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Abstract 
  
Absorption dehumidification requires regeneration system to regenerate diluted desiccant solutions, which 

are still highly concentrated. A novel multi-stage vacuum membrane distillation system was applied for 

separating water out of the highly concentrated solution.  

The performance of this novel membrane distillation system with high concentration solution is studied, as 

well as the effect of solution concentration, heating temperature and feed flow rate on concentration 

increase, permeate flux and specific energy consumption was studied. Feed solutions are LiCl solution 

(22-30 wt%) and CH3COOK solution (50-60 wt%).Other experimental parameters studied were: heating 

temperature, 70-80 °C, feed flow rate, 1.2-2.0 l/min. Response surface method is applied for model building, 

in order to provide a better understanding of the interactions between different parameters. 

Compared with pure water, high concentration solution has lower vapor pressure, which leads to lower 

permeate flux. The highest concentration the system can reach is 36.5 wt% for LiCl solution and over 70 wt% 

for CH3COOK solution, when the heating temperature is 80 °C. Lower concentration and higher heating 

temperature will result in larger increase in concentration, higher permeate flux and also lower specific 

energy consumption. But due to the configuration of the system, optimal flow rates can be found under 

different conditions. Within the testing region, the permeate flux ranges between 0.147-1.802 l/(m2h) for 

LiCl solution and 0.189-1.263 l/(m2h) for CH3COOK solution. With low concentration, high heating 

temperature and low feed flow rate, low specific energy consumptions, 0.85 kWh/l and 0.94 kWh/l for LiCl 

and CH3COOK solutions are observed respectively. With external heating recovery system, this value can 

be further reduced. 
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Symbols 

 

 : Membrane permeability - 

  : Specific heat            

  : Pore size    

  : Heat transfer coefficient           

   : Evaporation enthalpy        

 : Thermal conductivity          

  : Boltzmann constant.                            

  : Knudsen number - 

L: Characteristic linear dimension    

 : Molecular weight of water        

 ̅: Mean pressure within the membrane pores     

  : 
Pressure of water vapor at the liquid 
feed/membrane interface 

    

  : 
Pressure of water vapor at downstream 
membrane surface 

    

 ̅: Mean pore radius    

 : Gas constant.                   

 : Absolute temperature    

    : Feed bulk temperature    

    : Permeate bulk temperature    

    : Feed temperature at membrane surface    

    : Permeate temperature at membrane surface    

 : Collision diameter1    

 : Mean free path    

 : Pore tortuosity2 - 

 : Membrane thickness    

 : Density        

 : Velocity      

 : Dynamic viscosity       

   

1: Collision diameter is 2.641  ̇ for water vapor [1]. 

2: Pore tortuosity is usually assumed as 2 [1] [2] [3] 
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1 Introduction 

Dehumidification is the process of taking water out of air. As product, dry air is widely used for industrial 

and agricultural purposes, such as humidity control in textile mill and crop drying after harvest. And now it 

has been utilized in air conditioning field. A research shows that the dehumidification process contributes 

about 12% of the total energy consumption in industry worldwide [4]. The increasingly serious energy crisis 

and the rising fuel price make this issue even worse.  

The traditional method of dehumidification can be divided into two processes. The first step is to cool the 

air down to achieve its drew point in order to condense out the water it contained. And the second step is to 

heat up the dried air back to the desired temperature. In the whole process, air is cooled down first and then 

heated up, resulting in waste of energy consumption.  

The development of absorption dehumidification systems comes over the disadvantage of traditional 

methods and provides an alternative way to accomplish the same mission with less energy consumption. 

Various kinds of desiccants have been used for absorption process: triethylene glycol, diethylene glycol, 

ethylene glycol, calcium chloride, lithium chloride and lithium bromide, singly or in combination. Lithium 

chloride has a strong hygroscopic characteristic, which means strong desiccant ability. It has been used as a 

good candidate for absorption. But the main disadvantage of lithium chloride is that it is corrosive, which 

may cause problem when leakage happens and also the material suitable for the equipment is limited. 

