [21,57,69,92,97,101].  An investigation was made to 

study the effect of heating the seawater from 30 ºC to the process feed temperature, Tf,in on the 

water production cost in the ZTIMD process, when the low grade waste heat at 100 ºC is used, 

and the results summarized in Fig. 3-8 for the simplified pre-treatment scenario and for the 

minimum approach temperature of 1 ºC (Tp,in of 11 ºC). Again, the solid line represents the water 
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production cost corresponding to the center values of the membrane characteristic parameters, 

and the effect of each parameter is represented by the range bars and broken lines. 
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Fig. 3-8 Water production cost vs. process feed temperature where cartridge filtration is used for pre-treatment at Tf,out=27 °C and Tp,in=11 °C, 

when (a) membrane price varies in the range of 18.5-116 $/m2 at constant replacement rate of 15% and permeability of 0.00774 kg/m2h.Pa, (b) 

membrane replacement rate varies in the range of 5-20% at a constant membrane price of $90/m2 and permeability of 0.00774 kg/m2h.Pa, (c) 

membrane permeability varies between 0.01161-0.00516 kg/m2h.Pa at a constant membrane price of $90/m2 and a replacement rate of 15%. 

As shown in Fig. 3-8, when the center values are used, the water production cost decreases from 

$0.61/m3 to $0.50/m3 with the increase in Tf,in from 30 to 50 ºC, indicating the merit of heating 

seawater using waste heat before it enters the MD module. However, in Fig. 3-8-a, the lower 

boundary of the water production cost increases with Tf,in, indicating the demerit of seawater 

heating when the membrane of the lowest price (18.5 $/m2) is available. On the other hand, a 

maximum is observed in the lower boundaries of Figs. 3-8-b (at a membrane replacement rate of 

5%) and ïc (at a membrane permeability of 0.01161 kg/m2h.Pa) at Tf,in=33 ºC and 32 ºC, 

respectively. For instance, looking into the capital cost items for the process presented in Fig. 3-

8-a, for a membrane cost of $18.5/m2, when Tf,in increases from 30 to 50 ºC, share of membrane 

purchase cost decreases from 13.5% to 2.5%, while the portion of the steam heat exchanger cost 

increases from 0 to 54.9%, demonstrating that the heat exchanger becomes the dominating item 

in controlling the water production cost as  Tf,in increases. These results indicate that the 

utilization of even waste heat does not necessarily benefit the MD process due to the costs of 

heat exchanger.  

Since the requirement of heat exchange surface is directly dependant on the temperature of waste 

heat, the effects of waste heat temperature in the range of 100-400 ºC was investigated with other 

conditions fixed at the scenario that enables the lowest water production cost of $0.28/m3 when 

no external thermal energy is used to heat the feed seawater. These conditions include simple 
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pre-treatment, membrane price $18.5/m2, replacement rate 5%, and permeability 0.01161 

kg/m2h.Pa. The results are displayed in Fig. 3-9.  

It is worth mentioning that in the case of waste heat temperature of 100 ºC, and at Tf,in=50 ºC, 

more than 55% of the total capital cost is attributed to the cost of heat exchanger, while only 

1.7% to the purchased membrane cost. 

 

Fig. 3-9 Effect of waste heat temperature on the water production cost for the best case scenario in this work, the ZTIMD coupled with cartridge 

filtration at a membrane price, replacement rate, and permeability of $18.5/m2, 5% and 0.01161 kg/m2h.Pa, respectively, Tf,out=27 °C and Tp,in=11 °C 

As shown in Fig. 3-9, the water production cost decreases with the increase of the waste heat 

temperature. As well, when the waste heat temperature is less than 200 °C, increasing the process 
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feed temperature would increase the water production cost significantly, due to the fact that the 

heat exchanger cost is more dominant than the relatively low membrane cost. When the waste 

heat is available at temperatures of 300 and 350 °C, a maximum is observed in the water 

production cost at the process feed temperature of 35 and 32 °C, respectively. These results 

demonstrate that the cost of heat exchangers cannot be neglected in MD, especially when the 

temperature of the heat source is relatively low. They also point to a conclusion that is somewhat 

against the conventional wisdom, i.e., waste heat is not necessarily beneficial to MD unless its 

quality justifies its usage. It should be noted that it is rare to have waste heat available at a 

magnitude that is sufficient to sustain the operation of a stand-alone MD plant for desalination at 

large scale.  

