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Abstract 
 

In this era of modern technology, the need for a sustainable, green, and eco-friendly solution to 

the fulfilment of water needs is of the essence. Water provides energy, sustenance, and life to 

all living things in this world. The growth in world population, industry and domestic demand 

of water has increased exponentially. This has led to an increase in wastewater production, 

toxic and carcinogen waste being discharged into rivers, oceans, and lakes.  This fact puts more 

pressure on the already depleting resources of fresh water in this world. Hence, there is a need 

to make use of fresh water more than once (recycle). This can be done by employing various 

technologies for water treatment and cleaning which involve different methodologies and 

processes. 

The objective of this thesis is to analyse and perform calculations pertaining to water treatment 

technologies on a demo site located in Eilat, Israel. The main focus is the calculation of 

efficiency and other useful parameters from experimental data of the membrane distillation 

system that will be installed at the demo site. Other than this, other similar technologies are 

also reviewed, their efficiencies calculated from experimental and theoretical data for a 

comparison of effectiveness and efficiency among them. This approach is beneficial for 

choosing a more favourable system for installation.  
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1. Introduction 
1.1 History of membrane distillation 
 

Membrane distillation can be traced back to 1963 when Bodell filed for the first membrane 

distillation patent. Four year later, Findley published the first paper on direct contact membrane 

distillation. The paper included various form forms of membranes made of different materials 

like paper hot cup, aluminium foil, cellophane, glass fibres and nylon etc while using silicone 

and Teflon as coating materials to achieve the required hydrophobicity [1]. The experiments 

performed indicated possible economic advantages over similar technologies of the time, 

especially at high temperatures. The membrane life span was also a factor that increased the 

likeliness for the technology to be used.  

This sparked a rising interest in the technology, where scientists from across the globe 

performed ground-breaking experiments to make the technology more accustomed and 

mainstream. Further patents about different schemes for the technologies were published in the 

following years and patents filed. Direct contact membrane distillation technologies (DCMD) 

enabled better ways to for recovery of demineralised water from saline solutions. Later on, after 

further improving on his experiments and technology, Bodell filed another patent describing 

his system and a procedure to convert impotable aqueous solutions to potable water. The 

phenomenon used air which was circulated through the lumen side and condensation of was 

carried out in an external tank to collect water, the experiment was the first of its kind known 

as sweeping gas membrane distillation (SGMD) configuration.  

Initially the experiment conducted was limited to labs and other facilities but Bodell with his 

patent provided novel apparatus and methods to for condensing water from brine solutions, 

sewage urine, bacteria containing water and other polluted sourced which meant that the 

process could prove to be a vital source of potable water in an economical manner. Moreover, 

the process could be used in line with other filtration technologies like filtration in order to 

further improve the quality of water obtained.  

The distillation process was later on introduced in Europe for desalination of seawater using 

the previously patented method of Bodell in the 2nd European Symposium held in Athens. It 

was proposed that the procedure could be utilized in cleaning of hot wastewater, and it would 

be possible to use it for solar distillation.  But the technology quickly faded in the coming years 

partly due to the reason that reverse osmosis production increased significantly, whereas the 

production of membrane distillation reduced. But the process has significantly again increased 



 

8 | P a g e  
 

importance in the scientific population due to the advantages of the proficiency over its 

counterparts. The technology can play a vital role in the upcoming era as the world moves 

towards an era of water shortages, new and improved methods are more likely to be explored 

to their full potential.  

 

1.2 Filtration Technologies  
 

All filtration technologies follow the underlying principle of filtration. Filtration can be defined 

as a physical process that separates solid matter and fluid from their mixture with the help of a 

filtration medium which can have a complex physical structure through which only the liquid 

can pass. Diving into the types of filtration technologies, there are numerous. Most generically, 

the techniques can be classified into three main types as mechanical, biological, and chemical 

filtration. It would be not wrong to say that all these three types can be further subdivided into 

several sub-categories which require their own detailed explanations. 

• Membrane Distillation: 
 

Talking about the technology of interest, membrane distillation, is a mechanical filtration 

technique. The technique employs a hydrophobic membrane between the feed and permeate 

flow. Membrane distillation is basically a thermally driven separation process in which 

separation is possible due to phase change. The process can be classified as a low 

temperature technique. A temperature differential between the feed and permeate fluids is 

formed which causes a driving force to be generated across the hydrophobic membrane [2]. 

The MD (Membrane Distillation) separation process is then guided by vapour liquid 

equilibrium. The process is more energy conservative as compared to its counter parts in 

traditional desalination procedures [3].  

Furthermore, membrane distillation can be classified into various types depending on the 

configuration of the system. 

1) Direct Contact Membrane Distillation (DCMD) 

2) Sweeping Gas Membrane Distillation (SGMD) 

3) Air Gap Membrane Distillation (AGMD) 

4) Vacuum Membrane distillation (VMD) 
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All the above-mentioned configurations differ and configuration and have their own unique 

use. For example, the air gap membrane distillation shown in figure 1 is more suitable for 

desalination and removing volatile compounds from aqueous solutions. The AGMD's 

design allows the feed side to only come into touch with the membrane's heated side, while 

stagnant air is injected flanked by the membrane and the condensation surface.[4]  

Figure 1: configuration of Air Gap membrane distillation 

 

However, when talking about the advantages of the system, there are drawbacks present as 

well. Continuing on the previous example, the air gap membrane distillation helps is 

reducing the heat loss due to conduction, but at the same time, additional resistance is 

created for mass transfer due to the air gap [4].  

• Nano-filtration 
 

Other filtration technologies like nano-filtration and reverse osmosis are also frequently 

used practices for removal of salt from water and treatment of water. Nano-filtration 

technology relies on the difference in pressure as the main guiding power. During the 

transportation via the membrane, the porous nature of membrane of the membrane is 

responsible for the  diffusive and convective fluxes taking place. The process can be said 

to lie between ultra-filtrations and reverse osmosis in terms of the ability to refuse molecular 

and ionic varieties. In fact, the nano-filtration membranes can reach up to a rejection rate 

of 99% for monovalent ions [5].  

An advantage that nano-filtration technology has over the reverse osmosis counterpart can 

is the low operating pressure whereas the reverse osmosis technology requires a high 

pressure environment to be functional (generally speaking about 15-30 bars of pressure for 

brackish water and 55-70 bars of pressure foe seawater) [5]. This implies a high initial 

investment cost and a relatively higher energy consumption.  
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• Reverse Osmosis 
 

Reverse osmosis (RO) is a liquid-driven membrane technique that allows water to flow 

through while rejecting salts and low molecular weight organic molecules [6]. With the 

help of an applied pressure, the osmotic pressure is overcome. Osmotic pressure refers to 

the colligative property that is present due to the chemical potential differences of the 

solvent.  

The process is helpful in the removal of any types of dissolved or suspended chemicals and 

well as biological ones from water. The process is in use industrial processes as well as in 

the production of potable water.  

The result of the procedure is basically that the solute is collected or is retained on the 

pressurized wing of the membrane while the solvent is allowed to pass through the 

membrane. But as mentioned above, the process requires a high differential pressure as 

driving force and hence needs a higher initial investment as compared to its counterpart 

technologies. That being said, reverse osmosis is an industrial scale process with a high 

efficiency capable of producing clean water among its other industrial uses. 

1.3 Demo site 
 

The Israel Oceanographic and Limnological Research (IOLR) is based in Eilat, Israel. The 

centre is a leading research centre that performs maricultural research focusing on marine and 

brackish water. Growing demand for fish product, shortage in land and water as well as 

environmental concerns, result in shifting aquaculture from its traditional practice and location 

towards implementation of recirculating aquaculture systems (RAS). The main challenges in 

RAS are maintaining water quality, and particularly treatment of nitrogen accumulation from 

protein metabolism, to enable near 100% closed loop reuse of water. 

The challenge faced on the demo site includes a fish culture system that provides 250 cubic 

meters per hour of wastewater. Biofilters placed in the RAS are the first system of filtration to 

treat the water, mainly for a twostep oxidation process of ammonia, since ammonia is highly 

toxic to fish even at relatively low concentrations. In contrast, nitrate, which is formed when 

ammonia is oxidized, is less hazardous and may build in the fish-growing system to rather high 

levels, allowing for a significant reduction in the rate of external water exchange. Such nitrate-



 

11 | P a g e  
 

rich wastewaters, which are also high in phosphorus, cannot, however, be dumped into the 

marine or natural environment (might cause eutrophication). 

Nonetheless, neither for marine RAS nor for sea water desalination facilities, efficient and cost-

effective methods for nitrate removal from marine wastewater have been well established. As 

a result, rather than dilution, brine and effluent from desalination facilities and land-based fish 

farming RAS are dumped directly into the sea. 

An additional problematic issue related to recirculation of aquaculture systems is the need to 

disinfect the effluent, since it adds operational cost that might reduce the profitability of 

production. Reducing the effluent flow rate (by reducing the external water exchange rate) 

would reduce disinfection costs, however, very low water exchange rate will result another 

constrain of accumulation of fine size suspended solids (less than 15 μm) that deteriorate 

internal water quality for fish growth. Other issues preventing the 100% recirculation of the 

water in the RAS are related to the values of salinity and biological oxygen demand (BOD), 

that easily grow in fully closed recirculated marine fish culture systems. 

The main goal for this demo site from the technological point of view is to establish a feasible 

water recycling cycle for the land-based marine aquaculture system in a cost effective and 

environment friendly way. The technology module developed for this purpose is called 

SALTECH (treatment module for salty water). The following figure depicts the technologies 

that are part of the technological loop in order to clean the water and reuse it for other purposes 

including drinking.  
  

 

 

 

 

 

 

 

 

 

Figure 2: Demo site 2 train of technologies 
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The train of technologies include various systems such as Adsorption unit, a generator capable 

of producing electric pulses for the sterilization of water, a denitrification unit for removal of 

nitrates, solar heating before the membrane distillation unit to reach an optimal temperature. 

However, the main discussion for this thesis is the membrane distillation unit that is responsible 

for removal of water vapours from the retentate which is later sent to the crystallization unit to 

convert the retentate to purified salt crystals. To maintain the loses of water due to evaporation 

during the whole procedure, fresh water is introduced into the system to maintain a level of 

input for all the technologies for them to work in a feasible range in which they are efficient.  

Coming to the focused technology in this thesis, the membrane distillation prototype 

experiments were performed in collaboration with the university of Aalborg, Denmark. The 

nano-filtration data has also been obtained from the same source. The generator called high 

voltage nano second pulsed electric field generator (HVNSPEF) manufactured for producing 

high voltage for water sterilization, its data was obtained from IRIS s.r.l., the generator is also 

being used at the demo site for purification purposes of incoming supply of water. The data 

extrapolated from the experiments is the basis of the calculations there will follow. The 

membrane distillation technology, as mentioned previously is a good alternative for the reverse 

osmosis technology, especially in terms of cost effectiveness as it does not require a huge initial 

investment for machinery to be installed and is easier in terms of maintenance as well. 

1.4 Definition of the Problem and Objective of the Thesis 
 

Over the last several decades, the spread of various technologies in the water treatment and 

filtration sector has resulted in a multi-fold rise in chances for recycling brackish and salty 

water that was previously unsuitable. This creates a huge opening for companies, firms, and 

regulatory bodies alike to benefit from these modern technologies. New and modern research 

is being carried out to figure out the compatibility of each technology in liaison with the existing 

inline methods previously used.  

This being said, modern technologies connected in in such a way that they are able to provide 

better water treatment solutions in a more cost effective and efficient manner are also a very 

attractive option. Different configurations of technologies, having their own pros and cons are 

being compared to check whether the technology in question is a better fit for the problem in 

hand or an alternative might be considered. 
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Membrane distillation is one of these technologies which are under consideration. With its 

various configurations and working conditions, the technology is able to serve various 

industries depending on their requirements and needs. The objective of this thesis is then to 

understand the working of this technology, the principles of thermodynamics and fluid 

mechanics that the technology follows and adapts to perform its sole task of distillation. 

The membrane distillation unit installed in the demo site in Israel is basically to reduce the 

salinity of water. The salinity of water is measured by the amount of conductivity the sample 

offers when a current is passed through electrodes placed inside the sample. The lower the 

conductivity value, the lower the salinity of the sample meaning that the sample is hence cleaner 

and does not contain salt compounds that might be harmful to reuse if the sample is to be 

recirculated for various uses in industry or even domestically. It is worth mentioning that apart 

from the salinity of water, there are other indicators such as pH value etc that are also checked 

to make sure that the sample is absent of other impurities as well. 

The objective of this thesis includes the calculation of the efficiency of the system using 

MATLAB. The analysis calculates the evaporation efficiency of the system using the 

experimental data obtained from the university of Aalborg, Denmark. Other than that, the 

analysis is to include the temperature polarization coefficient which is also an indicator of 

efficiency as the system is incredibly prone to polarization of temperature phenomenon, which 

is discussed further in literature review.  

To carry out this analysis to calculate the evaporation efficiency and temperature polarization 

coefficient, various unknowns that are required are also found using the MATLAB software. 

Therefore, with the focus on thermodynamic side of the system, we try to analyse two efficiency 

indicators of the system irrespective of the other indicators which focus more on the cleanliness 

of the permeate that is obtained during the whole process.  

The thesis also includes a detailed comparison of the technology under question with similar 

technologies being used in the demo site itself. The technologies are nano filtration, separation 

of ions by passing current at extremely high potential difference, and reverse osmosis (which 

is not part of the demo site but a similar technology).  
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1.5 Thesis Outline 
The thesis consists of eight chapters. The first chapter “introduction” entails a brief overlook 

of the membrane distillation history, the filtration technologies, the demo site where the system 

is to be installed, and the highlights the problem definition and the objectives of the thesis. The 

second chapter is dedicated to the present literature review associated to the topic of symposium 

and theoretical background with the emphasis on thermodynamic and fluid mechanic indicators 

and linked literature related to the performance of the system. In the third chapter, the 

methodology of the approach that is taken to calculate the above-mentioned indicators is 

discussed in detail along with the possible demo site developments. After the theoretical aspects 

are discussed, a mathematical model that was used for the calculations to be performed in 

MATLAB® is extensively discussed. The fifth chapter includes a detailed calculation of the 

experiments conducted on the technology under discussion among its counterparts that are 

available in the market. This involves a common parameter to be examined among  all the 

technologies in question and then discuss whether if the system is well designed to maybe the 

alternative technology would perform better under given circumstances. The discussion 

includes the working principles of the  alternative technologies and their pros and cons as 

compared with membrane distillation. The sixth chapter includes the comparison of the similar 

technologies. The seventh chapter talks about the SEC value comparison and finally the last 

chapter is on discussions and results in the form of conclusions obtained from the calculations 

of the efficiencies. The recommendations to improve on the existing model or the use of some 

other alternative configuration is also debated. The outline of the thesis is shown in figure 3. 
   

 

 

 

 

 

 

 

 

 

 

Figure 3: Outline of the Thesis 
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2. Literature Review and Theoretical Background 
 

This chapter entails the discussion about the literature review carried out about the system under 

consideration i.e., membrane distillation. Suggested research articles are read, demonstrating 

the technology's essential use in the industry. It's worth noting that membrane distillation 

research began in the 1960s but came to a halt in the middle due to fast breakthroughs in other 

related technologies at the time. There is still a lot of study being done on the integration of 

technology with different other technologies. The following graph about the research on 

membrane distillation technology portrays the above-mentioned phenomenon quite well.  

 

Figure 4: Up until 2010, the growth of research MD activity was depicted as a plot of the number of articles published in 
reputable journals for each year[1].  

Furthermore, the literature then splits into various categories talking about the different aspects 

of the technology. Papers split into the chemical part of things as well as the mechanical and 

thermodynamic part of the problem. Talking about the thermodynamic and fluid mechanic side 

of things, the literature gets more focused on the heat and mass transfer phenomenon. How the 

two phenomena are root basis for the whole system to perform. Before getting into the details 

of the efficiency factors of the membrane distillation, it is vital that the thesis establishes a base 

of the other parameters involved in the calculations of the efficiency. But to discuss the 
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efficiency of the system, we first discuss the first law of thermodynamics to further get into 

depth of the details of the efficiency. 

2.1 Efficiency of a system  
 

The first law of thermodynamics states that the energy of a system is conserved. It can be 

converted from one form to another, but it is never destroyed or lost.  The ratio of usable energy 

given to the job to the needed energy input may be thought of as the first law efficiency of an 

activity in its most basic form [7].  If we consider a mass of gas enclosed inside a cylinder fitted 

with frictionless piston at a persistent temperature, and an amount of heat q is applied to the 

system. Due to the heart being absorbed by the gas inside the cylinder, the gas performs the 

work w by expansion. So, following the first of thermodynamics, we obtain the following 

equation: 

∆𝑈 = 𝑞 − 𝑤  (1) 

Where ∆𝑈 is the increase in the internal energy of the system. This above-mentioned equation 

can be regarded as the basic mathematical expression for first law of thermodynamics [8]. The 

first law efficiency is a then a ratio of the output work produced, and the input energy provided. 

Mathematically, it can be written as the following: 

𝜂 =
𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡

𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
  (2) 

The efficiency of the system is inversely proportional to the energy loss of the system. The 

less the energy being lost or wasted, the greater the amount of efficiency of the system will 

be. The first law of thermodynamics tells us about the conservational nature of energy, that it 

may be converted from one form to another, and it cannot be destroyed. 

But intuitively, we are familiar that something is lost when a full tank of petrol is combusted to 

produce work, or when a meal is consumed. That something lost is exergy – which can be 

thought of as the capacity of energy to do work. To define the exergy phenomenon, it can be 

said that the exergy of the system or a resource is the maximum work that a system can produce 

as it comes into equilibrium with the environment.  

When we talk about efficiency of membrane distillation, we talk about the energy of the system 

in terms of heat transfer. The heat transfer mechanism of membrane distillation then also entails 

elements of mass transfer. In its most basic form, efficiency in membrane distillation can be 

thought of as the amount of heat transferred to the maximum amount of heat that could be 
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transferred. Of course, the two values differ due to loses depending on various parameters 

including the configuration, the amount of conductive heat loss to name a few. 