Therefore potassium acetate is being explored to provide an alternative for lithium chloride. The vapor 

pressure of potassium acetate is higher than that of lithium chloride, which means compared with lithium 

chloride, potassium acetate has a weaker desiccant ability. But the advantage of potassium acetate is that it is 

non-corrosive, which means flexibility in choosing material for the equipment and leads to a lower 

manufacture cost. 

In the absorption dehumidification process, the desiccant is used to absorb water and then returned back to 

a regenerator to get rid of the absorbed water. Normally the regenerator is just a boiler. The diluted desiccant 

solution is heated up to its boiling point to evaporate water out.  

In order to make the unit compact and more efficient, membrane distillation has been tested as new type of 

regenerator to separate water from the diluted solution, because of its good mass and heat transfer character.  

Membrane distillation is a thermal driven distillation technology, which was first patented 50 years ago. 

Basically, hydrophobic micro-porous membrane is applied to establish a vapor-liquid interface. The 

hydrophobic characteristic of the membrane allows only vapor to go through and blocks liquid and other 

nonvolatile components. When hot feed solution goes through one side of the membrane, vapor is formed 

on the surface of the membrane. A water vapor pressure difference appears due to the temperature gradient, 

driving vapor to go through the membrane. Then pure water is obtained by condensing the vapor on the 

cold side. 

Membrane distillation process can separate water from the solution without reaching the boiling point, 

which means it can utilize low level heat with temperature lower than 100 °C. When industrial waste heat is 

available, the operation cost will drop dramatically. Meanwhile, the development of renewable energy, such 

as solar energy, also brings bright prospect of this technology. 

Jonathan [5] conducted experiment of desorption with membrane. Lithium bromide is used as feed solution. 

The results show an increasing vapor mass flow rate with increasing pressure difference across the 

membrane, thinner channels and lower inlet concentrations. Vacuum membrane unit was used by Wang [6] 

to test the desorption performance with 50 wt% lithium bromide solution. The membrane is made from 

PVDF, with pore size of 0.16µm and porosity of 85%. There are totally 300 membranes in the module, with 

0.3m2 total membrane area. Similar results were obtained, and it was found that feed temperature had the 

greatest effect on the permeate flux rate. 
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In this thesis, a multi-stage vacuum membrane distillation system is applied for the desorption purpose. 

High concentration lithium chloride and potassium acetate solution are used as feed solution. The influence 

of temperature, feed flux rate and feed concentration on the performance is explored. As results, the flux 

rate, the specific energy consumption of water production, the thermal efficiency, the conductivity of the 

distillate and some other parameters have been studied. 

The structure of this paper is described as below. Chapter 2 will give a background introduction of high 

concentration electrolyte solution (lithium chloride and potassium acetate), while chapter 3 is an 

introduction to the membrane distillation process. Chapter 4 will show the experiment preparation and the 

design of the experiment. Research method (response surface method) will be illustrated in details here, as 

well as the equipment applied in the experiment. In chapter 5 there are the results obtained from the 

experiment, followed by relevant analysis. Models are built based on the experimental data. And in the last 

chapter, conclusions will be made.  
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2 High concentration electrolyte solution 

In order to have a better understanding of the working fluids, the basic thermophysical properties of 

concentrated electrolyte solution has been studied. Properties such as vapour pressure, specific heat, thermal 

conductivity may have important effects on the regeneration process, especially on the heat transfer 

performance and energy consumption. 

In this chapter, each property is discussed in detail for general aqueous solutions and after that, the two 

working fluids are discussed separately. 

2.1 Basic thermophysical properties of aqueous solutions 

2.1.1 Phase diagram 

Phase diagram is a chart used to show thermodynamic equilibrium between different phases. A general 

phase diagram is shown as below (Figure 1). 

 

Figure 1 Phase diagram of electrolyte solution [7] 

When salt is dissolved in water, it changes the properties of pure water. This diagram shows the difference 

properties between pure water and electrolyte solution. Normally compared with pure water, electrolyte 

solutions have lower vapor pressure, higher boiling point and lower freezing point, which are important 

characters in application. 

Vapor pressure drop 

Vapor pressure is the pressure of vapor when it reaches thermodynamic equilibrium state with its liquid (or 

solid) phase at a given temperature in a closed system.  