3-2-4- Feasibility of ZTIMD  

Table 3-3 compares the water production cost of five different desalination technologies, i.e., 

Multi -Stage Flash (MSF), Multi-Effect Distillation (MED), RO, conventional MD, and ZTIMD.  

Thermal processes such as MSF and MED are dominant in regions with excessive access to oil, 

leading to concerns such as CO2 emission and energy sustainability. For all the desalination 

technologies in Table 3-3, the scale benefits are obvious with the product cost remarkably lower 

at a larger scale. In addition to the scale, cost variations between similar processes mainly 

depend on location of desalination plant, quality of raw feed, and accessibility of the process to 

available energy sources.  

Comparing the ZTIMD with other desalination technologies and according to section 3-2-1, 

while the primary merit of ZTIMD is that no external thermal energy is required for MD, there 



 

97 
 

 

 

 

 

are concerns in association with the increase of membrane costs at the low feed temperatures 

(and therefore small flux) and the introduction of additional costs including the pre-treatment of 

large volume of raw feed due to small water recovery and the pumping of bottom seawater as 

coolant.  However, as shown in Table 3-3, the overall water production cost of $0.61/m3 when it 

is estimated on the basis of the center values for the membrane characteristic parameters, is quite 

competitive with the other processes.   

The simulation results indicate that, at a typical scenario as presented in Fig. 3-1-b, i.e., when 

Tf,out and Tp,in are set at 27 and 11 °C, respectively, membrane is the top  contributor to the water 

production cost, no matter if the simplified pre-treatment (56.9% of overall cost) or the intense 

pre-treatment (42.5% of overall cost) is to be used. As discussed in section 3-2-1, according to 

the operating conditions of the ZTIMD process, simplifying the pre-treatment to exclude 

chemical pre-treatment and therefore include cartridge filtration as the only major cost 

contributor is reasonable and commonly accepted for MD. In such a scenario, only about 3.3% of 

the overall cost is spent to process the raw surface seawater for the pre-treatment in ZTIMD. 

Furthermore, underwater piping and pumping of the bottom seawater together will add no more 

than 6.2% to the overall cost. 

It should be noted that the center value we used for membrane price, i.e., $90/m2, is commonly 

used in feasibility studies of MD processes [25,57,61,82], but is much higher than the lowest 

price of MD membranes in the literature, which is $18.5/m2 [68] . Furthermore, the fabrication of 

MD is simpler than RO and the price of commercial RO membrane could be as low as $10-

12/m2 [102,103]. It is reasonable to expect the price of MD membranes to eventually fall down 
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to at least the level of commercial RO membranes once commercial MD desalination plants are 

in operation around the globe. Furthermore, the transmembrane pressure of ZTIMD is practically 

zero in comparison with that of RO, fouling and scaling of it is much less severe than that in RO, 

and the operation temperature of it, unlike that in conventional DCMD, is comparable to that of 

RO. As a result, it is reasonable to expect the membrane durability in ZTIMD processes to be 

made comparable to that of RO, if not significantly longer, as MD fabrication technologies 

perfects with time. Therefore, it is logical to use a membrane replacement rate of 5%, which is a 

realistic membrane replacement rate of commercial RO plants [22,68,92] as the lower limit in 

simulation. Finally, as aforementioned, the upper limit of the MD membrane permeability, which 

is 0.01161 kg/m2h.Pa, is a conservative choice in comparison with literature data [25,95]. 

When the membrane parameters are set to price $18.5/m2, replacement rate 5%, and permeability 

0.01161 kg/m2h.Pa, which seem by all means to be achievable according to the data available in 

the literature, water production cost will drop to as low as $0.28/m3, which would make the 

desalination as a much more affordable, much greener, and much more sustainable process. 

According to the results, any efforts in improving the MD membrane performance would 

eventually result in an even cheaper product by the process. 
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Table 3-3 Desalinated water cost in different processes 
Capacity (m3/day) Water Production Cost ($/m3) Ref. 