 

2.2 Membrane Distillation 
2.2.1 Membrane Configurations 
 

This section caters for the detailed analysis of the various membrane configurations in the 

membrane distillation technology. Different membrane configurations are used for separation 

of different kinds of aqueous solutions using microporous hydrophobic membranes. The 

explanation of these membrane configurations are as follows: 

• Direct Contact Membrane Distillation (DCMD) 
In membrane distillation, direct contact membrane distillation is the most common 

design. The hot feed solution is in direct contact with the membrane's hot side surface 

in this setup. [4]. The principle of mass transfer is the pressure difference created across 

the membrane on the permeate side. This pressure difference causes the vapour to move 

across the membrane towards the permeate side and to condense. The fact that the 

membrane is hydrophobic, holds back the liquid on the feed side from entering the 

membrane and move to the permeate side (meaning only gas phase can exist inside the 

membrane pores). Direct contact membrane distillation has a one major flaw that is heat 

loss by conduction. The following figure depicts the configuration of the membrane 

more explicitly. 
 

 

 

 

 

 

 

 

 

 

Figure 5: Depiction of Direct Contact Membrane Distillation Configuration 
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As shown in the figure, the direction of the feed and permeate solution is not the same 

rather counter to each other. This helps in a better heat transfer from the hot feed 

solution to the permeate solution.  

• Air Gap Membrane Distillation (AGMD) 
 
Air gap membrane distillation is a configuration of the membrane distillation 

technology in which the hot feed solution is in direct contact with the membrane only 

while an air gap is maintained between the permeate fluid and the membrane. The 

configuration, as shown in figure 1, helps in a reduced heat loss by conduction. The 

stagnant air gap created among the permeate flow side and the membrane aids vapour 

in crossing over and condensing on the permeate fluid's chilly surface. However, even 

though the heat loss by conduction is reduced from such a configuration, the mass 

transfer resistance is now higher due to the air gap introduced, which puts this 

configuration at a disadvantage. Some industries use this kind of configuration in order 

to remove volatile compounds from aqueous solutions [9].  

 

• Sweeping Gas Membrane Distillation (SGMD) 
 
This membrane distillation design consists of a sweeping gas as the permeate at the 

permeate flow side. The inert gas is responsible for sweeping the vapour from the 

permeate side of the membrane module and causing it to condense outside of it. Alike 

the air gap membrane distillation technology, the sweeping gas also has an air gap, 

although not stationary which helps increase the mass transfer coefficient. The 

fundamental disadvantage of this arrangement is that a little volume of permeate 

diffuses owing to the high volume of sweeping gas, necessitating a bigger condenser in 

order for the system to function. The configuration of membrane distillation technology 

is shown in the diagram below. 
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Figure 6: Configuration of Sweeping Gas Membrane Distillation 

 

It is also worth mentioning that the above mentioned two technologies that are air gap 

membrane distillation and sweeping gas membrane distillation can also be combined to 

form another type of distillation process which is known as “Thermostatic Sweeping 

Gas Membrane Distillation” (TSGMD). The inert gas is passed through the membrane 

and the condensation surface in this circumstance. A portion of the vapour condenses 

on the condensation surface (AGMD), while the rest is condensed by an external 

condenser outside the membrane cell (SGMD). [10] 

 

• Vacuum Membrane Distillation (VMD) 
A vacuum is created in the permeate membrane side of a VMD configuration using a 

pump. Outside of the membrane module, condensation occurs. The amount of heat lost 

by conduction is small, which is a significant benefit.[11] The vacuum membrane 

distillation is also used for separating aqueous solutions and volatile compounds. The 

following figure depicts the vacuum membrane distillation configuration for a better 

explanation.  
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Figure 7: Vacuum Membrane Distillation Configuration 

 

2.2.2 Membrane Characteristics 
 

The most important part of the membrane distillation technology is the membrane itself. The 

membrane is a hydrophobic (non-wetting) porous structure made from polytetrafluoroethylene 

(PTFE), polypropylene (PP) or polyvinylidene fluoride (PVDF). The key feature of all of these 

materials is their low mass transfer resistance and thermal conductivity, which allows the 

system to experience little heat loss across the membrane. The membranes must also be able to 

function under harsh temperatures, which means they must be thermally stable and chemically 

resistant.  

Some of the important characteristics of the membrane are discussed below: 

 

• Wetting Pressure or Liquid Entry pressure 
 
The liquid entry pressure (LEP) is one of the most significant characteristics of the 

membrane. The membrane pores must not get wet from the feed liquid, or in other words 

the feed liquid should not be able to penetrate the membrane pores. This means that the 

LEP is the maximum pressure limit that the membrane can handle and hence the applied 

pressure should not exceed the LEP in order for the membrane to stay hydrophobic. 

Studies have shown that the LEP is directly related to the feed concentration and 

presence of organic solutes, which aid in reducing the LEP [12]. Further research on the 

topic also concluded that the LEP is also strongly dependent on the type of 

concentrations in the feed e.g., LEP was studied to be linearly decreasing when the 

ethanol concentration in the solution  was increased. The formula to calculate the 

decrease in pressure was published by Franken in his paper about the wetting criteria 
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applicability of the membrane distillation. According to him, the LEP can be estimated 

according to the following formula: 

Δ𝑃 =  𝑃𝑓 − 𝑃𝑝 =
−2𝐵𝛾𝑙𝑐𝑜𝑠𝜃

𝑟𝑚𝑎𝑥
  (3) 

In the above equation, the pressures 𝑃𝑓 and 𝑃𝑝 represent the pressures of the feed and 

permeate side respectively, B represents the geometric pore coefficient (which is 1 for 

cylindrical pores), 𝛾𝑙 is the liquid surface tension, 𝜃 represents the contact angle and 

rmax is the maximum pore size. 

The influence of salt content on water surface tension may be quantitatively described 

as in relation to the surface tension at standard temperature and pressure. 

 

𝛾𝑙_𝑛𝑒𝑤 =  𝛾𝑙 + 1.467𝑐𝑓 (4) 

 

Where 𝛾𝑙 is the surface tension of pure water at 25oC, which comes out to be 72mN/m. 

Hence as a result, membranes that have a higher contact angle (meaning high 

hydrophobicity), smaller pore size, low surface energy and high surface tension for a 

feed solution have a higher LEP value. According to literature, typical pore size to 

prevent wetting can range from 0.1-0.6μm. 

 

• Membrane Thickness  
 

Membrane thickness is a significant trait of the membrane distillation system. The 

permeate flux and the membrane thickness are inversely proportional to each other. This 

is because the permeate flux decreases as the membrane thickness increases due to the 

fact that the resistance for the mass transfer increases. Inversely, the heat loss reduces 

when the thickness of the membrane is increased. So there a is trade-off involved 

between the choice of increased mass transfer or heat loss. The membrane thickness has 

been thoroughly studied theoretically by Lagana [13]. They concluded that the optimal 

range of membrane thickness is between 30-60μm. It is to be noted that in AGMD the 

membrane thickness can be neglected because of the stagnant air gap that exists 

between the permeate flow and membrane as it is the dominant factor of resistance to 

mass transfer. 
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• Membrane porosity and tortuosity 
 

The void volume fraction of a membrane (defined as the volume of the holes divided 

by the overall volume of the membrane) is known as membrane porosity. Membranes 

with a higher porosity have a bigger evaporation surface area. To calculate membrane 

porosity, two kinds of fluids are employed. The first (for example, isopropyl alcohol, 

IPA) penetrates the membrane pores, but the second (for example, water) does not. A 

membrane with a high porosity has a greater permeate flow and less conductive heat 

loss in general. The Smolder–Franken equation [14] may be used to calculate porosity 

(𝜀). 

𝜀 =  1 − 
𝜌𝑚

𝜌𝑝𝑜𝑙
 (5) 

In the equation, the 𝜌𝑚 and 𝜌𝑝𝑜𝑙 are the densities of membrane and polymer material 

respectively. According to a study, the membrane porosity of a system varies from 30 

to 85%. 

The divergence of the pore structure from a conventional cylindrical form is known as 

membrane tortuosity. Tortuosity and permeate flux are inversely related, indicating that 

the larger the tortuosity, the lower the permeate flux. One of the most lucrative formulas 

to calculate the tortuosity relation was suggested is the following [15]:  

𝜏 =
(2−𝜀)2

𝜀
  (6) 

 

• Thermal Conductivity 
 

Two of the main factors that contribute to the calculation of thermal conductivity are 

thermal conductivity coefficients of polymer ks and gas kg respectively. The value is 

dependent on temperature, the degree of crystallinity, and the shape of the crystal. 

Usually, the thermal conductivities of most hydrophobic polymers are quite close to 

each other. For example, the following table represents the thermal conductivities of the 

hydrophobic membranes at 23OC.    
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Polymer Thermal Conductivity (Wm-1K-1) 

PVDF 0.17–0.19 

PTFE 0.25–0.27 

PP 0.11–0.16 
Table 1: Polymer Thermal Conductivity for Membrane Distillation 

 

The following formula may be used to calculate the thermal conductivity of the PTFE 
membrane: 

𝑘𝑠 = 4.86 × 10−4𝑇 + 0.253 (7) 

However, the thermal conductivity of MD membrane is typically taken as a volumetric 

average of both the conductivities combined ks and kg . Mathematically, it can be written 

as the following: 

𝑘𝑚 = (1 − 𝜀)𝑘𝑠 + 𝜀𝑘𝑔 (8) 

After conducting various experiments, the scientist Phattaranawik suggested that the 

thermal conductivities can better be explained by basing them on a volumetric average 

of their resistances (1/ks, 1/kg) rather than conductivities and mathematically could be 

written as the following [16]:  

𝑘𝑚 = ⌊
𝜀

𝑘𝑔
+

(1−𝜀)

𝑘𝑠
⌋

−1

   (9) 

We also come to figure out that the thermal conductivities for air and water vapours at 

standard temperature and pressure i.e., 25OC are having the same magnitude. To further 

explain this fact, if we look at the thermal conductivities, they are 0.026 Wm-1K-1 for 

air and for water vapour it is 0.020 Wm-1K-1 . this result helps us justify the assumption 

that component of air is present in the pores inside the membrane.  

Some further recommendations in order to reduce the thermal conductivity were 

published by Khayet [17], in which he explained that if membranes with low thermal 

conductivities were used, having higher porosity and thickness, it would minimize heat 

loss. The publication further mentioned that the usage of composite 

hydrophilic/hydrophobic membrane could increase the permeability of the system.  The 

combination nomenclature consisted of a membrane with an extremely thin layer of 

hydrophobic membrane coated on a hydrophilic material making up a thick membrane 

to stop the feed water from wetting the membrane.  
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• Mean pore size and distribution inside the membrane 
 

The common size of membranes under usage in the industry is usually between 100nm 

to 1μm [18]. The permeate flux is directly proportional to the pore size of the membrane. 

The pore size is also helpful in determining the mass transfer through the membrane 

and the mean free path taken by the permeate flux through the membrane when 

transferring water vapour molecules. There exists a trade-off between the pore size of 

the membrane and the wetting of the membrane. of course, as stated previously, a larger 

pore size will help in obtaining a higher permeate flux, while simultaneously the 

membrane pore size should not allow the water from the feed to wet the membrane. 

Hence, as a result, the operating conditions and feed solution play an important role in 

determining the pore size of the membrane to be used for operations.  

It is a matter of fact that the membrane does not have a uniform pore size, so there are 

other mechanisms than mass transfer that are being conducted simultaneously inside 

the membrane. The scientific community in fact on this matter is not on the same side. 

Khayet in his publication reported that we need to take extreme care when mean pore 

size is being utilized to calculate the vapour transfer coefficient instead of the pore size 

distribution [19]. However, in another publication it was reported that the similar vapour 

transfer coefficients were obtained when mean pore size and pore size distribution were 

both used in calculations [20].  

Some of the methods that are used to examine the pore size separation parameters of 

the membrane include the following: 

▪ Scanning Electron Microscopy (SEM) 

▪ Atomic Force Microscopy (AFM) 

▪ Bubble point with gas permeation (wet and dry flow method) 

▪ Permeability method  
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2.2.3 Mechanisms involved in Direct Contact Membrane Distillation 
 

• Mass Transfer 
In the following scenario, the mass flow (J) is considered to be proportional to the 

difference in vapour pressure across the membrane. Mathematically, it can be written 

as: 

𝐽 =  𝐶𝑚[𝑃2 − 𝑃3]  (10) 

 

 

 

 

 

 

 

 

 

 

Figure 8:schematic of direct contact membrane distillation 

 

Where in the above-mentioned equation, Cm is the membrane co-efficient, P2 and P3 are 

the membrane feed and permeate surfaces. The two values can be calculated from the 

Antoine equation [21]. Furthermore, the above-mentioned equation (10) can be written 

in the following manner by considering the temperature difference across the 

membrane. It is to be noted that the equation is valid for when the separation process is 

carried out for pure water or extremely diluted solutions, in addition the temperature 

difference cross the membrane should be less than or equal to 10oC [22].  Hence in 

mathematical form, the equation is then transformed into the following: 

𝐽 =  𝐶𝑚
𝑑𝑃

𝑑𝑇
(𝑇𝑓,𝑚 − 𝑇𝑝,𝑚)  (11) 
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The pressure differential relation in the above equation can be related to temperature 

from the Clausius-Clapeyron equation, which is as follows: 

𝑑𝑃

𝑑𝑇
= [

Δ𝐻𝑣

𝑅𝑇2]𝑃𝑜(𝑇)  (12) 

Here in the equation, R is the universal gas constant and Δ𝐻𝑣 represents the latent heat 

of vaporization. It is also to be noted that the Antoine equation can only be used for the 

representation in low concentration solutions because of the fact that it can only then be 

assumed that the vapor pressure is function of temperature only and not dependent on 

solution concentration.  

There are three models for mass transport via the membrane. On the basis of these 

models, collisions between molecules and membrane due to mass transfer can be 

explained. In his publication, Zhongwei [23] suggested that the Knudsen diffusion 

occurs in the scenario in which the pore size is overly small. The concept is based on 

the idea that collisions between molecules and the membrane's interior walls are 

sufficient to create a mass transfer expression, and so collisions between molecules may 

be neglected. On the other hand, molecular diffusion is said to take place when the 

molecules move corresponding to each other and are influenced by concentration 

gradients. The last model that helps in explaining the Poiseuille model. The model is 

based on viscous flow, in which the gas molecules act as a continuous fluid which has 

its main driving force of pressure gradient [4]. 

If we talk about the Knudsen diffusion model, the ratio of mean free path (λ) of 

molecules being transported to the size of the membrane size in known as the Knudsen 

number (Kn). The kinetic theory of gases assumes the molecules to be hard spheres, in 

having a diameter de. the molecules are then involved in binary collisions only. One 

point worth mentioning is that the collision diameters of water vapour and air are 

approximately 2.64 × 10−10 and 3.66 × 10−10 meters respectively. The following 

formula can be used to help estimate the average distance travelled by molecules in 

order for the collisions (λ) to occur. 

Λ =  
𝑘𝐵𝑇

√2 𝜋𝑃𝑑𝑒
2 (13) 

Here in the equation, the variables are as follows: kb is the Boltzmann constant, T is the 

absolute temperature, and P is the average pressure within the membrane pores 
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respectively. Al-Obaidani in his publication figured out that the mean free path value 

for water at 60oC was about 0.11μm.  

The Knudsen number is a good indicator in order for us to understand what kind of 

collisions are taking place. For example, if kn > 1 or dp < λ, also known as (Knudsen 

region) it means that the mean free path of water vapours molecules is larger in 

comparison to the membrane pore size, as a result, molecule-pore wall collisions may 

be more important than molecule-molecule collisions. The mass transfer is then be 

found out by the following equation: 

𝐶𝑘𝑛 =  
2𝜋

3

1

𝑅𝑇
(

8𝑅𝑇

𝜋𝑀𝑤
)

1
2⁄ 𝑟3

𝜏𝛿
  (14) 

Where in the equation, 𝜏 represents the membrane tortuosity, r represents the pore 

radius, 𝛿 represents the membrane thickness, and the Mw represents the molecular 

weight of water vapour respectively.  

Similarly, in the second case of the kn < 0.01 or dp >100 λ, (Continuum Region), the 

vapour flux transfer through the stationary air film can then be represented by ordinary 

diffusion model. Ordinary molecular diffusion is helpful in figuring our mass transfer: 

𝐶𝐷 =
𝜋

𝑅𝑇

𝑃𝐷

𝑃𝑎𝑖𝑟

𝑟2

𝜏𝛿
 (15) 

Here the new variables, Pair represents the air pressure within the membrane pore, D 

represents the diffusion coefficient, and P represents the total pressure within the pore, 

which should be equal to the partial pressure of air and water vapour. Here the flux of 

water vapours than come out to be: 

𝐽 =  
1

𝑃𝑎𝑖𝑟

𝜀

𝜏𝛿

𝐷𝑃𝑀𝑤

𝑅𝑇
Δ𝑃 (16) 

Where 𝜀 is the porosity of the membrane. 

Here in this case, if the feed and permeate is degassed, it will result in reducing the 

molecular diffusion resistance, hence it shall help in the increase of membrane 

permeability. 

Discussing the last case, in which the if 0.01<kn or λ<dp<100 λ (called the transition 

region), the water vapour molecules are in constant collisions with each other, which 

also helps them in diffusing them through the air film. So subsequently, the mass 
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transfer is due to both the mechanisms of Knudsen and ordinary molecular diffusion 

where it can mathematically state that membrane coefficient becomes: 

𝐶𝑐 =
𝜋

𝑅𝑇

1

𝜏𝛿
[(

2

3
(

8𝑅𝑇

𝜋𝑀𝑤
)

0.5

𝑟3)
−1

+ (
𝑃𝐷

𝑃𝑎
𝑟2)

−1

]

−1

 (17) 

Concerning the above-mentioned models, a tremendous amount of research has been 

carried out already and various scientists have published their findings of the membrane 

distillation.  For example, Lloyd and Lawson concluded that Knudsen and molecule-

molecule collisions occur at the same time when the pore size is less then 0.5μm [11].  