Solutions with nonvolatile solutes have a lower vapor pressure than pure water. The reason is easily 

understood. Vapor pressure above liquid is established by liquid molecules escaping from the surface. 

Meanwhile, gaseous molecules are absorbed by the liquid. When the equilibrium is reached, a certain vapor 

pressure is established. But when solute is added to the pure water, some surface space is occupied by solute 
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molecules. As a result, the chance for liquid molecules to escape is lower. The more important thing is, with 

solute particles, the intermolecular forces in the solution are stronger, limiting the solvent from escaping. 

That is why solutions have a lower vapor pressure than that of pure solvent. It should be noticed that this is 

only valid for nonvolatile solute. When it comes to volatile solute, the situation becomes different. 

Depending on the characteristics of the solute, it may even increase the vapor pressure. 

Vapor pressure of ideal solution can be expressed by Raoult’s Law: 

                           
                

  (2.1)  

Where Psolution is the vapor pressure above the solution, 

          is the mole fraction of solvent: 

 
         

                

                                 
 

(2.2)  

        
 

 is vapour pressure of the pure solvent 

        is the mole fraction of solute: 

                    (2.3)  

       
 

 is the vapour pressure of the pure solute 

 

When referred to non-volatile solute,        
 

 is zero. Therefore, as the concentration increases,          

decrease, leading to a lower vapour pressure. It must be noticed that Raoult’s law is only valid for ideal 

diluted solution. When it comes to high concentrated solution, it is not valid any more. But it is still true that 

for non-volatile solute, higher concentration leads to lower vapour pressure. 

Figure 1 shows clearly that the evaporation curve of solution is lower than that of pure liquid, which means 

that at the same temperature, a vapour pressure drop exists.  

 

Boiling point elevation 

Boiling point is the temperature at which the vapour pressure of the liquid is equal to the pressure 

surrounding the liquid and the liquid changes into vapour. 

As a consequence of Raoult’s Law, at the same pressure, the boiling point of aqueous solutions with 

non-volatile solute is higher than that of pure water. As shown in Figure 1, the boiling point elevation is 

pointed out as ΔTb. 

In diluted solutions, boiling point elevation can be calculated by the following equation: 

          (2.4)  

Where m is the molality of the solute, which is the mole number of solute in 1000g solvent. 

   is the boiling point elevation constant which is related to the solute. 

i is the van’t Hoff factor which represents the number of dissociated moles of particles per mole of solute. 

 

Freezing point depression 

On the contrary, the freezing point of solutions decreases while the boiling point increases. 
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Similar to the calculation of boiling point elevation, freezing point depression can be expressed as: 

           (2.5)  

It should be noticed that the value is negative because the freezing point decreases compared to pure water. 

Regarding to the freezing point, it must be considered when the solution works at low temperature, 

especially in winter. Freezing may cause serious damage to the system and must be avoided during 

operation. 

2.1.2 Density 

Density is the mass of solution per unit volume. 

 
  

 

 
 (2.6)  

Density of aqueous solution could be either higher or lower than that of pure water. It depends on the 

density of solute. Normally density is proportional to concentration. Therefore density measurement can be 

used to measure concentration, as long as one has the relation between density and concentration. Details 

about density measurement will be described in Section 4.1.  

2.1.3 Specific heat capacity 

The specific heat capacity shows the heat absorbed by one unit mass of substance to increase one unit 

temperature or the heat released by one unit mass of substance to decrease one unit temperature. Specific 

heat capacity indicates the ability of substance to convey heat. 

Heat transferred by substance can be expresses as: 

         (2.7)  

where    is the specific heat capacity, m is the mass and    is temperature difference. 

Substances with larger specific heat can convey more heat compared with the same amount of substance 

with lower specific heat capacity under the same temperature difference. Electrolyte solutions have normally 

a lower heat capacity due to the lower content of water.  

2.1.4 Thermal conductivity 

Thermal conductivity is the property which shows the ability of a material to conduct heat. Heat transfer 

occurs at higher rate across materials with high thermal conductivity than materials with low thermal 

conductivity. 

The definition equation is shown below. 

   

  
    

  

  
 

(2.8)  

k is defined as thermal conductivity. On the left side is the heat flux rate. A is the surface area, while    is 

the temperature difference across the length  . The negative sign indicates that heat flows in the direction of 

decreasing temperature. 