Multi -Stage Flash (MSF) 

23,000-528,000 0.56-1.75 [104] 

20,000 2.02 [105] 

1 2.84 [106] 

NA*  1.1-1.5 [21,107] 

Multi -Effect Distillation (MED) 

91,000-320,000 0.52-1.01 [104] 

12,000-55,000 0.95-1.5 [104] 

20,000 0.89 [108] 

72 2.0 [109] 

NA*  0.46-0.85 [21,107] 

Reverse Osmosis (RO) 

100,000-320,000 0.45-0.66 [104]  

105,000  0.45-0.63 [71]  

15,000-60,000 0.48-1.62 [104] 

500 2.7 [110] 

1 3.73 [111] 

NA*  0.47-2.0  [62]  

Conventional Membrane Distillation (MD) 

24,000 1.17-1.23 [57]  

20,000 1.22 [25]  

20,000 0.50 a [25]  

100 10-11.3 b [68]  

0.15-10 10.5-19.5 [104] 

3.79 1.16 [69]  

0.5 18.0-36.0 [22]  

0.1 15.0-29.9 [22]  

NA*  1.1-1.8 [97]  

ZTIMD c 

24,000 0.61 d This work 

24,000 0.28 e This work 
* Not Applicable 
a If geothermal energy used for heating purpose 
b Cost in (ú/m3) 
c With simplified pre-treatment 
d Membrane price, replacement rate, and permeability at $90/m2, 15%, 0.00774 kg/m2h.Pa 
e Membrane price, replacement rate, and permeability at $18.5/m2, 5%, 0.01161 kg/m2h.Pa 

Data in Table 3-3 show that the ZTIMD process is economically more efficient than other 

desalination technologies. It is also interesting to compare the energy consumption of different 

desalination processes with that of the ZTIMD. Since the thermal energy required for 

evaporation is extracted from the surface seawater in the ZTIMD, the process would need no 

more than 0.45 kWh/m3 electrical energy input. On the other hand, it has been reported that MSF 
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needs 26.4-83.0 kWh/m3 energy input, while that of MED falls in the range of 39.7-105.7 

kWh/m3 [21,42]. As mentioned earlier, RO energy consumption is about 3-4 kWh/m3 

[19,21,42,46]. Specific energy consumption of conventional MD process varies in a large range 

between 600 to 9080 kWh/m3 as reported in different studies [21] . 

In this work, the simulation was carried out by using Gulf of Oman as the hypothetic site of 

operation. Nonetheless, this novel process could operate wherever the temperature difference 

between the surface and bottom seawater is sufficiently large.   

It should be cautioned that the simulation was performed based on data obtained from laboratory 

and pilot scale studies reported in the literature. Validation of the results with pilot and 

demonstration scale plants is therefore warranted. Furthermore, the lack of time-tested 

commercial MD membranes due to the current lack of market demands, which is in turn dictated 

by the lack of economic viability of conventional MD processes, is another practical challenge. 

This problem, however, is expected to resolve itself when cost-effective and sustainable ZTIMD 

plants find their popularity in the market.  

3-3- Conclusion 

Conventional desalination processes, whether thermal or pressure-driven, are energy intensive 

and costly, which raises cost-effectiveness and sustainability as major concerns. While use of 

fossil fuels for desalination is unsustainable from the perspective of energy and environment, 

using renewable fuels for water makes the process economically unaffordable. We established 

the economic feasibility, energy saving, and environment-friendliness of a revolutionary 
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seawater desalination strategy, ZTIMD, which promises zero thermal energy consumption and 

zero-waste discharge, by extracting the solar thermal energy stored in surface seawater as the 

heat source for DCMD. The cold water at the bottom of the sea is used as the coolant and the 

temperature difference between the warm surface and the cold bottom seawaters provides the 

driving force. Economic evaluation was carried out using a typical temperature profile of 

seawater to the depth direction in Gulf of Oman. Two case scenarios were considered with 

respect to the pre-treatment of seawater: one in which the pre-treatment is as intense as that of 

the RO and the other is done by simplified pre-treatment using cartridge filters alone, which has 

been accepted as realistic for MD. It was concluded that for both case scenarios there is no or 

minimized merit of implementing any external heat sources, including  free waste heat unless it 

is available at 350 °C or higher. When the centre values for the membrane characteristics are 

used, a water production cost of $0.61/m3 at a specific energy consumption of 0.45 kWh/m3 

could be achieved by ZTIMD, which is competitive comparing to that of the commercial SWRO 

processes. In a favorable scenario, water production cost of $0.28/m3 was found to be achievable.  