In another research, it was found out that flux for large pores could only be expressed 

by molecular diffusion [24]. Furthermore, Khayet was of the view that when pore size 

and mean free path (critical pore size) have comparable values, the Knudsen mechanism 

produces a larger permeate flow than the combination of Knudsen and molecular 

diffusion methods [17]. As a result, selecting membranes with tiny hole sizes may be 

preferable than membranes with high pore sizes. Similarly, the effect of pore size 

distribution on DCMD was investigated [20], and it was shown that for high pore sizes, 

the effect of pore size distribution may be ignored. 

 

• Heat Transfer 
 

It is now a well-known phenomenon that the membrane distillation is a non-isothermal 

procedure. The two main heat transferring mechanisms of the process are latent heat 

and conduction heat transfer. The following figure shows the heat transfer resistances 

that are faced by the system and are overcome to go ahead with the procedure. 

  

 

 

 

 

Figure 9:  Resistances of heat transfer in MD system 
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Accordingly, the heat transfer happening in the MD system could possibly be divided 

into three regions [25]. The heat transfer occurring in the feed boundary layer due to 

convection is given by:  

𝑄𝑓 = ℎ𝑓(𝑇𝑓 − 𝑇𝑓,𝑚)  (18) 

The second form of heat transmission happens via the membrane as a result of 

conduction, as well as the passage of water vapour over the membrane (latent heat of 

vaporization).  The effect of mass transfer can be neglected in the heat transfer 

phenomenon in MD [26]. The heat transport across the membrane may be described 

numerically as: 

𝑄𝑚 =
𝑘𝑚

𝛿
(𝑇𝑓,𝑚 − 𝑇𝑝.𝑚) + 𝐽∆𝐻𝑣 (19) 

Here is this equation the term 𝑘𝑚

𝛿
 can be written as: 

ℎ𝑚 =
𝑘𝑚

𝛿
     (20) 

Hence the equation 19 can be written as the following: 

𝑄𝑚 = ℎ𝑚(𝑇𝑓,𝑚 − 𝑇𝑝.𝑚) + 𝐽∆𝐻𝑣 (21) 

Here hm is called the heat transfer coefficient of the membrane. For pure water and 

extremely dilute solutions with a temperature differential across the membrane of less 

than or equal to 10oC, the variable hm can be rewritten.  From equation 11, J can be 

substituted in the equation 21 to transform the equation into the following expression: 

𝑄𝑚 =
𝑘𝑚

𝛿
(𝑇𝑓,𝑚 − 𝑇𝑝.𝑚) + ⌈𝐶𝑚

𝑑𝑃

𝑑𝑇
(𝑇𝑓,𝑚 − 𝑇𝑝,𝑚)⌉ ∆𝐻𝑣 (22) 

𝑄𝑚 = ⌊
𝑘𝑚

𝛿
+ (𝐶𝑚

𝑑𝑃

𝑑𝑇
) ∆𝐻𝑣⌋ (𝑇𝑓,𝑚 − 𝑇𝑝,𝑚) (23) 

𝑄𝑚 = ℎ𝑚(𝑇𝑓,𝑚 − 𝑇𝑝,𝑚)  (24) 

If the system is assumed to have a non-linear heat transfer in the x-direction, the 

conductive heat transfer Qm can be expressed from the following [27]. 

𝑄𝑚 =  −𝑘𝑚
𝑑𝑇

𝑑𝑥
+ 𝐽∆𝐻𝑣 (25) 
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If we now consider the permeate side of the membrane, the convection heat transfer 

could be characterized by the following equation: 

𝑄𝑃 = ℎ𝑝(𝑇𝑝,𝑚 − 𝑇𝑃) (26) 

If the system is at a steady state, we can then state that the overall heat transfer flux 

can be represented by the following equation: 

𝑄 = 𝑄𝑓 = 𝑄𝑚 = 𝑄𝑝 (27) 

Putting the values in of heat transfers, we obtain the following equation: 

ℎ𝑓(𝑇𝑓 − 𝑇,𝑓𝑚) =
𝑘𝑚

𝛿
(𝑇𝑓,𝑚 − 𝑇𝑝.𝑚) + 𝐽∆𝐻𝑣 = ℎ𝑝(𝑇𝑝,𝑚 − 𝑇𝑃) (28) 

𝑄 = 𝑈(𝑇𝑓 − 𝑇𝑝) (29) 

Here in equation 29, U is the overall heat transfer coefficient of the system. Heat 

conduction can be neglected in the case of non-sported thin membranes and high 

operating temperatures. The temperature of both sides of the membrane's surface cannot 

be established experimentally or directly. To estimate these temperatures, a 

mathematical iterative model has been developed [28]. The temperatures can be found 

iteratively from the following equations: 

𝑇𝑓,𝑚 =  𝑇𝑓 −
𝐽∆𝐻𝑣+

𝑘𝑚(𝑇𝑓,𝑚−𝑇𝑝,𝑚)

𝛿𝑚

ℎ𝑓
 (30) 

𝑇𝑝,𝑚 =  𝑇𝑝 −
𝐽∆𝐻𝑣+

𝑘𝑚(𝑇𝑓,𝑚−𝑇𝑝,𝑚)

𝛿𝑚

ℎ𝑝
  (31) 

Here the latent heat of vaporization ∆𝐻𝑣 can be calculated ate average membrane 

temperature. Some research papers also cite this value as a logarithmic average of the 

membrane temperature [29]. For pure water and extremely diluted solution, the surface 

membrane temperature in terms of temperature polarisation coefficient, ψ, can be 

written as [30]: 

𝑇𝑓,𝑚 − 𝑇𝑝,𝑚 =  
1

1+ 
𝐻

ℎ𝑓
+

𝐻

ℎ𝑝

(𝑇𝑓 − 𝑇𝑝) = ψ(𝑇𝑓 − 𝑇𝑝) (32) 

Where keep in mind that the value hm for pure water and extremely diluted solutions 

is the following: 
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𝑘𝑚

𝛿
+ (𝐶𝑚

𝑑𝑃

𝑑𝑇
) ∆𝐻𝑣 (33) 

In another research, Lloyd and Lawson while working on diluted solutions in membrane 

distillation, also pointed out that the value for the difference of membrane feed and 

permeate side temperatures (Tf,m – Tp.m) does not exceed 0.1oC when the incoming flux 

is at a low level. While the value does not exceed 0.5oC when the flux of the incoming 

vapours is high [11]. The iterative procedure to calculate the unknown terms of 

temperature of membrane feed and permeate side, along with the heat transfer 

coefficients of the feed and permeate was applied on MATLAB with the experimental 

data inserted. The data and procedure are discussed in the methodology section of the 

thesis. The data was obtained from the university of Aalborg and corresponds to the 

water quality at the demo site located in Eilat in Israel.  

2.2.4 Polarization of Temperature and Concentration 
 

There exists a phenomenon of temperature polarization in the membrane distillation 

mechanism because of the fact that the vaporization occurs on the hot side of the membrane 

and condensation occurs on the permeate side. Thermal boundary layers form on both sides of 

the membrane as a result of this. Temperature Polarization refers to the temperature differential 

between the bulk feed temperature and the liquid-vapour interface. The following is a 

mathematical definition of the term: 

ψ =  
𝑇𝑚,𝑓−𝑇𝑚,𝑝

𝑇𝑓−𝑇𝑝
  (34) 

The influence of the heat transfer boundary layer on the system's overall heat transfer resistance 

is measured using temperature polarization. The following figure represents the effect of 

temperature polarization in membrane distillation: 
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Figure 10: Membrane Distillation Temperature Profile 

The term can be interpreted in the following way. If the thermal boundary layer is decreased, 

the temperature difference of the liquid-vapour interface and the bulk feed temperature comes 

close to each other, which makes the temperature polarization coefficient ψ approach unity. On 

the other hand, if the coefficient ψ has a value close to 0, it means that the polarization is of 

significant value and the two temperatures are quite far apart. Hence the system is now 

controlled by a large boundary layer resistance [31].  

On the other hand, when we’re talking about the concentration polarization coefficient Φ, the 

coefficient describes the increase of the solute intensity on the surface of the membrane (cm) to 

the bulk concentration (cf). Mathematically, we can write the following formula for the 

concentration coefficient: 

Φ =  
𝑐𝑚

𝑐𝑓
 (35) 

The following relationship has been given in the equation in order to approximate the accurate 

value of the concentration of solute (mole fraction) on the membrane surface. [32]: 

𝑐𝑚 = 𝑐𝑓exp (
𝑗

𝜌𝑘
) (36) 

Where in the above-mentioned equation, 𝜌 𝑎𝑛𝑑 𝑘 are liquid density and mass transfer 

coefficient respectively. There is substantial evidence of the impact of high concentration on 

mass transfer coefficient and distillation flux, according to studies. The viscosity of the feed, 

its density, the solute diffusion coefficient, and convective heat transfer are all effects of 

concentration and temperature. The studies also conclude that the salt accumulates on the 
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surface of the membrane and during the process of desalination, which causes a diffusive flow 

in the backward direction towards the feed solution [27]. 

2.2.5 Operating Parameters for a Membrane Distillation system 
 

This section includes the effect and influence of feed temperature, concentration, and air gap 

on the membrane distillation system. A detailed discussion is presented below: 

• Temperature of the Bulk Feed 
 

The following table taken from a comprehensive review about membrane distillation reflects 

the effect of feed temperature on the distilled flux. The table shows a strong influence of the 

feed temperature on membranes made of different materials and tested with various saline 

solutions [4]. The Antione equation predicts that the vapour pressure has a directly 

proportional relation with the temperature, and it increases exponentially as the temperature 

increases. Therefore, it can also be stated that the operating temperature has an exponential 

effect on the permeate flux as well [33]. When the difference of temperature remains 

constant between the hot and cold fluids, there is a rise in the permeate flux due to an increase 

in the hot fluid temperature, implying that the permeate flux is more dependent on the hot 

fluid temperature [34]. It was also pointed out that the if the temperature gradient was to be 

increased between the surfaces of the membrane, the phenomenon will affect the 

concentration coefficient positively, which will then lead to an increase of flux [35]. 
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Table 2: temperature effect on Permeate Flux 

 

As far as the coolant temperature in concerned, there is a perceptible change in the permeate 

flux when the temperature of the cold side decreases. But there are also studies that depict 

that the cold side temperature effect can be neglected on permeate flux as compared to hot 

side, due to the fact that the vapour pressure change is negligible at low temperatures [36].  

 

• The solution concentration 
 

When feed concentration rises, the flux product decreases significantly due to decreased 

vapour pressure and increased temperature polarization [37]. Furthermore, investigations 

have revealed that the decline in product flow is proportional to time. The effect of acid 

concentration on permeate flux was investigated. They discovered that when the acid 

concentration rises, the permeate decreases [38]. A study also concluded that the permeate 

flow drops marginally with increasing feed concentration, according to the findings. When 

the feed (NaCl) concentration was raised from 0 to 2 Molar, the permeate flow was reduced 

by around 12% [39]. The decrease in permeate flow can be attributed to a drop in vapour 

pressure. When the concentration of NaCl rises, Lawson and Lloyd [11] looked into why 

product flux decreases. They discovered three causes for this decrease: 1) water activity, 

MD TYPE MEMBRANE 

TYPE 

PORE SIZE 

(ΜM) 

SOLUTION FEED 

VELOCITY 

(M/S) 

TF  (OC) PERMEATE 

(KG/M2H) 

AGMD PVDF 0.45 Artificial 

Seawater 

5.5 l/min 40-70 ≈1-7 

DCMD PVDF 0.22 Pure water 0.1 40-70 ≈3.6-16.2 

DCMD PTFE 0.2 NaCl (2mol/l) 16 cm3/s 17.5-31 ≈2.88-25.2 

DCMD PTFE 0.2 Pure Water - 40-70 ≈5.8-18.7 

DCMD PVDF 0.4 Sugar 0.45 61-81 ≈18-38 

DCMD PVDF 0.4 Pure Water 

NaCl (24.6 wt%) 

0.145 

0.145 

36-66 

43-68 

≈5.4-36 

≈6.1-28.8 

VND 3MC 0.51 Pure water - 30-75 ≈0.8-8.8 mol/m2s 

DCMD PVDF 0.22 Pure water 0.23 40-70 7-33 l/m2h 

SGMD PTFE 0.45 Pure water  0.15 40-70 ≈4.3-16.2 

DCMD PVDF 0.11 Orange juice 2.5 kg/min 25-45 30 × 103  – 108 

×103 

DCMD PTFE 0.2 NaCl (5%) 3.3 l/min 5-45 1-42 

AGMD PTFE 0.2 NaCl (3%) 3.3 l/min 5-45 0.5-6 
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which is a function of temperature, drops as concentration rises; 2) The mass transfer 

coefficient of the boundary layer at the feed side reduces as the impact of concentration 

polarization increases, and 3) the heat transfer coefficient of the boundary layer drops as the 

surface membrane temperature lowers. As a result, the feed’s vapour pressure drops, 

resulting in decreased MD performance. For salt solutions, the effect of density on flux 

generation is also significant. Garcia et al.[9] investigated three aqueous solutions of 

methanol, ethanol, and isopropanol at various concentrations. They discovered that the 

quantity of flux is substantially linked to the type of alcohol consumed. Because isopropanol 

has the highest vapour pressure, its solution has the highest flux, following the same 

principal, methanol solution has the lowest. Yun [27] reported on the effect of high 

concentrations, such as in NaCl solutions, finding that the permeate flux varies with time 

(see Table 3) and that calculating the permeate flux using existing models is problematic. 

MD TYPE MEMBRANE 

TYPE 

PORE SIZE 

(ΜM) 

SOLUTION CONCENTRATION 

G/L 

TF  (OC) PERMEATE 

(KG/M2H) 

AGMD PVDF 0.22 Methanol/Water 

Ethanol/Water 

Isopropanol/Water 

≈ 30-200 

≈ 30-150 

≈ 10-95 

50 ≈3.9-4.6 

≈ 3.95-4.9 

≈4.0-5.0 

DCMD PTFE 0.2 NaCl 0-116.8 31 ≈32.4-25.2 

DCMD PVDF 0.4 NaCl 0-5290 81 ≈44-63 

DCMD PVDF 0.22 NaCl 0-24.6 wt% 68 ≈36-28.8 

AGMD PTFE 0.22 HNO3 2-6M 80 ≈ 0.9-2.1 l/m2h 

VMD PP 0.2 NaCl 100-300 55 10.7-7 

Table 3: relation of permeate flux with concentration 

 

• Rate of Recirculation 
 

The effect of the recirculation rate is summarized in table 4. Increasing the recirculation rate 

lowers boundary layer resistance and improves heat transfer coefficient. As a result, larger 

flux levels are possible [15]. A study concluded that the permeate flux is directly 

proportional to the increase of volumetric flow rate. The fluid velocity rises as the volumetric 

flow rate increases, causing the convective heat transfer coefficient to develop and the 

thickness of the thermal boundary layer to decrease. Consequently, the polarity impact of 
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temperature decreases. When it comes to the cold side flow rate, research show that 

increasing the cold side flow rate has no influence on the permeate flux. [40].   

MD TYPE MEMBRANE 

TYPE 

PORE SIZE 

(ΜM) 

SOLUTION TF  (OC) FLOWRATE 

(M/S) 

J (KG/M2H) 

SGMD TF200 

TF450 

0.2 

0.45 

NaCl (1M) 50 0.07-0.21 ≈ 3.24-3.96 

≈5.4-5.76 

DCMD PVDF 0.22 NaCl (35 g/l) 60 1.85-2.78 31-38 

AGMD PVDF 0.45 Artificial 

Seawater 

60 1-5.7 l/min ≈2.7 

DCMD PTFE 0.2 Sucrose (40 

wt%) 

39 5-16 cm3/s 5.7-9.0 

DCMD PVDF 0.4 
Sugar (30 wt%) 

81 0.45-0.9 ≈38-55 

DCMD PVDF 0.22 NaCl (17.7 wt%) 68 0.056-0.33 ≈25.9-29.5 

VMD 3MC 0.51 Pure Water 74 37-63 cm3/s ≈6.4-8.7 

mol/m2S 

DCMD PVDF 0.22 Pure Water 50 1.8-2.3 ≈18-20 l/m2h 

VMD PTFE 0.2 Acetone (5 wt%) 30 0.1-2.6 l/min 12.6-21.6 

VMD PP 0.2 NaCl (300 g/l) 55 0.015-0.03 l/s 7-9.1 

Table 4: Relation between recirculation rate and permeate flux 

• Type of Membrane 
 

The porosity of a membrane affects its permeation flow, which is inversely proportional to 

its thickness and tortuosity [41]. It was observed in studies that the permeate flux of the 

membrane is directly proportional to the pore size. Such that for a larger pore size, the flux 

obtained was larger in comparison to smaller pores. Furthermore, it was observed that as 

compared to the same membrane hole size with support, a membrane without support 

achieves higher flow. In a case study, it was found that low thermal conductivity material 

(unsupported membrane) should be utilized for an efficient MD process [33].  
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2.3 Review of Comparative Technologies 
 

In this section, a brief literature review of the technologies compared with membrane 

distillation is discussed. The technologies that are being discussed are basically nanofiltration 

and sterilization unit, specifically the HiNaPEF generator that is also installed at the demo site 

2 in Eilat, Israel. The two technologies that will be discussed in this section will then be used 

as a comparison to check whether the membrane distillation technology is better in terms of 

efficiency or maybe the compared technologies perform better. Following is a succinct 

explanation of the literature that exists about the technologies. 

 

2.3.1 Nanofiltration 
 

Nanofiltration (NF) membranes have gone a long way since their discovery in the late 1980s. 