2.2 Working fluid 

2.2.1 Lithium chloride (LiCl) 

Pure lithium chloride is white crystalline solid, with density of 2.068 g/cm3. Its melting point and boiling 

point are 605 °C and 1382 °C respectively. LiCl is highly hygroscopic and it is already widely used in 

absorption air conditioning system.  
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Various authors have discussed about its performance in dehumidification applications compared with 

other solutions. Koronaki [8] compared the performance of a counter flow adiabatic dehumidifier with LiCl, 

LiBr and CaCl2 solutions. A theoretical model is built which fits well with experiments. The results show that 

LiCl has the best dehumidifier efficiency and the highest dehumidification mass rate, in comparison to LiBr 

and CaCl2. Jain [9] studied the performance of a liquid desiccant dehumidification system under tropical 

climates with LiCl and CaCl2. As conclusion, LiCl shows better performance with higher effectiveness. 

Instead of solution of single solute, Li [10] introduced mixture of LiCl and CaCl2 solution as liquid desiccant. 

The results show that the dehumidification effect could be raised by over 20% with mixed solution, 

compared to single LiCl solution. 

More researches have been done under different operation conditions, with different types of 

dehumidification systems. All of them come to similar conclusion: LiCl is a better desiccant solution 

compared to CaCl2 and LiBr. However, the main drawback for this solution is it is highly corrosive. 

Therefore, the requirements for the accessories are quite high, which results in high cost for the whole 

system. 

Chemical and thermal properties of LiCl solution are also well studied. M. Conde Engineering [11] made a 

comprehensive report of property formulations for LiCl aqueous solution based on various data sources.  

 

Figure 2 Solubility boundary of aqueous solutions of lithium chloride  [11] 

 

This diagram shows the solubility boundary of LiCl solution. In the left down corner, it is the freezing line, 

under which the solution starts to freeze. On the right side, there are several different curves. Those are 

crystallization lines, under which crystal starts to appear in different forms. It should be noticed that at high 
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concentration, crystallization starts at high temperature. Crystallization must be avoided during operation. 

The freezing point or crystallization point should be below the lowest operation temperature. Generally the 

freezing temperature should be at least 10 K lower than normal operation temperature to make sure the 

working fluid flow through the system without problem. 

Therefore, properly choosing of a solution with suitable working concentration range is important. For 

desiccant purpose, higher concentration will increase the performance, but meanwhile high concentrated 

solution will reduce the performance of MD.  

Generally, LiCl solution with weight concentration between 30 wt% and 40 wt% is utilized for desiccant 

purpose. At this concentration, the crystallize temperature is around 0 °C, which means the operation 

temperature should be higher than this temperature to avoid crystallization. 

 

Figure 3 shows the relative vapour pressure of aqueous solutions of lithium chloride. This is one of the most 

important properties for the solution, since the vapour pressure directly determines the humidity ratio of air 

on the surface of solution. Due to its hygroscopicity, the vapour pressure is quite low at high concentrations, 

indicating that Lithium chloride solution has a high dehumidification capacity. 

 

Figure 3 Relative vapour pressure of aqueous solutions of lithium chloride  [11] 

 

Other properties, like density, surface tension, dynamic viscosity, thermal conductivity, specific thermal 

capacity and etc. are also discussed by Conde-Petit. 

2.2.2 Potassium acetate (CH3COOK) 

Potassium acetate is the potassium salt of acetic acid. Pure potassium acetate is white crystalline powder, 

which is hygroscopic and highly water-soluble. It has been used for de-icing instead of calcium chloride and 
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magnesium chloride, because it is less corrosive and more environmental friendly. Potassium acetate has also 

been applied in medicine and biochemistry industries. 