It is worth emphasizing that the enthalpy of surface seawater would be able to match ZTIMD 

operations at any scale.  

Furthermore, unlike SWRO processes that create environmental liabilities such as the discharge 

of large volumes of concentrate brine from the RO units to the operation site, which may cause 

significant stress to the local aquatic ecosystem [74,75], the ZTIMD process promises not to 

alternate the local salt concentration of operation sea region and discharging no waste chemicals 

from pre-treatment as well. In other words, the zero-thermal energy input membrane distillation 
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process is also a zero-waste process. We expect the successful implementation of this strategy, 

which is sustainable from the perspectives of economics, energy, and environment, to 

revolutionize seawater desalination industry. 

3-4- Sample Cost Calculation for the Best Case Scenario 

The water production cost with the required details for the ZTIMD with a process flow diagram 

shown in Fig. 3-1-b when the membrane price, replacement rate, and permeability are assumed 

to be $18.5/m2, 5%, and 0.01161 kg/m2h.Pa, respectively, is presented in this section. Specific 

values of key parameters used in the sample calculations are presented in Table 3-4. 

Temperatures at the membrane interface were obtained by assuming a temperature polarization 

factor of 0.7 [85-91]. 

Table 3-4 Operating conditions of the ZTIMD with simplified pre-treatment 
T f,in (°C) T f,out (°C) Tp,in (°C) Tp,out (°C) Tc,in (°C) Tc,out (°C) 

30 27 11 25 10 20 

T f,m,in (°C) T f,m,out (°C) Tp,m,in (°C) Tp,m,out (°C) 

29.25 24.6 13.4 25.75 

╟█ȟ□ȟ░▪
ᶻ  (kPa) ╟█ȟ□ȟ▫◊◄

ᶻ  (kPa) ╟▬ȟ□ȟ░▪
ᶻ  (kPa) ╟▬ȟ□ȟ▫◊◄

ᶻ  (kPa) 

3.95 3.00 1.54 3.33 

Membrane Flux (kg/m2h) 

11.3 

Recovery Ratio (RR), Equation (2) 

0.00555 
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3-4-1- Capital Cost 

Table 3-5 Capital cost break-down calculations 

Cost of civil work excluding the underwater piping ($) ρωτυὡ Ȣ [33] 6,201,000 

Cost of purchased underwater piping ($) (Required pipe length)×l 348,000 

Cost of underwater piping installation ($) [70] 1,500,000 

Cost of intake and pre-treatment ($) (Number of filters) ×(unit cost of filters) 1,961,000 

Cost of DCMD feed pumps ($) τȢχψρπ ὡ ὙὙϳ ὖ[33] 2,479,000 

Cost of DCMD coolant pumps ($) 
[57] 805,000 

Cost of membrane ($) (Required membrane area)×m*  
1,623,000 

Cost of heat exchangers ($) 
(Required heat exchanger area)×h 673,000 

Total direct capital costs ($) Sum of all above costs 15,590,000 

Indirect capital costs ($) 0.1×(Total direct capital costs) [33] 1,559,000 

Total capital costs ($) (Direct + Indirect capital costs) 17,149,000 

Annual fixed charges ($/m3) 
ὥ 4ÏÔÁÌ ÃÁÐÉÔÁÌ ÃÏÓÔÓȾὪ ὡ σφυ [33] 0.18 

3-4-2- Operation and Maintenance Cost 

Table 3-6 Operation and maintenance cost break-down calculations 

Membrane replacement ($/year) (Total cost of membrane)× rm 81,000 

Cost of electricity excluding the bottom seawater pumping ($/year) (Annual electricity consumption)×e 11,000 

Cost of electricity for pumping the coolant, i.e. bottom seawater ($/year) 
(Annual electricity consumption)×e 87,000 