The pore size of NF membranes is 1 nm, which equates to a molecular weight cut-off (MWCO) 

of 300–500 Da, and they have features that are halfway between ultrafiltration (UF) and reverse 

osmosis (RO) [42]. Due to the dissociation of surface functional groups or the adsorption of 

charge solutes, NF membranes in contact with aqueous solution are also mildly charged. In the 

presence of a feed solution, polymeric NF membranes, for example, include ionizable groups 

such as carboxylic and sulfonic acid groups, resulting in a charged surface. NF membranes, 

like RO membranes, are effective at separating inorganic ions and small organic compounds. 

NF membranes feature a lower monovalent ion rejection, a larger divalent ion rejection, and a 

higher flow than RO membranes. Because of these qualities, water and wastewater treatment, 

pharmaceutical and biotechnology, and food engineering are just a few of the specialist uses 

for NF. 

 

Mechanisms for separations used in Nano-filtration 
 

The NF process is dependent on the micro-hydrodynamic and interfacial processes that occur 

at the membrane surface and within the membrane nanopores. NF membrane rejection can be 

caused by a mixture of steric, Donnan, dielectric, and transport mechanisms. The steric 

mechanism (size-based exclusion) is used to transport neutral solutes and has been extensively 

proven by several investigations of UF membranes [43]. The equilibria and membrane potential 
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interactions between a charged species and the charged membrane interface are described by 

the standard Donnan effect [44]. The membrane charges up due to the alienation of ionizable 

groups at the membrane surface and also inside the membrane pore structure. [45].  

NF membranes have a poor ion exchange capacity, and ions from the contacting solution may 

adsorb to the membrane surface, resulting in a small charge modification. [46]. As a result of 

the aforementioned events, electrostatic repulsion or attraction occurs based on the ion valency 

and charge of the membrane, which might be variable depending on the specified ionic 

environment. Dielectric exclusion is a far less well-understood phenomenon, with two 

competing hypotheses as to the actual nature of the interaction. 

Solutes traveling in free solution are dragged by the solvent flowing through the limited pore 

structure. The local environment has a significant impact on solute transportation in this limited 

region, and solute transport is believed to be hampered. Hindered transport has a convective 

and diffusive component, both of which contribute to the overall transport effect. Because the 

dimensions of the NF active layer are on the order of atomic length scales, combined with 

current measurement technology limitations, detailed knowledge of the physical structure and 

electrical properties of real NF membranes has been slow to develop, leading to uncertainty 

and heated debate about the true nature of the separation mechanisms. 

 

Nanomaterials for Nano-filtration Membranes 
 

Nanoparticles (NPs) have recently attracted a lot of attention due to their unique photoemission, 

antibacterial, and catalytic capabilities. NPs integrated membranes have gained a lot of interest 

because of their capacity to improve membrane permeability, mechanical properties, 

hydrophilicity, and selectivity in particular instances. The most often utilized NPs in NF 

membrane manufacture are titanium dioxide (TiO2), silica, silver, and zinc oxide (ZnO) [42]. 

Nanoparticles (NPs) have recently attracted a lot of attention due to their unique photoemission, 

antibacterial, and catalytic capabilities. Because of their ability to boost membrane 

permeability, mechanical characteristics, hydrophilicity, and selectivity in some situations, NPs 

integrated membranes have gotten a lot of attention. Titanium dioxide (TiO2), silica, silver, and 

zinc oxide are the most often used NPs in NF membrane manufacturing (ZnO) [47]. Because 

of its remarkable bio-catalytic performance, the functionalization of TiO2 with immobilized 

laccase has also gotten a lot of interest. Because of the covalent interaction between the 
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mounted enzyme and TiO2 membranes, the laccase enzyme’s stability and activity might be 

increased. The membrane was said to have improved BPA removal efficiency, making it a 

viable alternative to the traditional wastewater treatment technique. Aside from using a single 

type of NP, combining two types of NPs can boost membrane performance significantly. A 

novel PES nanocomposite membrane was created using polyaniline and iron (II, III) oxide 

[PANI/Fe3O4] NPs produced by in situ chemical oxidative polymerization. The key features 

of PANI and Fe3O4, which might aid in the removal of heavy metals and natural organic 

matter, were demonstrated to significantly improve Cu(II) removal from water [48]. 

Functionalized multi-walled carbon nanotubes [49], halloysite nanotubes, and electro spun 

nanofiber were among the other fascinating nanomaterials used in membrane construction. By 

combining all of these innovative nanomaterials into membrane manufacture, the objective of 

significantly improving the NF membrane and other types of membranes can be achieved in 

the near future. 

2.3.2 Pulses Electric Field application to water treatment  
 

The pulsed electric filed application to water treatment system is relatively a new technology 

and which is still under review. Many experiments and studies are being conducted in order to 

check out the applications, pros, and cons of the technology. Whether it can be a sustainable 

alternative to any existing machinery that might be less efficient in comparison. The technology 

is not only limited to water treatment but can be also effective for cleaning different surfaces 

and equipment effectively. For example, the technology can be used to clean and reuse surgical 

equipment. The pulsed electric field can open a vast universe of many applications. One of 

these is cancer therapy using an ultra-short pulse high electric field [50]. The usage of the 

technology in the demo site in Eilat is to sterilize the water that is going out of the facility back 

and into the sea, maybe also used for other purposes.  

 

Mechanism for Pulsed Electric field Water treatment  
 

In pulsed electric field pasteurization, a liquid or semiliquid product is placed between two 

electrodes and a pulsed electric field is applied (PEF). A high-voltage electric field is used to 

subject a fluid pumped between two electrodes to repeated short pulses. The result is to increase 

the number of holes in plant and animal cell membranes, causing the cells to lyse. However, no 

significant temperature increase is required to destroy germs. Bacterial, yeast, and fungal cells 
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would require >30 000 V to die, although it is yet unknown if viruses or spores can be 

inactivated. The creation of large, permanent holes in cellular tissues aids in the improvement 

of juice output, the rise of functional component concentrations, and the enhancement of dried 

produce properties. PEF is most commonly utilized in refrigerated or ambient items, and 

because it is only administered for 1 second, it does not cause the product to heat up. It provides 

nutritional advantages over more standard thermal methods that damage heat-sensitive 

nutrients because of this. However, most enzymes are unaffected by PEF, which might induce 

degradation in juice under ambient circumstances, necessitating the refrigeration of treated 

items to maintain their organoleptic quality. PEF technology has been used to successfully 

pasteurize foods such as juices, milk, yogurt, soups, and liquid eggs. [51]. 

 

3. Methodology adapted and backdrop of demo site 
3.1 Background and Demo site explanation 
 

The framework will be discussed in this chapter, along with calculations carried out using the 

data obtained from the project partners involved. The information and values involved in the 

calculations are the property of the partners involved and are listed after consulting them and 

according to their consent. The calculations also involve a few assumptions due to the fact the 

world is going through a pandemic which has caused many delays and unforced closures to 

many experiments and studies. The experimentation and analysis were conducted in special 

collaboration with IRIS s.r.l and the energy department DENERG (Dipartimento Energia 

“Galileo Ferraris”) of Politecnico Di Torino.  

The demo site located in Eilat; Israel is the main focus of the calculations. As mentioned above, 

the demo site includes a fishpond, to put in simple words, and the main goal is to prove the 

feasibility of recycling the water of Eilat land based marine aquaculture in a cost effective and 

environmentally friendly way. The IOLR National Centre of Mariculture in Eilat is a world 

leader in mariculture, a new aquaculture branch that uses both marine and brackish water. 

Growing demand for fish products, land and water scarcity, and environmental concerns have 

caused aquaculture to migrate away from its traditional technique and location and toward the 

use of Recirculating Aquaculture Systems (RAS). The key issues in RAS are preserving water 

quality and, in particular, treating nitrogen build-up from protein metabolism so that water may 

be reused in a nearly closed loop. 
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The wastewater produced by the fish culture system is 250 cubic meters per hour. The RAS 

uses biofilters to cleanse water, primarily for the two-step oxidation of ammonia, which is 

particularly harmful to fish even at low quantities. In contrast, nitrate, which is formed when 

ammonia is oxidized, is less hazardous and may build in the fish-growing system to rather high 

levels, allowing for a significant reduction in the rate of external water exchange. Such nitrate-

rich wastewaters, which are also high in phosphorus, cannot, however, be dumped into the 

marine or natural environment (might cause eutrophication). 

Nonetheless, neither for marine RAS nor for sea water desalination facilities, efficient and cost-

effective methods for nitrate removal from marine wastewater have been well established. As 

a result, rather than dilution, brine and effluent from desalination facilities and land-based fish 

farming RAS are dumped directly into the sea. Another difficulty with recirculation of 

aquaculture systems is the requirement to disinfect the effluent, which adds operating costs and 

perhaps reduces output profitability. Reducing the effluent flow rate (by lowering the external 

water exchange rate) would lower disinfection expenses; but, a very low water exchange rate 

would result in the build-up of fine size suspended particles (less than 15 m), which would 

degrade internal water quality and hinder fish development. 

Other obstacles to complete water recirculation in the RAS include high salinity and BOD 

levels, which can quickly grow in totally closed recirculated marine fish culture systems. 

Encouraged by the growing desire to increase aquaculture production through multiple RAS 

facilities, one of the major objectives of the proposed project is to evaluate and scale up efficient 

technological solutions for marine wastewater treatment, recycling, and reuse, thereby 

accelerating the sector’s successful development. 

 

3.2 Opportunities for technological exploration at the demo site 
 

Implementing a unique marine water denitrification reactor in combination with a macro-algae 

polishing treatment in Eilat can open up the possibility of recovering nutrients from wastewater 

generated by the fish culture system or the desalination plant: algal biomass has the potential 

to be used as high-protein fodder enhancements for aquaculture (and/or livestock such as 

chickens, cows, and pigs), neatly closing the circle of a self-feeding system. The similar 

principle may be applied to other scenarios in which nutrient removal is necessary prior to 

wastewater release, with algal biomass serving as a potential biofuel matrix. Scaling up the 



 

42 | P a g e  
 

facility and incorporating disinfection, salinity control, and denitrification technologies would 

allow for close to 100 percent closed loop reuse of (sea)water, with the evaporated component 

of the water being restored. Furthermore, the wastewater flow is of a volume adequate for 

testing a small-scale desalination plant to provide water suitable for irrigation (SAR maximum 

medium value: 5 (Mmol/L)0.5). 

 

3.3 Water treatment module (SALTECH) installed at the Demo site  
 

The following table provides a brief overview of the water quality found at the demo site in 

Eilat. The major issues and critical parameters are highlighted.  

Parameter Unit Output Input Requirements 

Salinity ppt or gr/l 40 14-40 

Total dissolved 
solids 

mg/l  40,000 14,000-40,000 

Water 
Temperature 

Celsius  20-30 18-30 

Nitrate mgN/l 20-100 Flexible  

pH  7-8 7-8 

Total ammonia 
Nitrogen 

mgn/l 2-8 <1 

Total P  mgP/l 1-20 <1 

Total suspended 
particles 

TSS 20-80 <5 

 BOD5 mg/l 10-40 <10 

Alkalinity mg/l CaCO3 75-150 -Flexible 

Table 5: values of wastewater from saltwater aquaculture pond in Eilat 

Three technologies are imagined as being capable of achieving this goal: 1- biological mixed 

treatment (BMT) for denitrification, the pilot scale denitrification treatment that will be 

executed in the RAS setup will be sponsored by Israeli state sources, with matching funding 

from a public and private source. A polishing algae treatment will be applied during Project 

demonstration operations, based on the utilization of macro-algae assimilation for nitrate 

removal from marine effluent. This method needs huge surface areas for algal growth but 

provides commercially useful algae as a by-product: 

- desalination methods with low energy usage for reducing salty content.  
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- AOP technology for organic molecule breakdown and disinfection (HiNaPEF for sterilization 

and Advanced Adsorption for DOC abatement). SALTECH, a pilot module that incorporates 

these technologies, will be shown to recycle 20 cubic meters of water every day. 

Aside from water recycling, the Project team plans to look into the possibilities of treating and 

reusing a portion of the wastewater for irrigation. The wastewater must be desalinated before 

it can be used for irrigation. Because solar energy may be employed as a source of the thermal 

energy necessary for the distillation process, Molecular Separation Membrane (MSM) 

technology is particularly ideal for this purpose given the climate conditions in Eilat. In terms 

of costs and risk, 20 m3/day is a realistic scale given the technology’s low TRL starting point.  

Furthermore, in line with the Project’s notion of tiny water loops, this size is not far off from 

the real-world use of such desalination plants, namely, serving a small community of people 

who will be able to get their water straight from the sea. Validating such technology, on the 

other hand, would have a major effect as a small-scale, renewable-energy-fuelled alternative to 

commercially accessible desalination equipment. 

 

3.4 Adapted Methodology for membrane distillation calculations 
 

The methodology adapted for calculations for the membrane distillation efficiency calculations 

cater for finding out different parameters for concluding the overall working efficiency of the 

device. These parameters explain some of the important characteristics which help in figuring 

out if the system as well as the molecular separation membrane are working accurately.  

The system has already been discussed in detail in the literature review, here in this section, the 

discussion will focus over adapted methodology which enables for the calculation of the 

parameters which will be discussed below. 

The system under investigation on the demo site is the Direct Contact Membrane distillation 

system. To provide a brief overview of the system, it is the type of membrane distillation which 

is thought of as the oldest and extensively used method. The procedure involves the liquid 

phase to be in touch mutually on the sides of membrane as shown in figure [52]. 
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Figure 11: Direct contact membrane distillation schematic[52] 

 

The thickness of the membrane restricts the vapour diffusion channel, lowering mass and heat 

transfer resistances. The prevention of condensation within the pores takes place when the right 

membrane material is used along with the adjustment of temperature differential across the 

system. In DCMD, transfer of heat and mass happen at the same time, resulting in a complicated 

heat transfer process. As a result, the mass transfer rate or permeate flow affects the heat flux 

and heat transfer coefficients on both the feed and permeate sides. 

Heat loses play an important role in the overall procedure. Rather they are categorised as one 

of the drawbacks of the procedure. This heat loss leads to a temperature difference between the 

membrane/interface temperature and the bulk temperature. The driving force for water vapour 

migration through the membrane pores is a temperature difference between the feed/membrane 

interface temperature (Tmf) and the permeate/membrane interface temperature (Tmp). The 

temperature differential produces the effect of reduction of the driving force, which is the 

difference between the bulk (Tbf) and permeate (Tbp) temperature of the feed.  
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As discussed previously, the phenomenon mentioned above is known as temperature 

polarization. This results in a coefficient known as the temperature polarization coefficient, 

which is the ratio of the real and predicted driving forces. Mathematically, it can be written as 

the following: 

𝑇𝑃𝐶 =  
𝑇𝑚𝑓−𝑇𝑚𝑝

𝑇𝑏𝑓−𝑇𝑏𝑝
  (37) 

Because determining membrane/interface temperatures experimentally is exceedingly difficult, 

these temperatures are usually measured using a heat balance that compares them to bulk 

temperatures [53]. For the heat balance to be solved for the membrane interface temperatures, 

it is compulsory to first measure the heat transfer coefficients in the neighbouring boundary 

layers.  

In general, these are evaluated using empirical correlations in order for the Nusselt number to 

be evaluated. Furthermore, The MD configuration does not always allow for the evaluation of 

the flow's momentum characteristics, for example, the hydraulic diameter of the flow channel 

or the velocity of the flow, which augments the complications and tasks in estimating the 

Reynolds number (Re), which is virtually constantly present in the observed correlations used 

to determine the heat transfer coefficients of the boundary layers. Hence numerical methods 

and experimental techniques are employed for the determination of parameters such as heat 

transfer coefficients etc. that are required in order to proceed further with the system evaluation 

of membrane distillation procedures.  

The transfer of heat taking place in the membrane distillation system can be divided into 3 

regions. The first can be labelled as the convectional transfer of heat which is happening in the  

boundary layer corresponding to the feed section, and the transfer of heat taking place due to 

transfer of mass through the feed thermal boundary layer, we call them Qf,conv and Qf,M.T 

respectively. The second process combines conductive heat transfer across the membrane with 

mass transfer caused by water vapour migration across the membrane. Let us call them Qm,cond 

and Qm,M.T respectively. The last heat transfer mechanism taking place is the combination of  

convectional heat transfer in the permeate boundary layer and mass transfer through the 

permeate thermal boundary layer. Let us call them Qp,conv and Qp,M.T respectively. This transfer 

of heat can be better understood by the following diagram on the next page which depicts and 

electrical analogy of heat transfer mechanism.  
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Figure 12: Electrical circuit analogy of heat transfer resistances in DCMD [52] 

 

All the transfer of heat procedures can then be mathematically stated by the following 
equations. 

• Heat transmission in the thermal boundary layer of the feed solution: 
 

𝑄𝑓 = 𝑄𝑓,𝑐𝑜𝑛𝑣 + 𝑄𝑓,𝑀.𝑇 =  ℎ𝑓(𝑇𝑏𝑓 − 𝑇𝑚𝑓) + 𝐽𝑤𝐻𝐿,𝑓(
𝑇𝑏𝑓+𝑇𝑚𝑓

2
) (38) 

 
• Heat transfer through the membrane: 

 

𝑄𝑚 =  𝑄𝑚,𝑐𝑜𝑛𝑑 + 𝑄𝑚,𝑀.𝑇 =  ℎ𝑚(𝑇𝑚𝑓 + 𝑇𝑚𝑝) + 𝐽𝑤𝐻𝑣 (39) 

 
• The permeate thermal barrier layer allows heat to pass through: 

 

𝑄𝑝 = 𝑄𝑝,𝑐𝑜𝑛𝑣 + 𝑄𝑝,𝑀.𝑇 =  ℎ𝑝(𝑇𝑚𝑝 − 𝑇𝑏𝑝) + 𝐽𝑤𝐻𝐿,𝑝(
𝑇𝑚𝑝+𝑇𝑏𝑝

2
) (40) 
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The variables used in the above equations are defined as following: 

1. The heat transfer coefficient of the feed boundary layer is hf. 

 

2. The heat transfer coefficient of the permeate boundary layer is hp. 

 

3. Jw is the permeate flux. 

 

4. The enthalpy of water vapour is Hv.  

 
 

 
5. The feed solution enthalpy is Hl,f., which can be mathematically calculated at the median 

temperature of feed solution and feed/membrane boundary. Such that at (𝑇𝑏𝑓+𝑇𝑚𝑓

2
). 

 

6. Hl,p is the enthalpy of the permeate solution, which is mathematically calculated at the 

average temperature of permeate solution and permeate/membrane interface. Such that 

at (𝑇𝑏𝑝+𝑇𝑚𝑝

2
). 

 
 

7. Whereas the value for Tbf can be calculated as the average temperature of the incoming 

and outgoing feed. Mathematically, we can use the following corelation. 

 
 

 

𝑇𝑏𝑓 =
𝑇𝑏𝑓,𝑖𝑛+𝑇𝑏𝑓,𝑜𝑢𝑡

2
  (41) 

 

8. Whereas the value for Tbp can be calculated as the average temperature of the incoming 

and outgoing permeate flow. Mathematically, we can use the following corelation.  

 

𝑇𝑏𝑝 =
𝑇𝑏𝑝,𝑖𝑛+𝑇𝑏𝑝,𝑜𝑢𝑡

2
  (42) 
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9. In the above-mentioned equations, the variables Tmf and Tmp are temperatures 

corresponding to the interface of membrane and feed and membrane and permeate 

respectively.  

 

10. The hydrophobic membrane's heat transfer coefficient is hm. The value for the heat 

transfer coefficient can be calculated by the following formula: 

 
 

ℎ𝑚 =
𝑘𝑔𝜀+𝑘𝑚(1−𝜀)

𝛿
  (43) 

 

11. The variables in the equation 43 are 𝑘𝑔, which is the thermal conductivity of the air 

trapped inside the membrane, 𝑘𝑚, which is the thermal conductivity of the hydrophobic 

membrane polymer, 𝛿 is the thickness of the hydrophobic membrane and 𝜀 is the 

porosity of the hydrophobic membrane. 

After the above-mentioned parameters are figured out, some are found via thermodynamic 

tables and some calculated, the evaporation efficiency can be calculated. The ratio of heat 

transferred due to water vapour relocation through membrane openings to total heat transmitted 

through the membrane pores is named evaporation efficiency, or EE [54]. Arithmetically, the 

evaporation efficiency can be written as: 

𝐸𝐸 =
𝑄𝑚,𝑀.𝑇

𝑄𝑚,𝑀.𝑇+𝑄𝑚,𝑐𝑜𝑛𝑑
 (44) 

𝐸𝐸 =  
𝐽𝑤𝐻𝑣

𝐽𝑤𝐻𝑣+ℎ𝑚(𝑇𝑚𝑓−𝑇𝑚𝑝)
 (45) 

 

 Khayet in his research has shown in detail the heat transfer mechanisms in membrane 

distillation. The research shows that the above mentioned all six heat transfer variables do not 

equally take part in the heat transfer. Rather some transfer values super cede and overshadow 

the other values to such extent that they can be neglected without having major differences in 

values which helps is easing up the calculations for further parameters as well. To further 

explain the contributions, Khayet performed calculations in which he depicted some 

contributions can easily be neglected. 

During the procedure, the Q values were evaluated by balance of energies, whereas the Qf,M.T 

and Qp,M.T were evaluated by using the average bulk and permeate feed temperatures rather 
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than the average of the bulk/membrane surface temperatures [52]. The reason behind this 

adaptation was the assumption that there will be insignificant change in the liquid enthalpies as 

the temperature change will be minor. The following table shows the values of the above-

mentioned parameters along with temperatures that were obtained. 

 

Table 6: Mass transfer contribution to the overall heat flux at different temperatures [52] 

 

As depicted in the table 5, when the temperature is increased, the percentages of Qf,M.T and 

Qp,M.T increase, but the former increases more as compared to the latter depicting the higher 

mass flux in the at higher feed temperatures. But looking at the contribution of both the heat 

values in question to the overall heat value, the values presented show a negligible contribution. 

Hence, as a result, mass transfer effect on the total heat transfer in the feed and permeate 

boundary layer can be in fact neglected.  

To depict the heat resistances once again in an electrical analogy model, the following figure 

depicts the effect of only significant heat transfers after neglecting the minor transfers. 

 

 

 

 

 

 

 

Figure 13: modified electrical analogy for heat transfer[52] 

Tbf (oC) Tbp 

(oC) 

Q(103 

W/m2) 

Qf,M.T 

(W/m2) 

Qp,M.T 

(W/m2) 

(Qf,M.T/Q)*100 (Qp,M.T/Q)*100 

34.5 11.5 17.763 256.7 90.02 1.45% 0.51% 

44.85 13.65 26.778 566.1 178.33 2.11% 0.67% 

50.5 15.28 34.176 1093.4 340.98 3.2% 1.0% 

55.93 18.28 45.1801 1976.8 645.34 4.3% 1.43% 
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The controlling mechanism for heat transmission in the bulk and permeate feed boundary 

layers, according to the explanation above, is convectional heat transfer. Moreover, it can also 

be proved that the vapour enthalpy Hv, is practically the same as latent heat of vaporization 

ΔHv. Hence, we can now make amendments in the above-mentioned equations 38-40. Based 

on the above estimates, we obtain the following equations: 

𝑄𝑓 = ℎ𝑓(𝑇𝑏𝑓 − 𝑇𝑚𝑓) (46) 

𝑄𝑚 = ℎ𝑚(𝑇𝑚𝑓 − 𝑇𝑚𝑝) + 𝐽𝑤∆𝐻𝑣 (47) 

𝑄𝑝 = ℎ𝑝(𝑇𝑚𝑝 − 𝑇𝑏𝑝) (48) 

At the steady state, the DCMD’s overall heat flux can be given by Q, and mathematically it is 

equal to: 

𝑄𝑓 = 𝑄𝑚 = 𝑄𝑝 = 𝑄 (49) 

If we combine the above 46-48 equations, we can obtain the following value for the heat flux: 

𝑄 = [
1

ℎ𝑓
+

1

ℎ,𝑚+
𝐽𝑤∆𝐻𝑣

𝑇𝑚𝑓−𝑇𝑚𝑝

+
1

ℎ𝑝
]

−1

(𝑇𝑏𝑓 − 𝑇𝑏𝑝) (50) 

Taking from the equation (50), we can then now determine the overall heat transfer coefficient 

(U) for the DCMD process: 

𝑈 = [
1

ℎ𝑓
+

1

ℎ,𝑚+
𝐽𝑤∆𝐻𝑣

𝑇𝑚𝑓−𝑇𝑚𝑝

+
1

ℎ𝑝
]

−1

(51) 

 

The methodology adapted for the membrane distillation calculations needs to be further 

explained using mathematical models that are able to solve this kind of combination of linear 

and nonlinear equations. No doubt, the solution to simultaneous equations for heat flux gets 

time consuming and somewhat impossible to solve by hand as it involves a lot of variables and 

equations. Therefore, the methodology, needs to be also explained in terms of mathematical 

modelling. The mathematical model then, in turn is the main process which with the help of a 

software (MATLAB®), is able to perform complex calculations.   
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The next section of the thesis is the discussion and explanation of the mathematical model 

which describes the heat and mass transport in the membrane distillation system. After the 

discussion of the mathematical model, the real time experimental values obtained from the 

University of Aalborg regarding membrane distillation, will be portrayed and their results 

discussed.  

 

4. Mathematical model for the description of heat transfer in 
Membrane Distillation 
 

As a result of the preceding discussion, a comprehensive knowledge of the heat and mass 

transport mechanisms in DCMD is critical for improving our knowledge and future study in 

this sector. To increase our study and knowledge of the DCMD process, a number of unknowns 

must be discovered. These unknowns include heat transfer coefficients (hf and hp) of the 

boundary layers, the temperatures corresponding to membrane/liquid boundary (Tmf and Tmp), 

the conductive heat transfer coefficient of the membrane (hm), the permeability of the 

membrane (Bm).  

In most cases, the assessment of these unknowns is based on an empirical evaluation of the 

boundary layer heat transfer coefficients, followed by a basic thermal balance evaluation of the 

membrane/interface temperatures. The membrane heat transfer coefficient is calculated by the 

help of the thermal conductivities of the membrane polymer and the entrapped gas, which is 

established on membrane parameters such as permeability and depth. All these values are 

already combined in equation 43 to describe the formulation of the membrane heat transfer 

coefficient. But the parameters are dependent on the degree of crystallinity and temperature 

[55]. As a result, published figures in the literature might cover a wide range. 

So, this requires a new approach to be tested which provides accurate, in a shorter range to be 

more pinpoint and more sure results. Hence, the approach adapted is based on the experimental 

values obtained from the DCMD experiments in which the system is evaluated at different 

temperatures, and two of them are used at a time. The subsequent equations obtained from this 

approach were then  solved simultaneously for the unknowns using MATLAB® [52]. 

For the purpose of explanation of the mathematical model opted for the calculations, the 

subscripts in the coming equations refer to the DCMD experimental values for the bulk feed 
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temperatures i.e., Tbf1 and Tbf2, correspondingly. It is also vital to note that the names and the 

subscripts of the variables that were used during the actual calculations could be different than 

the ones explained during the explanation of the mathematical model due the limitations of 

names of variables allowed in the software. Nevertheless, the MATLAB® code is attached in 

the appendix part of the thesis for a better understanding. Coming to the calculations and 

equation’s part, the first step is to perform the energy balance at the corresponding temperature. 

If we perform the energy balance at temperature that of Tbf1, it follows: 

�̇�1 = 𝑀𝑓1,𝑖𝑛 𝐻1,𝑖𝑛 −  𝑀𝑓,1𝑜𝑢𝑡𝐻1,𝑜𝑢𝑡 (52) 

In the equation 52, �̇�1 is the total heat transferred to the permeate side from the feed side in the 

system and is expressed in watts (W), 𝑀𝑓1,𝑖𝑛 , 𝑀𝑓,1𝑜𝑢𝑡 represent the mass flow rates of the inlet 

and outlet of the at the feed and are expressed in (kg/s). the enthalpies are represented by 𝐻1,𝑖𝑛 

and 𝐻1,𝑜𝑢𝑡 and correspond to the inlet and outlet enthalpies of the bulk feed and are expressed 

in (J/kg). The volumetric flow rate at the intake, as well as the temperature of the input and 

output streams, are all experimentally determined. After the temperatures are measured, the 

enthalpies of the streams are then looked up in the thermodynamic tables. All these values are 

used in the calculation of the outlet mass flow rate with the help of the mass balance equation: 

𝑀𝑓1,𝑜𝑢𝑡 = 𝑀𝑓1,𝑖𝑛 − 𝐽𝑤𝜌𝐴𝑚 (53) 

Where in the equation, Jw represents the flux of water vapour (m/s), the membrane filtration 

area (m2) is Am and the flux density is represented by 𝜌 (kg/m3). As a result, The total heat 

transmitted in equation (52) divided by the membrane filtering area equals the heat flux. [52]. 

This value will then be utilised for the calculation of the unknowns in the following manner. 

For the feed inlet temperature, Tbf1,in the equations related to heat transfer can be written as the 

following: 

𝑄1 = ℎ𝑓1(𝑇𝑏𝑓1 − 𝑇𝑚𝑓1) (54) 

 

𝑄1 = ℎ𝑚1(𝑇𝑚𝑓1 − 𝑇𝑚𝑝1) + 𝐽𝑤1∆𝐻𝑣 (55) 

 

𝑄1 = ℎ𝑝1(𝑇 𝑚𝑝1 − 𝑇𝑏𝑝1) (56) 
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Similar kind of equations can be written for the second feed inlet temperature and are as 

following: 

𝑄2 = ℎ𝑓2(𝑇𝑏𝑓2 − 𝑇𝑚𝑓2) (57) 

 

𝑄2 = ℎ𝑚2(𝑇𝑚𝑓2 − 𝑇𝑚𝑝2) + 𝐽𝑤2∆𝐻𝑣 (58) 

𝑄2 = ℎ𝑝2(𝑇 𝑚𝑝2 − 𝑇𝑏𝑝2) (59) 

 

Looking at the six equations (54-59), we find that the equations contain eight unknowns, which 

are the following: 

1. hf1 

2. hf2 

3. hp1 

4. hp2 

5. Tmf1 

6. Tmf2 

7. Tmp1 

8. Tmp2 

∆𝐻𝑣 can be obtained, which indicates the enthalpy of water per unit mass. The value of hm can 

also be obtained from Eq (4). With the aim of solving the above system of equations with eight 

unknowns, we need to check for another two equations. With the use of empirical correlations 

of dimensionless numbers and the modification factors used to characterize the dependency of 

the viscosity of water, hf and hp, which correspond to the heat transfer coefficients can be 

determined [52].  

The flow kind (laminar or turbulent) must be identified before selecting the appropriate 

empirical correlation. This may be accomplished by calculating the Reynolds number as shown 

below. The hydraulic diameter may be used to make a rough estimate of the Reynolds number 

[56]. Here it is important to mention that the Reynolds number can be mathematically defined 

as: 

𝑅𝑒 =  
𝑣𝐷ℎ𝜌

μ
 (60) 
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Defining the variables in the equation, 𝑣 is the velocity of the flow expressed in (m/s), the 

hydraulic diameter is expressed in (m) and is notated by Dh, and μ is the flow viscosity while 

𝜌 is the flow density expressed in (kg/m./s) and (kg/m3) respectively. The Reynolds number 

helps in the determination of the flow whether the flow is laminar or turbulent. For Reynolds 

number less than 2300 , the flow is laminar, 2300 < Re < 4000 the flow is transient while the 

flow regime is determined to be turbulent is the Reynolds number is above 4000 for closed 

channel flows. In our experimental analysis, the Reynolds number tells us that the flow is 

laminar.  

For the laminar flow regime, the empirical corelation is provided as: 

𝑁𝑢 = 0.13𝑅𝑒0.64𝑃𝑟1/3 (61) 

Where Nu represents the Nusselt number, and Pr stands for the Prandtl number. To go into 

further detail about the two, Nusselt number is the ratio of convective to conductive heat 

transfer at a boundary of the fluid. While the Prandtl number is a dimensionless number like 

Nusselt and Reynolds which is ratio between the momentum diffusivity to thermal diffusivity. 

For the inlet feed temperature, Tbf,1 the above-mentioned equation (61) can be revised for the 

heat transfer coefficient of the feed side of the system by the usage of the Nusselt number which 

is as follows: 

ℎ𝑓1 = 0.13𝑅𝑒1
0.64𝑃𝑟1

1

3(
𝐾𝑓1

𝐷ℎ
) (62) 

Where in the equation, the feed thermal conductivity is represented by kf1 at the temperature 

corresponding to the first temperature and Dh is the hydraulic diameter of the flow tube. In 

similar context, the inlet feed temperature, Tbf,2 can be stated as the following: 

ℎ𝑓,2 = 0.13𝑅𝑒2
0.64𝑃𝑟2

1/3
(

𝐾𝑓2

𝐷ℎ
) (63) 

If we combine the equations (62 - 63), and rearranging the equations,  we obtain the 

following corelation,  

ℎ𝑓2

ℎ𝑓1
=

𝑘𝑏𝑓2

𝑘𝑏𝑓1
(

𝜌𝑏𝑓2𝜇𝑏𝑓1

𝜌𝑏𝑓1𝜇𝑏𝑓2
)

0.64

(
𝐶𝑝𝑏𝑓2𝜇𝑏𝑓,2𝑘𝑏𝑓,1

𝐶𝑝𝑏𝑓1𝜇𝑏𝑓,1𝑘𝑏𝑓,2
)1/3 (64) 

The subscripts used in the equation (64) i.e., bf1, bf2, mf1 and mf2 are coincident to the 

temperatures Tbf1, Tbf2, Tmf1 and Tmf2 respectively. 𝜌 is the density, while Cp and k are the heat 

capacity and the conductivity of the system. Last but not the least, μ represents the dynamic 
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viscosity of the water used in the system. The mentioned physical properties are evaluated at 

the provided temperatures.  

Similarly, if we use the same approach for the for the permeate side, we can obtain a comparable 

formula for the heat transfer coefficients which can be stated as the following relation: 

ℎ𝑝2

ℎ𝑝1
=

𝑘𝑏𝑝2

𝑘𝑏𝑝1
(

𝜌𝑏𝑝2𝜇𝑏𝑝1

𝜌𝑏𝑝1𝜇𝑏𝑝2
)

0.64

(
𝐶𝑝𝑏𝑝2𝜇𝑏𝑝,2𝑘𝑏𝑝,1

𝐶𝑝𝑏𝑝1𝜇𝑏𝑝,1𝑘𝑏𝑝,2
)1/3 (65) 

 

Now with a combination of the above 8 equations (54-59,64-65) we can solve all of the needed 

unknowns at the same time due to the fact that we have eight independent equations. Hence, 

the goal of this paradigm development, namely the assessment of the boundary layer heat 

transfer coefficients and membrane/liquid interface temperatures, has thus been accomplished.  

It also worthwhile to note that one of the parameters involved in the evaluation, hm, can be a 

factor to cause deviation in the obtained answer if it is not properly determined. As already 

stated, the determination of the parameter needs to be accurate and should be made sure that 

the solution does not diverge. 

It is worth mentioning here that there are other mathematical models as well that exist for the 

calculation of the membrane distillation heat and mass transfer mechanisms. This method was 

adapted as the method involves the usage of experimental data and an easy-to-use derivations 

of formulas in the program. And the method is also tested to be proven to be more accurate as 

compared to other methodologies. The experimental data obtained from various experiments 

performed in the lab was used for the calculation of the unknown variables. To avoid any 

misconceptions of plagiarism and the sources of the data, it should be mentioned that the data 

obtained from the university of Aalborg in Denmark is being shared with the consent of the 

parties involved. 
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5. Experimental data and calculations  
 

This section discusses the experimental values obtained for the membrane distillation 

experiments. The calculations then are performed over the obtained data and the mathematical 

model above comes into play for a major part of the evaluation. Majority of the values of the 

variables are already available in the literature of thermodynamics and obtained from 

thermodynamic tables corresponding to their respective temperatures. These values are 

majority of the same similar in different textbooks but may vary a few decimal places from 

literature to literature. 