Cost of chemicals ($/year) (Specific chemical cost per m3)×W 142,000 

Cost of spares ($/year) (Specific spears cost per m3)×W 260,000 

Cost of labor ($/year) (Specific labor cost per m3)×W 237,000 

Total annual O&M costs ($/year) Sum of all above costs 818,000 

Annual O&M charges ($/m3) 
4ÏÔÁÌ ÁÎÎÕÁÌ /Ǫὓ ὧέίὸίȾὪ ὡ σφυ [33] 0.10 

3-4-3- Overall Water Cost 

ὕὺὩὶὥὰὰ ύὥὸὩὶ ὧέίὸὃὲὲόὥὰ ὪὭὼὩὨ ὧὬὥὶὫὩίὃὲόόὥὰ ὕǪὓ ὧὬὥὶὫὩίπȢςψ Αάϳ  
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3-4-4- Thickness of Required Insulation Material for Only 1 °C Increase in 

Coolant Temperature from Bottom of the Sea to the Surface 

In this calculations, it is assumed that the environment seawater temperature is fixed at 30 °C 

from the bottom to surface of the sea (Worst Case Scenario). 
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Fig. 3-10 A schematic of the underwater pipe for cooling the bottom seawater  
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Table 3-7 List of assumptions for calculation of the thickness of the insulation material  

 (kg/m3) 999.7 

Di,Pipe (m) 1.03 

r i,Pipe (m) 0.51 

Do,Pipe (m) 1.07 

r o,Pipe (m) 0.53 

kSteel (W/mK)  50.2 

Pipe Length (m) 1100 

Viscosity (Ns/m2) 0.001307 

Coolant Flowrate (m3/s) 14.73 

Coolant Flowrate (kg/s) 14722.05 

Surface Area (m2) 0.83 

Velocity (m/s) 17.72 

Heat Capacity (J/kgK) 4181.3 

kWater (W/mK)  0.58 

Energy Required for 1 °C Temperature Increase along the Pipe: 

ὗ άὧЎὝ φρυυχσςρȢσυ ὡ 

Thermal Resistance of the Pipe: 

Ὑ  

ÌÎ 
ὶ
ὶ

ς“Ὧὰ

ÌÎ 
πȢυσστ
πȢυρτσυ

ς“ υπȢς ρρππ
ρȢπυρπ 

Convective Heat Transfer Coefficient inside the Pipe: 

ὙὩ
”όὈ

‘

ωωωȢχ ρχȢχρψφχψφυρȢπςψχ

πȢππρσπχ
ρσωτρφυπȢπρ 

ὖὶ
ὧ‘

Ὧ

τρψρȢσ πȢππρσπχ

πȢυψ
ωȢτς 

ὔό πȢπςχὙὩϳ ὖὶϳ ςωφρφȢυχ 
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Ὤ
ὔό Ὧ

Ὀ
ρφφωψȢσχ ὡȾά ὑ 

Inner Surface Temperature of the Pipe: 

ЎὝ
ὗ

Ὤ “ Ὀ ὰ
ρȢπτ ᴈ 

Ὕ  ρπ ЎὝ ρρȢπτ 

Temperature Difference across the Metal Pipe: 

ЎὝ  ὗ Ὑ  φȢτυ ᴈ 

Ὕ  ρρȢπτφȢτυ ρχȢτω 

Temperature Difference across the Insulation Material: 

ЎὝ  σπ ρχȢτω ρςȢυρ ᴈ 

Thermal Resistance of the Insulation Material (ȹT=29-(11+ȹTSteel Pipe) °C): 

Ὑ  

ЎὝ  

ὗ
ςȢπσρπ  

Thickness of the Insulation Material (Fiberglass as Insulation Material, k=0.04 W/mK): 

ὶ ὶὩὼὴς“Ὧ  ὰ Ὑ  

ὶȟ  πȢυσὩὼὴς“ πȢπτρρππςȢπσρπ  

ὶȟ  πȢυσ ά 

Thickness of the Insulation Material: 

ὸ ςȢωωρπ ά 
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It should be pointed out that coolant would have a short residence time of about 62 s in the pipe 

from bottom of the sea to its surface that hypothetically could be the reason of an extremely 

small required insulation material thickness for an increase of only 1 °C in the coolant 

temperature. The above calculations show that the costs associated with the insulation material to 

maintain the coolant temperature at 10 °C within the pipe from bottom of the sea to the surface 

would be negligible. 
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