Nonetheless, as mentioned above several times, the calculation involves the usage of 

MATLAB® for performing solutions of simultaneous linear and nonlinear equations. The 

MATLAB® code used for the solution is attached in the appendix of the thesis for further 

consultation. 

5.1 Experimental Data: 
 

The experimental data along with the parameter of the system such as flow rates, area of 

membrane etc, are discussed as follows. For a little preview, the experiment was performed at 

three different temperatures of 40oC, 50oC and 60oC. The procedure was carried out for 120 

minutes and the different values were recorded accordingly during the length of the experiment. 

The data recorded included various information but the data for interest for the thesis is the 

mass flow rate of the flow, flux of the water via the membrane, inlet and outlet temperatures of 

the feed and permeate side of the system. The starting volume of the feed and permeate side 

was also recorded along with the bath feed temperatures.  

Other data recorded also includes the change of conductivity, water pH, the water recovery, the 

log mean temperature difference (LMTD), the standardized water flux and the XRD analysis 

of the water sample. Of the course the data obtained included the use of instrumentation to 

measure temperatures, flowrates, XRD, conductivity  sensors, pH value sensors, stopwatch etc.  

 

The following figure is a picture of the sample of water obtained from the demo site in Eilat, 

Israel.  
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Figure 14: Picture of water sample obtained from the Demo site in Eilat, Israel. 

 

The following tables depict the data of interest as mentioned above for the three temperatures. 

The data being shared in the thesis is confidential and is being shared after the consent of the 

conducting authority and obtaining permissions. The following table (7) is for values obtained 

at 60 degree Celsius. 
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Table 7: Experimental data obtained for 60 degrees temperature for membrane distillation 

 

  Feed Temperature Permeate Temperature     

Time 

(min) 

m (g) Inlet 

(OC) 

Outlet 

(OC) 

Inlet 

(OC) 

Outlet 

(OC) 

Flow(ml)(every 

10min) 

Flow 

rate(ml/min) 

LMH  

0 237.12 54.1 34.1 26.1 34.9 0 0 0 

10 272.77 55.8 38.5 24.5 38.7 35.65 3.565 2.139 

20 310.81 56.8 39.3 24.6 40.1 38.04 3.804 2.2824 

30 349.29 56.9 40 25.2 40.7 38.48 3.848 2.3088 

40 381.65 56.7 40.8 25.5 40.5 32.36 3.236 1.9416 

50 416.94 56.9 40.7 25.8 41.1 35.29 3.529 2.1174 

60 450.29 56.9 41.8 26.1 39.8 33.35 3.335 2.001 

70 480.14 57 42.1 25.9 38.4 29.85 2.985 1.791 

80 510.64 57.1 41.8 25.7 38.2 30.5 3.05 1.83 

90 539.74 57 42.5 25.5 37.3 29.1 2.91 1.746 

100 568.84 57.1 43.3 25.2 36.7 29.1 2.91 1.746 

110 598.63 56.6 43.3 25 37.1 29.79 2.979 1.7874 

120 627.77 57.2 43.2 25.2 37.4 29.14 2.914 1.7484 

Average value 56.62308 40.87692 25.40769 38.53077 30.05 3.005 1.803 
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Similar values such as mentioned in the table above, were also obtained for 50 and 40 degrees 

respectively and are shown in the following tables (8-9). 

Table 8:Experimental data obtained for 50 degrees temperature for membrane distillation 

 

  Feed Temperature Permeate 

Temperature  

   

Time 

(min) 

m (g) Inlet 

(OC) 

Outlet 

(OC) 

Inlet 

(OC) 

Outlet 

(OC) 

Flow(ml)(every 

10min) 

Flow 

rate(ml/min) 

LMH  

0 231.02 47.2 35 24.6 31.5 0 0 0 

10 268.88 47.3 34.8 23.7 32.6 37.86 3.786 2.2716 

20 287.58 47.3 33.9 23.5 33.3 18.7 1.87 1.122 

30 314.31 47.2 34 23.5 33.1 26.73 2.673 1.6038 

40 339.08 47.2 34 23.5 32.6 24.77 2.477 1.4862 

50 363.37 47.7 34.4 23.4 32.8 24.29 2.429 1.4574 

60 386.66 47.4 34.7 23.3 31.7 23.29 2.329 1.3974 

70 406.92 47.5 35.2 23.1 30.5 20.26 2.026 1.2156 

80 427.1 47.7 35.6 22.9 29.6 20.18 2.018 1.2108 

90 445.35 47.3 35.9 22.8 28.9 18.25 1.825 1.095 

100 464.14 47.6 36.7 22.7 28.5 18.79 1.879 1.1274 

110 481.62 47.5 37.4 22.7 28.5 17.48 1.748 1.0488 

120 500.68 47.4 37.3 22.8 28.1 19.06 1.906 1.1436 

 

Average value 47.40769 35.3 23.26923 30.9 22.47167 2.247167 1.3483 
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Table 9:Experimental data obtained for 40 degrees temperature for membrane distillation 

 

For the purpose of this thesis, the data extracted from the table 7, such that for 60 degrees is 

utilised. 

 

  Feed Temperature Permeate Temperature     

Time 

(min) 

m (g) Inlet 

(OC) 

Outlet 

(OC) 

Inlet 

(OC) 

Outlet 

(OC) 

Flow(ml)(every 

10min) 

Flow 

rate(ml/min) 

LMH  

0 230.22 38.2 28.5 22.4 27.3    

10 243.03 37.9 28.5 21.6 27.7 12.81 1.281 0.7686 

20 256.96 38 28.4 22 27.7 13.93 1.393 0.8358 

30 271.75 37.8 28.4 22.1 27.7 14.79 1.479 0.8874 

40 285.53 37.7 28.5 22.2 27.7 13.78 1.378 0.8268 

50 300.56 37.9 28.4 22.2 27.6 15.03 1.503 0.9018 

60 316.46 38 28.6 22.3 27.4 15.9 1.59 0.954 

70 331 38 28.5 22.3 27.6 14.54 1.454 0.8724 

80 344.97 37.9 28.9 22.4 27.2 13.97 1.397 0.8382 

90 356.95 38 29.6 22.3 26.3 11.98 1.198 0.7188 

100 368.79 37.9 29.9 22.3 26.8 11.84 1.184 0.7104 

110 380.62 38.2 30.2 22.3 25.8 11.83 1.183 0.7098 

120 391.44 38.3 30.5 22.3 25.4 10.82 1.082 0.6492 

 

Average value 37.98462 28.99231 22.20769 27.09231 13.435 1.3435 0.8061 
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5.2 Calculations for membrane distillation: 
 

5.2.1 Evaluation of Temperatures, mass flow rate and enthalpies 
 

Coming to the evaluation and starting of the calculations, we start from looking the values from 

the thermodynamic tables. Initially, as the temperatures are known, we find the average value 

of temperature for the two values that will be used in the calculations for both, the bulk feed 

and permeate side of the membrane. the following equations depict the procedure: 

𝐴𝑣𝑔 𝐵𝑢𝑙𝑘 𝑓𝑒𝑒𝑑 𝑡𝑒𝑚𝑝1 =  𝑇𝑏𝑓1 =  
𝑇𝑏𝑓1𝑖𝑛+𝑇𝑏𝑓1𝑖𝑛

2
=

55.8+38.5

2
= 47.15𝑂𝐶 (66) 

𝐴𝑣𝑔 𝐵𝑢𝑙𝑘 𝑓𝑒𝑒𝑑 𝑡𝑒𝑚𝑝2 =  𝑇𝑏𝑓2 =  
𝑇𝑏𝑓2𝑖𝑛+𝑇𝑏𝑓2𝑖𝑛

2
=

56.8+39.3

2
= 48.05𝑂𝐶 (67) 

𝐴𝑣𝑔 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑒𝑒𝑑 𝑇𝑒𝑚𝑝1 = 𝑇𝑏𝑝1 =
𝑇𝑏𝑝1𝑖𝑛+𝑇𝑏𝑝1𝑖𝑛

2
=

24.5+38.7

2
= 31.6𝑂𝐶 (68) 

𝐴𝑣𝑔 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑒𝑒𝑑 𝑇𝑒𝑚𝑝1 = 𝑇𝑏𝑝2 =
𝑇𝑏𝑝2𝑖𝑛+𝑇𝑏𝑝2𝑖𝑛

2
=

24.6+40.1

2
= 32.35𝑂𝐶 (69) 

 

The above equations then help us in further calculations. Eq (66,67) are used for the calculations 

of enthalpy at the obtained temperature to be then used in equation (52) to obtain the total heat 

transferred to the permeate side from the feed side. The enthalpies H1in and H1out are obtained 

from the thermodynamic tables [57]. The following equations show the enthalpies obtained: 

𝐻1,𝑖𝑛 = 233.6072 𝐾𝐽/𝐾𝑔 (70) 

𝐻1,𝑜𝑢𝑡 = 161.263 𝐾𝐽/𝐾𝑔 (71) 

The values are obtained by performing linear interpolations by using the values available in the 

table to obtain the above-mentioned values. Rewriting equation (52) to remember other values 

that need to be calculated: 

�̇�1 =  𝑀𝑓1,𝑖𝑛𝐻1,𝑖𝑛 − 𝑀𝑓1,𝑜𝑢𝑡𝐻1,𝑜𝑢𝑡 (52,72) 

The equation requires the use of mass flow rates of the bulk feed as well. The mass flow rates 

are provided in the experimental data. The inlet mass flow rate at the bulk feed is equal to 

19L/h. While the exit mass flow rate can be obtained by subtracting the flow that goes across 

the membrane from the original mass flow rate value. After performing the calculations, we 

obtain the following results: 
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𝑀𝑓1,𝑖𝑛 = 19 𝐿 ℎ⁄ = 5.32 × 10−3𝑘𝑔/𝑠 (73) 

The mass flow rate exiting the feed side is calculated the following way: 

 

𝑀𝑓1,𝑜𝑢𝑡 = 𝑀𝑓1,𝑖𝑛 − 𝐽𝑤𝜌𝐴𝑚 = 5.32 × 10−3 − 6 × 10−5 = 5.26 × 10−3 𝑘𝑔/𝑠 (74) 

 

Where in the above equation, Jw is the flux from the membrane, 𝜌 is the flux density and Am is 

the membrane filtration area. The filtration area is provided and is equal to: 

 

𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐴𝑟𝑒𝑎 = 𝐴 = 0.1 𝑚2 (75) 

  

Now the calculation for the heat transferred can be calculated. The value comes out to be: 

 

�̇�1 = (5.32 × 10−3)(233.6072) − (5.26 × 10−3)(161.263) = 394.644 𝐽/𝑠 (76) 

 

To calculate the heat flux that is to be used in further calculations, we divide the heat transfer 

value by the membrane filtration area. 

 

𝑄1 =
�̇�1

𝐴𝑚
= 3946.44 𝑊/𝑚2 (77) 

 

5.2.2 Calculation for Hydrophobic membrane heat transfer co-efficient 
 

After the heat flux has been calculated, the hydrophobic membrane’s heat transfer coefficient 

is calculated. The calculation requires the use of (km) and (kg), which is the thermal conductivity 

of the hydrophobic membrane polymer, and air trapped inside the membrane pores 

respectively. As mentioned before in equation (43), the membrane heat transfer coefficient is 

calculated as follows: 
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ℎ𝑚1 =
𝑘𝑔1𝜀+𝑘𝑚1(1−𝜀)

𝛿
= 213.00 𝑊 𝑚2⁄ . 𝐾 (78) 

The porosity value 𝜀 is considered to be 0.51, the thickness of the membrane is taken as 450 x 

10-6m. These values were selected after carrying out a detailed review of the literature, as the 

values were not provided for calculations. The thermal conductivities were also chosen after 

consulting the literature for the type of membrane being used and then the hydrophobic 

membrane heat transfer coefficient was calculated. The assumed values for the thermal 

conductivities of air as well as the hydrophobic membrane can be found in appendix 1, in the 

MATLAB® code provided for the calculations. The values are dependent on temperature and 

hence vary from change in temperature.  

The following figure depicts the influence of mean bulk temperature, Tbf, on hm which is the 

conductive heat transfer coefficient of the membrane. 

Figure 15: relation between tbf and hm 
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Figure 15 also demonstrates that as the average bulk temperature rises, the membrane heat 

transfer coefficient rises. The impact of water vapour in the pore on the membrane heat transfer 

coefficient is confirmed by the fact that the partial vapour pressure of water develops 

exponentially as the average temperature rises. Water vapour and polymeric materials' thermal 

conductivities both increase with temperature. 

5.2.3 Evaluation of the FSOLVE command 
 

The next steps of the calculations involve the use of the software MATLAB® for the solution 

of the unknowns in the eight simultaneous equations. The unknowns are the  boundary layers’ 

heat transfer coefficients (hf and hp), and the membrane /liquid interface temperatures (Tmf and 

Tmp) at each of the two chosen temperatures. 

The generated MATLAB® application is primarily a system of eight equations (non-linear) 

that may be solved with MATLAB®’s built-in FSOLVE coding. The least square approach is 

used in this code to solve a system of nonlinear equations numerically. The FSOLVE coding 

was used to solve a pair of temperatures in the nonlinear equations system. 

The code uses some initial guesses as well for the eight unknows, as it is a necessary 

requirement for the FSOLVE technique to obtain a solution. To further explain the procedure, 

the eight equations (54-59,64-65) mentioned above in the mathematical modelling of heat 

transfer of membrane distillation section and are transformed and used in a form that the syntax 

is valid for the FSOLVE command. The following figure shows the usage of the equations in 

a MATLAB® function used for calculation of FSOLVE command. 

Figure 16: Function Developed for the FSOLVE command portion of the calculation 
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5.2.4 Evaluation of the Evaporation Efficiency 
 

Coming to the evaporation efficiency of the system, the parameter is a measure of the 

evaporation of the water in contact with the membrane on the permeate side and travelling to 

the permeate side. The efficiency tells us whether the membrane is working correctly in the 

conditions, or some changes are needed. Plus, the efficiency is a way to measure the 

performance of the system. Mathematically the efficiency can be expressed as done in equation 

(45).  The evaporation efficiency in the DCMD process is defined as the ratio of heat transferred 

due to mass transfer to total heat transferred [52]. Because the permeate water vapour flow 

grew exponentially as the temperature increased, the evaporation efficiency and mass transfer 

contribution to the overall heat communicated increased as well. Talking about the evaporation 

efficiency obtained from the calculations after experimentation, the value ranged from around 

the 0.33 to 0.399. The values obtained for the evaporation efficiency follow the existing trend 

with some outliers. This may be due to several factors. Usually, the evaporation efficiency 

increases as the bulk feed temperature increases, but the calculations show some fluctuations 

caused by assumptions in the data set. It can also be due to errors is measuring the involved 

parameters.  The following figures shows the relationship obtained between the EE and the tbf. 

Figure 17: Relation Between tbf and EE 
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5.2.5 Evaluation of the temperature polarization co-efficient 
 

The impact of raising the average bulk temperature (Tm) on the temperature polarization 

coefficient (TPC) is seen in figure.18.  The results show that the TPC is reduces as the 

temperature increases. The trend obtained is following the trend that has been reported in the 

literature. The literature reports a decreasing trend of TPC when the average temperature is 

increased [58,59].  

This pattern might be explained by the fact that as Tm rises, so does the amount of energy used 

by water vaporization at higher temperatures. As a result, the temperature polarization effect 

will be stronger, and the temperature polarization coefficient (TPC) will decrease. For well-

designed systems, the TPC values can approach unity [60]. The high TPC values are owing to 

the high heat transfer coefficients of the boundary layers, which reflect the high feed and 

permeate flow rates as well as flow turbulence.  

Figure 18: Relation between average bulk and permeate temperature and the TPC 

6. Similar Comparative Technologies and their efficiencies 
 

These section discusses the use of similar technologies that employ the filtration mechanisms 

and are comparable to the membrane distillation procedure. The technologies to be discussed 

are the nano-filtration technology, and reverse osmosis. While the membrane distillation 
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technology is thermally driven, the other two technologies can be characterised as pressure 

driven procedures to perform more or less the same task.  

This section caters for the efficiencies of these comparative technologies and how they can be 

calculated. Specially, talking about the thermal and mass transfer efficiency that can then be 

compared with the membrane distillation system values obtained from the demo site 

experimental analysis. This analysis helps in figuring out if the technology opted for the demo 

site is the more viable option or is there any other alternative that can perform better, and hence 

the technology could be replaced for further improved efficiency approximation. 

6.2 Nano-Filtration 
 

To dive into more detail, nano-filtration is a pressure-driven membrane separation technology 

that is commonly used for water softening is nanofiltration (NF) (i.e., separation of divalent 

and monovalent cations). The pore size of NF membranes, which ranges from 1 to 10 nm, is 

somewhat bigger than that of reverse osmosis membranes. The influence of the membrane 

charge should be included in the transport theory since the membrane is frequently charged. 

The test the mass heat transfer efficiency, we check out the data obtained again from the 

university of Aalborg, Denmark for nano-filtration, for the demo site, in Eilat, Israel. For the 

calculation of the efficiencies, it is wise to use the same data for both the processes. 

However, as mentioned above, the processes are similar but work of different thermodynamic 

principles, such that membrane distillation’s working principle is thermally driven mass and 

heat transfer, and the nano-filtration technology works on pressure driven mass transfer to the 

permeate side. This being said, a MATLAB® program has been created for the calculation of 

the specific energy consumption of the nano-filtration technology which is placed in Puglia, 

Italy. Further explanation of the process at the demo site follows. 

 

The desalinator portion of the device to be installed comprises of a nano-filtration module, 

which uses an industrially manufactured nano-filter. To put into context, in the tests conducted 

already in IRIS labs, the nano filter used was NF-90. The desalinator comprises of a nano-

filtration unit, through which water is pumped through pipes according to the need of the hour. 

The efficiencies of the pumps are generally provided by the manufacturer in their range of 

operation. The output is the permeate and retentate. The latter refers to the water that is released 
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back in the ground or recirculated in the device for cleaning purposes and the permeate refers 

to the clean water obtained after filtration requirements are fulfilled.  

To calculate that if the device is even feasible as an alternative method to the already installed 

systems to clean water, we calculate the SEC (specific energy consumption) of the Nano 

filtration procedure. The specific energy consumption (KWh/m3) method is one of the basic 

approaches to calculate unit energy consumption of a product. In other words, it talks about the 

energy consumption requirements of the method to be used. The SEC can be considered one of 

the important parameters to check out the efficiency of the desalinator. Talking about the 

components of the desalinator device, e.g., filtration membrane,  already is manufactured with 

pre-defined efficiencies under different working conditions.  

Talking about the SEC in more detail, the parameter evaluates on the rather aspects of the usage 

of the machinery. After looking at the obtained values, one can then figure out if there is some 

other alternative system that might give better results under the same working conditions. SEC 

can then be paired with economical aspects of the project to calculate the overall cost of the 

project and its counterparts’ alternative options.  

Mathematically, the SEC can be defined by the following equation: 

𝑆𝐸𝐶 = 2.778 ∙ 10−7  
∆𝑃∙𝑄𝑓

𝑄𝑝
  (79) 

Where in the above equation, P (here expressed in N m−2) represents the drop in pressure of 

the feed when it passes through the membrane module, 2.778 × 10−7 is the conversion factor 

from joules to kilowatt-hour, while volumetric flow rates of feed and permeate streams are 

represented by Qf and Qp respectively. 

Coming to the financial aspects of the technology, when we consider the cost of the industrial 

energy in Eilat which is 0.15 €/kWh [5], we try to find a value of the SEC that will be produced 

to fulfil the energy needs of the system at a lower cost. For this purpose, a program written in 

MATLAB (Appendix 3) calculates different combinations of values for the feed flow rate and 

permeate flow rate that is desired . The specific cost for commercial  freshwater in a region is 

0.74€/m3. Considering all the parameters and variables in the equation, and after comparison 

with alternative membranes used in the experiment, the NF 90 membrane is an attractive option 

for the production of freshwater from underground water in the area. The following figure 

depicts the relation between SEC and the specific cost. 
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Figure 19: relation between SEC and price 

So, after consulting the figure, any SEC below a cost of 0.74 euro/m3 should be acceptable as 

it would be a cheaper alternative to the specific cost of commercial fresh water in Eilat [61]. 

Furthermore, the program also calculates various SEC values for a range of the flow rates and 

expected feed flow rate for a wider range of selection. Also, the system is not designed to work 

on a specific input of the feed flow rate, as the conditions might change according to demand 

or other hazards. The following diagram obtained from MATLAB calculates the SEC value for 

a range of input feed flow rates Qf and defined working range of the membrane. 
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Figure 20: Relation between Pressure and SEC 

 

The different lines in the figure about represent different SEC values obtained for various Qf. 

consulting the figure for cost and flow rates, a range suitable for operation can be chosen in 

which the device would be profitable. 

In an experiment conducted at the university of Aalborg which compared the membrane 

distillation technology with its counterpart nano-filtration, in a water defluorination process 

concluded that under the same testing conditions,  the MD membrane allows for water fluxes 

that are one order of magnitude lower than those attained by NF; in other words, the area 

required by MD is around 10 times the area of its NF counterpart to filter the same quantity of 

water [62].  

Still talking about the comparison of the two technologies, we need to check the water quality 

of the permeate water as well. Water systems in reality, on the other hand, can be described as 

complex mixtures of inorganic ions and organic molecules that frequently include living 

components. The permeability and selectivity of the two membranes toward fluoride ions 

should be compared in these types of systems. During the filtration process, they should be able 

to maintain their perm-selectivity.  For example, in the same experiment the nano filtration 

membrane, which is a semi permeable membrane, was not very good at keeping the 

concentration of fluoride on the feed side. This is not surprising as the membrane is known to 
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be permeable to the fluoride F- ions [63]. The optimal fluoride content in water is in the range 

of 0.5-1.0mg/L [64]. 

Membrane distillation, on the other hand, exhibits a larger drop in fluoride ion concentration 

despite the poor water production. It was reported in the experiment that the concentration was 

below the detection limit of the electrode (0.2ppm) even after the concentration was increased 

multiples times [62]. The experiment also discovered that the membrane distillation system had 

the capacity to retain completely the ions in question for feeds with a concentration as high as 

1gL-1 [62].  

To conclude the comparison, because the NF membrane is partly permeable to fluoride ions, it 

is not suited for treating streams with high fluoride concentrations, and the permeate may 

include fluoride levels that are unsafe for human consumption. Even when the membrane 

surface has been scaled and fouled, it has a substantially higher water production than the MD 

unit. 

The most essential aspect of MD is that the feed quality is maintained throughout the filtration 

process, and the fluoride content in the permeate was under the electrode's detection limit (0.2 

ppm). MD has a stronger fouling and scaling resistance than NF. It also doesn't require a lot of 

pressure, and it may be utilized to generate a vapour pressure differential across the membrane 

with solar or waste heat. MD's main drawbacks have been proved to be (i) poor water 

productivity and (ii) low permeate salinity, both of which must be adjusted to a safe level for 

human consumption. Current RO installations, on the other hand, are already experiencing 

similar issues.  

The findings show that combining the two approaches in a synergistic manner might be a 

promising way to remediate fluoride-contaminated water. NF can be used to filter water until 

the fluoride ion concentration in the permeate fulfils local drinking water laws, or until fouling 

and scaling make the concentration process too unpleasant to continue, even with occasional 

backwashing. The quality of the generated drinking water degrades during concentration 

because NF membranes are partly permeable to fluoride ions. As a result, MD can be used to 

treat the NF concentrate. The MD process will benefit from NF preconcentration since it will 

reduce energy usage for heating and the membrane area. Cooling the MD concentrate 

crystallizes very pure CaF2, which may then be used in commercial operations like the 

generation of hydrogen fluoride. Furthermore, the permeates from the NF and MD modules 
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may be combined to provide high-quality drinking water with the specified fluoride ion and 

dissolved mineral concentrations. 

6.3 Reverse Osmosis 
 

Reverse osmosis (RO) is a water purification technology that uses a partially permeable 

membrane to remove ions, unwanted chemicals, and larger particles from drinking water. An 

applied pressure is utilized in reverse osmosis to counteract osmotic pressure, a colligative 

phenomenon generated by chemical potential differences in the solvent, a thermodynamic 

parameter.  

Reverse osmosis is used in both industrial and drinkable water production to remove a wide 

spectrum of dissolved and suspended chemical species, as well as biological species (most 

notably bacteria) from water. Reverse osmosis is used in both industrial and drinkable water 

production to remove a wide spectrum of dissolved and suspended chemical species, as well as 

biological species (most notably bacteria) from water. 

To briefly discuss the principles of reverse osmosis (RO), the RO membranes have no 

discernible holes that run the length of the membrane and are at the other end of the spectrum 

of commercially available membranes. Water must travel a difficult path across the membrane 

to reach the permeate side because the polymer substance of RO membranes produces a 

layered, web-like structure. RO membranes can reject the tiniest impurities, such as monovalent 

ions, whereas nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF) membranes are 

intended to remove materials of increasing size [65]. 

Membranes can be employed in crossflow or dead-end filtering. RO membranes are primarily 

used in crossflow mode and come in spiral wrapped modules, which have the membrane sheets 

coiled around an inner tube that collects the permeate. The fluid is driven through the membrane 

by a positive hydrostatic pressure in most membranes, allowing filtering by pore flow. The 

fluid flow is determined by membrane porosity, which is the percentage of the membrane 

volume that is empty space and can hold liquid, and tortuosity, which is the distance a molecule 

must travel through the membrane divided by its thickness. Diffusion is also responsible for 

fluid transport via membranes.  

However, diffusion controls transport via RO membranes, and there are no open channels for 

pore flow; the RO transport process is known as solution-diffusion transport. Unlike, Nano-
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filtration membranes, in which the solvent transport takes place via a combination of convective 

and diffusive phenomenon.  

In the solution-diffusion model, water transport across a RO membrane occurs in three phases: 

absorption onto the membrane surface, diffusion across the membrane thickness, and 

desorption from the permeate surface of the membrane. Once water molecules have absorbed 

onto the membrane surface, the water concentration gradient (of the water-membrane system) 

across the membrane causes them to diffuse down the concentration gradient to the permeate 

side of the membrane. The water molecule then desorbs from the membrane and mixes with 

the bulk permeate. 

When it comes to the energy side of reverse osmosis, we need to know how much energy a 

desalination process uses. The first step is to familiarize yourself with the theoretical energy 

required to separate salt from water. This energy may be defined as the bare minimum required 

to separate salt and water using a technique. We employ the Gibbs free energy to our help from 

solution thermodynamics. It's worth noting that for mixing at constant temperature, the change 

in Gibbs free energy is always negative [66]. In other words, the total free energy of the 

components necessary to make the final mixture (salt, water, or salt-water combinations) is 

lower than the total free energy of the salt-water mixture. This is due to the fact that according 

to the second law of thermodynamics, the entropy of the system is increased due to spontaneous 

mixing.  

Because salt-water mixing is a spontaneous process, the Gibbs free energy generated during 

mixing may be utilized to calculate the lowest amount of energy required to reverse the change. 

This is known as the thermodynamic minimum energy required for separation unmixing, and 

it may be determined using the following equation: 

𝑀𝑖𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝑑(∆𝐺𝑢𝑛𝑚𝑖𝑥𝑖𝑛𝑔) = −𝑑(∆𝐺𝑚𝑖𝑥𝑖𝑛𝑔) = 𝜋𝑠�̅�𝑤𝑑𝑛𝑤 (80) 

Where ∆𝐺𝑢𝑛𝑚𝑖𝑥𝑖𝑛𝑔 is the Gibbs free energy of unmixing expressed in Joules or KWh/m3, 

∆𝐺𝑚𝑖𝑥𝑖𝑛𝑔 is the Gibbs free energy of mixing expressed in the same units, 𝜋𝑠 refers to the 

osmotic pressure of the salt-water mixture expressed in pascals,  �̅�𝑤 is the molar volume of 

water expressed in m3/mol and 𝑛𝑤 is the moles of water participating in the mixture. In context 

of the separation process, the unmixing is specified as recovery and the equation (80) caters for 

infinitesimally small portions such that recovery of a small portion of water from the solution. 
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The equation can then be integrated over a specified water recovery R to get the least amount 

energy necessary by the following equation: 

𝐸𝑇ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 =
1

𝑅
∫ 𝜋𝑑𝑅

𝑅

0
 (81) 

Where in the equation, R refers to the recovery of the amount of water. Indeed, if you know the 

initial feed concentration, ion composition, and temperature, you can calculate osmotic pressure 

as a function of different recoveries to generate osmotic curves like the one shown in figure. 

 

Figure 21:osmotic pressure vs recovery for different feed concentrations typical of sea water feed [66]. 

It is to be understood that the Ethermodynamicminimum that is required for the separation is not 

achievable due to the losses incurred. To define the efficiency of the reverse osmosis pressure 

or desalination procedures in general, it can be given by: 

𝜂𝐸 =
Ethermodynamicminimum

𝐸thermodynamicminimum+𝑊
 (82) 

Where W is the work done expressed in joules of KWh/m3. Considering the equation (82), and 

other types of energies that are required for the process to work, for example, to generate the 

flux, there is a need to provide energy, also for rejection through a membrane, energy is also 

consumed inside the modules that accounts for the polarization of the concentration, the very 

important pressure drop for the whole system to work has to be also supplied by the power 

source. When talking about reverse osmosis, this power source is a pressure pump.  

When we talk about sea water desalination, the typical recoveries indicated in the literature are 

around 50 percent while it is possible that the feed pressures will be in excess of 800 psi 
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(55bars). While this is not true for the membrane distillation, during the experiment, the water 

recovery factor reached around a maximum of 80 percent after 1020 minutes.  

 

Because of the extremely high pressures obtained in the reverse osmosis process, a large 

quantity of energy must be recovered before disposal. Usually, the systems are fitted with 

energy recovery devices. The preferred devices being pressure or work exchangers. It is 

important that the system is synchronized after consideration of appropriate operating ranges 

so that the pumps and energy recovery devices can work at a maximum efficiency without 

hindering normal operations. If we look at the reported efficiencies, the reported values range 

from  >95% without any bad or adverse effects on the feed. 

Finally, if we talk about the electrical energy needed for the pumps that are used in reverse 

osmosis, the electrical energy is the output of a power plant. Typically, power plants use fuel 

or chemical energy as a source of energy. In the United States, coal and natural gas account for 

more than 60% of the energy sources for power plants, with coal accounting for more than 

40%, followed by natural gas, nuclear power, oil, hydro, and renewables [65,66].  

These power cycles have an efficiency that varies from 27 percent to 42 percent for coal-fired 

power plants, 33 percent to 55 percent for natural-gas-fired power plants, and 24 percent to 44 

percent for oil-fired power plants. As a result, when comparing the energy efficiency of reverse 

osmosis to that of thermal desalination, this efficiency must be considered because thermal 

plants employ both heat and electricity as a source of energy. 

According to the analysis, the energy efficiency of reverse osmosis, as determined by Eq. (83), 

which is effectively Eq. (82) renamed for reverse osmosis, is about 53%, with the remaining 

47% accounted for by thermodynamic minimum energy. The remaining energy is accounted 

for by the work term WRO, which can be defined as the total amount of work done to create 

membrane flux, overcome module configuration, friction, and concentration polarization 

losses, as well as overcome pump losses, energy recovery device losses, and system friction 

losses [66]. 

𝜂𝐸,𝑅𝑂 =
Ethermodynamicminimum

𝐸thermodynamicminimum+𝑊𝑅𝑂
 (83) 

To conclude the reverse osmosis efficiency phenomenon, the unit has around 50% of energy 

efficiency with electrical energy as input. Thermodynamics accounts for half of the energy use, 
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thereby cutting any additional advances in half right away. Pumps and energy recovery 

systems, which account for the remaining 28% of energy losses, are already exceedingly 

efficient. As a result, 75 percent of overall energy use cannot be further reduced. Membranes 

and modules make up the remaining 25%, with membranes accounting for 15% and modules 

for 10%. Membrane innovation will yield some energy savings, but not at a system scale, and 

various evaluations imply that high permeability membranes for both seawater and brackish 

water reverse osmosis desalination have already reached a point of diminishing returns for 

energy reductions [66]. 

7.Specific Energy Consumption (SEC) Comparison of the 
Technologies 
 

Specific energy consumption can be defined as the ratio of energy in KWh (Kilowatt-hours)  

that is consumed to the output weight or quantity of the product that is produced due this 

consumption of energy [69]. The parameter expressed in KWh/m3 is regarded as a key 

parameter in assessing the overall feasibility of the process of desalination. This section 

compares the overall values of the specific energy consumption of the three technologies 

discussed above.  

As the above discussed technologies differ in the driving mechanism of the technology, such 

that the membrane distillation is a thermally driven process while the other two work on the 

principle of pressure difference, it is not a very good idea to measure the thermodynamic 

efficiencies of the systems for a comparison. Therefore, the SEC value is a better comparison 

strategy among the three technologies. 

This section discusses the specific energy consumption of the three technologies. Whether the  

technology is feasible for the requirements of the demo site, whether it is financially sustainable 

to deploy membrane distillation or reverse osmosis or even nano filtration as the desalination 

process of choice. But one important prospect should be kept in mind that specific energy 

consumption can only provide us with the energy consumption analysis, not the qualitative 

analysis of water treatment which entails the composition of the desalinated water. As the thesis 

mainly focuses on the energy consumed by the three process and their efficiency, specific 

energy consumption is a good parameter to be compared among the technologies. The 

following section discusses the SEC values for the three technologies. 
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7.1 Membrane distillation SEC 
 

Membrane distillation, like various other thermal processes, relies on a substantial value for 

thermal energy for generating vapour of water from its liquid phase. As an alternative the waste 

heat from the industrial processes or solar energy could be potentially an alternate energy 

source for powering the system. The MD process has received a lot of attention in the last 

decade because of its low energy requirements and high-quality water production. It's been 

considered as a possible alternative to thermal desalination and the SWRO (Seawater Reverse 

Osmosis) process, or in combination with traditional desalination techniques to lower operating 

costs and energy requirements. 

In consideration of the sustainability of the process, membrane distillation has a huge drawback 

and technical problems, in terms of thigh energy demand that creates a substantial number of 

pollutants and harmful pollutants. These flaws necessitate the search for more environmentally 

benign, long-term desalination methods. 

Here it is rather important note that there is a difference between the thermal energy and 

electrical energy. While both the quantities are measured in kilowatt-hours (KWh), the two 

quantities are not directly comparable. In a typical thermal power plant, energy is transformed 

from chemical to thermal to mechanical to electrical energy to create electrical energy (kWhe). 

The straight comparison of thermal energy (kWhth) and electrical energy (kWhe) is improper 

since each energy transition incurs some efficiency loss. We used the Semiat relationship to 

convert reported thermal energy values to comparable electrical energy values for this 

investigation, assuming a contemporary power plant efficiency of 45 percent, such that the 

relation obtained can be mathematically expressed as: 

𝑘𝑊ℎ 𝑚3⁄ = 𝐾𝑊ℎ𝑒 𝑚3⁄ + 0.45𝑘𝑊ℎ𝑡ℎ/𝑚3 (84) 

Now the following table displays the SEC values for the various thermal and membrane 

desalination processes: 
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Figure 22: SEC Values for different desalination procedures[70] 

Hogan et al. from the University of New South Wales were the first to publish their findings, 

which used a 3 m2 flat plate solar collector and a hollow fibre membrane MD system with a 

capacity of 0.05 m3/day. The system used 55.6 kWh/m3 of total energy and produced a water 

vapour flow of 17/day.m2 of collector area, which is quite similar to what has been reported for 

solar multi-stage flash distillation and multiple-effect distillation.  

 

7.2 Reverse Osmosis SEC 
 

The specific energy consumption of the RO process is closely linked with the treatment 

capacity of the plant. In large facilities, efficiency gains linked to pumps can be beneficial, and 

depending on the capacity, energy recovery devices provide useful reduction in the SEC. Pelton 

turbines, for example, can save 35–42 percent energy in plants with capacities less than 5000 

m3/day, but isobaric energy recovery devices may decrease SEC by 55–60 percent in plants 

with capacities more than 5000 m3/day. In facilities with capacities less than 5000 m3/day, 

Pelton turbines can save 35–42 percent energy, while isobaric energy recovery devices may 

reduce SEC by 55–60 percent in plants with capacities more than 5000 m3/day. According to 

thermodynamic calculations, the minimal specific energy consumption for a 35Kppm feed 

system with 50% recovery is around 1.06 kWh/m3. The specific energy consumption of 

seawater reverse osmosis system can also be seen in figure 22. 
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The pressure differential across the membrane must theoretically surpass 2.51 MPa (24.8 atm), 

and the minimum effort required to create 1000 cm3 water is 0.7Wh/L (0.7 kWh/m3). As the 

system recovery (ratio of product to feed water flow) approaches zero, this reflects the lower 

limit of the work investment. Similarly, the theoretical minimal SEC was calculated to be 

around 0.2 kWh/m3. 

The technology for reduction of SEC for reverse osmosis systems has come a long way. The 

energy footprint of RO processes has fallen from 20 kWh/m3 in the 1970s to less than 2 kWh/m3 

now for saltwater desalination and roughly 1 kWh/m3 for brackish water desalination. Exergy 

study of several RO systems aided in the development of a more efficient energy system. The 

SEC of commercial SWRO systems has dropped over time, decreasing from an average of 20 

kWh/m3 in 1980 to 1.62 kWh/m3 in 2005, as it did for many other desalination methods. 

Although the ideal SEC for desalination increases as temperature rises, the opposite is true in 

actual RO systems as salt and water fluxes rise with higher temperatures, with diffusion through 

the membranes increasing at an estimated rate of 3% to 5% per degree Celsius up to varying 

limits of commercial membranes, resulting in a reduction in SEC. 
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8. Conclusion and Discussion 
 

In line with the research proposed in the first chapter of the thesis, we provided a brief overview 

of some of the current technologies available in the market for filtration with emphasis on 

membrane distillation. A detailed literature review was discussed for membrane distillation as 

the main focus of the thesis was to discuss the theory for the efficiency of membrane distillation 

in terms of heat and mass transfer, and experimental results obtained for the water samples 

taken from the demo site in Eilat, Israel. The experimental values were then taken from the lab 

of the university of Aalborg which is a partner in the European project named project Ô. The 

values obtained proved to be extremely helpful in figuring out the efficiency parameters for the 

membrane distillation system installed at the demo site. We need to keep in mind that the 

analysis was carried out using experimental data only and the real time values could not be 

obtained from the working site as the demo site is still under construction phase. This delay is 

due to the ongoing COVID-19 pandemic that has affected the whole world and has proved fatal 

for businesses and manufacturing companies globally.  

The benefits of using performance metrics for performance measurement of machinery are 

visible. Not only do they provide a metric for us to weigh the pros and cons of the system in 

use, but they also help us to create a maintenance framework for the machinery in question. 

Performance metrics like efficiencies etc. can be a grounds for comparison of similar kinds of 

machines, whether a machine can be replaced with its counterpart, the replacement will even 

prove beneficial for all the stake holders involved, or maybe some modification in the system 

will provide with a better and improved overall result. 

The purpose of this thesis was to analyse the membrane distillation system to be installed at the 

demo site in Eilat, Israel with the main concern for the efficiency of the system. As the system 

main task is to filter out the salt contents of water coming in which has already been passed 

through various systems for removal of organic and non-organic matter, we focus mainly on 

the evaporation efficiency and temperature polarization of the system. These two factors play 

an important role in checking whether the system is a viable option to be installed at the demo 

site. Also, membrane distillation has an extremely large advantage of the rival counterpart 

systems of nano-filtration and reverse osmosis, and that is water recovery. As discussed 

previously, the water recovery from reverse osmosis and nano-filtration is alike. Modern 

reverse osmosis and nano-filtration systems can provide up to a recovery of 50% of the total 
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feed at the inlet while in our experiments for the membrane distillation system, the water 

recovery factor was almost 80% (Appendix 4.)  

Talking about the efficiencies of the systems and comparing them, the evaporation efficiency 

of the system for membrane distillation came out to be in the range of 0.33 to 0.399. So probably 

if the system is meant to be working at lower temperatures, it will be viable if only a cheap 

source of heating power is available for the system to work. This factor is well covered as the 

demo site will be installed with solar panels to provide energy for the system to work as the 

area lies in the middle east and experiences a lot of sunshine at high temperatures. Other than, 

that the temperature polarization coefficient obtained from the experimental data was high and 

around the range of  0.91 to 0.98. The value for temperature polarization implies that the system 

did not experience a lot of temperature polarization for some temperatures while some values 

proved to create a polarization effect in the system. 

Coming to the working mechanisms of the systems, membrane distillation system is basically 

a thermally driven system which relies on temperature. This introduces a partial pressure affect 

in the system between the two flows, feed and permeate across the membrane, causing the 

vapour molecules to be transferred from the membrane pores from an area of high partial 

pressure to an area of low partial pressure and as the vapour pressure difference between the 

two membrane sides is maintained, and they are finally condensed either internally downstream 

of the membrane or externally outside the membrane module. While the other two systems 

discussed, nano-filtration and reverse osmosis are pressure driven systems which rely on 

pressure difference to start the filtration process and do not use a hydrophobic membrane like 

in membrane distillation.  

To conclude the discussion, membrane distillation can be a viable option only if several factors 

are met. These factors include the size of the system to be installed according to the need as 

previously mentioned, as compared to reverse osmosis, a significantly larger membrane system 

is required to be installed to perform the same job, the power requirements pertaining to 

electrical and thermal power are also to be taken into effect.  

Incorporating plasmonic and nanophotonic materials on the membrane surface, followed by 

irradiation with UV light or sunshine, can boost the capacity of MD processes on a small scale. 

In vacuum MD, adding plasmonic nanoparticles to the membrane increases the water vapour 

flow by 11 times, and the temperature at the membrane interface is greater than the bulk 

temperature. These low-capacity portable MD desalination devices would be ideal for locations 
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with limited electric energy supply or availability. However, improving low driving forces 

remains a significant problem that must be addressed before MD desalination systems can be 

used effectively. Plus, membrane distillation is claimed to be more fouling resistance as 

compared to the counter-part reverse osmosis. 

Lastly, in terms of cleaning the water, membrane distillation systems perform the best. The 

systems can stop majority of the salts such as fluoride salts in the water which can easily seep 

through while using pressure driven systems like nano-filtration. Hence pressure driven  system 

require a continuous step wise approach to clean the water in turns whereas one membrane 

distillation system can provide with same or better results.  

8.1 Delimitations: 
 

There is no doubting that COVID-19 has been disastrous for all enterprises and industrial firms 

throughout the world. This has proved as a delimitation in my work as I was not able to visit 

the labs for experimentation, the demo site for collection of samples as well. Plus, the pandemic 

has also delayed the work on the project by quite some time which meant that only experimental 

data was available for performing calculations while the real-time values are still not obtainable 

as the demo site is still under construction. I did my best to make the most of the information I 

had and to offer valuable insights into the behaviour of the membrane distillation system under 

investigation. 
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Appendix 
 

Appendix 1: 
 

clc 

clear all 

close all 

%% reading excel data from the provided data 

(Aalborg Universirty, Denmark) 

doc_40 = xlsread('MD_water'); 

doc_50 = xlsread('MD_water','2'); % for 50 degree 

values 

doc_60 = xlsread('MD_water','3');% for 60 degree 

values 

%% we do the calculations for 60 degrees first 

tbf_in = doc_60(2:13,3);% bulk feed in temp 

tbf_out = doc_60(2:13,4); % bulf feed out temp 

tbf = (tbf_in + tbf_out)*0.5; %  avg bulk feed 

temp 

tbp_in = doc_60(2:13,5); % bulk permeate in temp 

tbp_out = doc_60(2:13,6);% bulk feed  

tbp = (tbp_in + tbp_out)*0.5; 

J = doc_60(2:13,9);% refes to flux in LMH 

J = J/3600; % conversion from Kg/m2hr to Kg/m2s 

flow = doc_60(2:13,8); % flow from the membrane 

toward the other side in (ml/min) 

flow = flow*0.000017; % unit conversion to kg/s 

mf_in = (5.32*10^-3)*ones(12,1); % feed in mass 

flow rate that is 19L/h 

A = 0.1; %m2  membrane filtration area 

rho = [989.547;988.8975;995.218;994.92];% rho = 

[bf1;bf2;pf1;pf2]density 

mf_out = vpa(mf_in - (J*A)); %vpa for increased 

precision 

%% reading enthalpy values for temperatures  

h_in = 

[233.6072;237.7912;238.2096;237.3728;238.2096;238.

2096;238.706;239.122;238.706;239.122;237.0064;237.

495];%for feed flow 

h_in = h_in*1000; % Kg/Kj to j/kg 
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h_out = 

[161.263;164.6054;167.53;170.8756;170.4574;175.057

6;176.3122;175.0576;177.985;181.3306;181.3306;180.

9124];%for feed flow 

h_out = h_out*1000; % Kg/Kj to j/kg 

% hin= [209.34;230.36;251.18]; 

% tin = [50;55;60]; 

% x(1) = (hin(1)*tbf_in(1)+tin(1)*hin(2)-

tbf_in(1)*hin(2)-hin(1)*tin(2))/(tin(1)-tin(2)); 

% for i=2:12 

%     hin(i) = (hin(i-1)*tbf_in(i)+tin(i-

1)*hin(i+1)-tbf_in(i)*hin(i+1)-hin(i-

1)*tin(i+1))/(tin(i-1)-tin(i+1)); 

%     %if  

% end 

tbf_h_in = []; 

tbf_h_in = 

cat(1,tbf_h_in,[tbf_in(1:end),h_in(1:end)]); 

tbf_h_out = []; 

tbf_h_out = 

cat(1,tbf_h_out,[tbf_out(1:end),h_out(1:end)]); 

Hv = 

[2388.84;2386.68;2385.72;2385;2384.44;2383.56;2383

.08;2383.32;2382.72;2381.512;2382.12;2381.512]; % 

latent heat of vaporization 

Hv = Hv*1000; % KJ/kg to J/kg  

%% inputting known variables 

kpa = 

[0.162;0.163;0.1635;0.1639;0.164;0.1647;0.165;0.16

48;0.1652;0.1659;0.1655;0.1659]; % W/mk thermal 

conductivity of membrane sheet for tbf (assumed 

after consultation from literature) 

kg = 

[0.027;0.027;0.027;0.027;0.027;0.028;0.0283;0.0281

;0.0287;0.029;0.0289;0.029]; %W/mk thermal 

conductivity of air trapped in membrane sheet 

(assumed after consultation from literature) 

e = 0.51 ; % porosity of membrane (assumed after 

consultation from literature) 

sigma_m = 450*10^-6; % thickness of membrane 

(assumed after consultation from literature) 
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km = (e*kpa)+((1-e)*kg); %Wm/k combined thermal 

conductivity of the membrane 

hm = km/sigma_m; %W/m2K heat transfer coefficent  

%% calculating heat transfer 

Q_dot = (mf_in.*h_in) -(mf_out.*h_out); % heat 

transfer inside the membrane 

Q = Q_dot/A; % total heat that is transferred over 

the unit area 

%% calculation of evaporation efficicency 

EE = (J.*Hv)./Q; % measure of efficiency of the 

system 

%% calculation of the unknowns from the fsolve 

method for first 2 temperature values for tbf and 

tbp 

cp  = [4.1809;4.1811296;4.18002;4.179]; % cp = 

[bf1;bf2;pf1;pf2]specific heat 

cp  = cp*1000; %from KJ/Kg to J/kg 

mew = [0.576767;0.567209;0.77408;0.763965]; % mew 

=  [bf1;bf2;pf1;pf2] dynamic viscosity 

mew = mew/1000 ; % from mPa.s to Pa.s 

K = [637.1686;638.2522;616.7496;617.7338]; % K = 

[bf1;bf2;pf1;pf2] thermal conductivity  

K = K/1000; % from mW/mK to W/mk 

C1 = 

(K(2)/K(1))*(((rho(2)*mew(1))/(rho(1)*mew(2)))^0.6

4)*(((cp(2)*mew(2)*K(1))/(cp(1)*mew(1)*K(2)))^(1/3

));%*((mew(2)/mew(1))^0.14); 

C2 

=(K(4)/K(3))*(((rho(4)*mew(3))/(rho(3)*mew(4)))^0.

64)*(((cp(4)*mew(4)*K(3))/(cp(3)*mew(3)*K(4)))^(1/

3));%*((mew(3)/mew(3))^0.14);    

%options = 

optimoptions('fsolve','FinDiffType','central');  

F = @MD; 

XO = 

[2.4*10^4;45;32.5;1.725*10^4;2.5*10^4;46;34;1.74*1

0^4];%initial guess 

%Xt = zeroes(8,1); 

X = fsolve(F,XO); 

hf1 = X(1); 

tmf1 = X(2); 
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tmp1 = X(3); 

hp1 = X(4); 

hf2 = X(5); 

tmf2 = X(6); 

tmp2 = X(7); 

hp2 = X(8); 

tb_avg = zeros(12,1); 
  

%% Plotting of EE with average bulk and permeate 

flow temperatures 

for i=1:12 

    tb_avg(i) = (tbf(i)+tbp(i))/2; 

end 

figure(); 
  

plot((tbp+tbf)/2,EE); 

%% Calculation for the temperature polarization 

coefficient 

TPC1 = (tmf1-tmp1)/(tbf(1)-tbp(1)); 

TPC2 = (tmf2-tmp2)/(tbf(2)-tbp(2)); 
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Appendix 2: 
 

function Fun = MD(X) 
  

Fun(1) =  X(1)*(47.15-X(2))-

3946.4448811500009878239225713514 ; 

Fun(2) = (213*(X(2)-X(3)) + (5.941666666666662e-

04*2388840))-3946.4448811500009878239225713514; 

Fun(3) = (X(4)*(X(3) - 31.6))-

3946.4448811500009878239225713514; 

Fun(4) = (X(5)*(48.05-X(6)))- 

3999.9315800720004636549524530409; 

Fun(5) = (2.141333333333334e+02*(X(6)-X(7)) + 

(0.000634000000000000*2386680))-

3999.9315800720004636549524530409; 

Fun(6) = X(8)*(X(7) - 32.35)-

3999.9315800720004636549524530409; 

Fun(7) = ((1.0059)- (X(5)/X(1)));%*((exp(-

6.4313+(1882/X(2)))/(exp(-

6.4313+(1882/X(6)))))^0.14)); 

Fun(8)= ((1.0048)-(X(8)/X(4)));%*((exp(-

6.4313+(1882/X(3)))/(exp(-

6.4313+(1882/X(7)))))^0.14)); 

end 
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Appendix 3: 
 

%% THE nano-filtration 

% the membrane used is NF 90  

% Experimental Data 
  

%w_i = 2; %water_input = 2L irrelevant 

delta_p =linspace(0.01,1);% transmembrane pressure 

=  bar 

delta_p = (delta_p*100000)'; 

prompt = 'input starting value for feed flow rate 

in m^3/s '; 

a = input(prompt); 

prompt2 = 'input ending value for feed flow rate 

in m^3/s '; 

b = input(prompt2); 

Qf = linspace(a,b); 

prompt3 = 'input the value for permeate flow rate 

in m3/s'; 

Qp = input(prompt3); 

%Qp = (1.9347*10^-3) * Qf; %70 percent of Qf is 

the permeate flow rate.(supposed) 

%% Safe/backup plan code 

% Q_f = 3.83*10^-6; %m^3/s feed flow rate 

4.91*10^-6 

% Q_p = 7.41*10^-9; %m^3/s permeate flow rate 

%% New SEC calculation 
  

for i = 1:100 

    for j =1:100 

    x(i,j) = delta_p(i).*Qf(j); % with row the 

pressure changes  

      y(i,j) = x(i,j)/Qp;       % with column the 

Q_f changes 

    end  

end 

 SEC = (2.778*10^-7).*y; 

%% 

% SEC = (2.778*10^-7)*((delta_p*Q_f)/Q_p); 

%specific energy consumption formula in KWH/m^3 

 plot((delta_p/100000),SEC); 
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 title('Delta P vs SEC value'); 

 xlabel('Delta_P, (bar)'); 

 ax.XLim = [0 , 1]; 

 yticks(0:1:20); 

 xticks(0:.1:1); 

ylabel('SEC (KWH/m^3)'); 

%% SEC value should produce a lower cost as 

compared to italian GOV cost. 

cost_KWH = 0.15; %  price euro/KWH 

specific_price = cost_KWH * SEC; %euro/m3 

figure() 

plot(SEC,specific_price); 

ylabel('price (euro/m^3)'); 

xlabel('SEC (KWH/m^3)'); 

yticks(0:.25:2.5); 

xticks(0:1:18); 
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Appendix 4: 
Graphs for membrane distillation for flux and water recovery for Membrane Distillation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

0

0.5

1

1.5

2

2.5

0 20 40 60 80 100 120

LM
H

Time (min)

40
degree
50
degree

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600 800 1000

W
at

er
 r

ec
o

ve
ry

 f
ac

to
r 

(%
)

Time (min)

Water Recovery with time at the inlet side



 

98 | P a g e  
 

 

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600 800 1000

W
te

r 
re

co
ve

ry
 f

ac
to

r 
(%

)

Time (min)

Water Recovery with time at the outlet side