The properties of potassium acetate aqueous solution are not as clear as those of lithium chloride solution, 

since limited research has been done in this area. But experiments show that at 20 °C, concentration of 

potassium acetate can reach 70 wt%. And it shows a good desiccant performance. This thesis only focuses 

on its regeneration process, like how much water will be obtained from its high concentration solution, and 

the specific energy consumption, etc. 
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3 Membrane distillation 

3.1 Introduction of membrane distillation 

Membrane distillation is a thermal driven distillation technology. Basically, hydrophobic micro-porous 

membrane is applied to establish a vapor-liquid interface. The hydrophobic characteristic of the membrane 

allows only vapor to go through and blocks liquid and other nonvolatile components. When hot feed 

solution goes through one side of the membrane, vapor is formed on the surface of membrane. A water 

vapor pressure difference appears due to the temperature gradient, driving vapor to go through the 

membrane. Then pure water is obtained by condensing the vapor on the cold side. The basic structure 

schematic is shown below (Figure 4). 

 

Figure 4 Principle of membrane distillation process  [12] 
 

Membrane distillation is a relatively new technology, which has only been known for several decades. It was 

first patented in 1963 by B.R. Bodell and the first paper about MD is published in 1967 [13]. And about 20 

years later, the official name of membrane distillation was finally established at the “Round table” in Rome 

on May 5, 1986. As well defined are the characteristics of membrane distillation [14] : 

- The membrane should be porous; 

- The membrane should not be wetted by the process liquids; 

- No capillary condensation should take place inside the pores of the membrane; 

- Only vapor should be transported through the pores of the porous membrane; 

- The membrane must not alter the vapor-liquid equilibrium of the different components in the process 

liquids; 

- At least one side of the membrane should be in direct contact with the process liquid; 

- For each component the driving force of this membrane operation is a partial pressure gradient in the 

vapor phase. 

The advantage of membrane distillation is that it can operate with low grade temperature, which makes it 

possible to combine with renewable energy, such as solar energy [15] and also industrial waste heat. Unlike 

reverse osmosis system, high operation pressure is not necessary due to its thermal driven mechanism. 

Plastic could be used for the whole module, which is low-cost and robust to corrosion. Membrane 
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distillation has a high tolerance regarding the feed water quality, which means it can deal with high 

concentrated solutions. That makes it possible to be integrated with reverse osmosis units [16]. Besides, the 

quality of distillate is quite high (TDS 2 to 10 mg/L). 

Although the MD technology is not widely used yet, the development of membrane distillation is still 

on-going and it is quite a promising technology due to its advantages, compared with the widely used reverse 

osmosis (RO) system. 

But meanwhile, there are also some drawbacks with MD systems, such as low permeate flux rates compared 

with RO, high susceptibility of the permeate flux to the concentration and temperature of the feed solution 

[17]. 

Based on the nature of the cold side of the membrane [18], MD systems can be classified into four 

configurations. However, these are also related to the way of collecting distillate. Figure 5 shows the 

schematic of those configurations. 

 

Figure 5 Schematic diagram of MD configuration: a) DCMD, b) AGMD, c) SGMD, d) VMD [19] 

 

Direct contact membrane distillation (DCMD) (Figure 5. a) 

This is the first type of Membrane distillation technology and the simplest configuration. Feed water at high 

temperature and cold water that is used to condense the vapor are only separated by one layer of membrane. 

Since the two different temperature streams contact the membrane directly, great heat loss happens in form 

of sensible heat, causing large energy consumption. 

Air gap membrane distillation (AGMD) (Figure 5. b) 

Instead of direct contact of two streams with different temperature, stagnant air gap is introduced in 

distillate side in order to reduce the heat loss. Unfortunately, the un-flowing air increases the mass transfer 

resistant for water vapor that can reduce the product volume of the system. 

Sweeping gas membrane distillation (SGMD) (Figure 5. c) 

This is a more advance type that was developed to reduce the constraints in the two previous types. Cold 

inert gas flows to the permeate zone to carry the vapor out of the membrane module for further 

condensation. However, the operational cost of the system will increase due to external condensation 

system and additional energy to blow the gas. 

Vacuum membrane distillation (VMD) (Figure 5. d) 
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The idea of this type is almost the same with the SGMD, but, instead of using the sweeping gas, vacuum is 

applied in the permeate side, producing continuous low pressure. As a result, higher pressure gradient is 

created across the membrane and the production increases.  

Vacuum membrane distillation is the chosen configuration in later experiments. 

There are several advantages of VMD [1]: 

1. A very low conductive heat loss. In membrane systems, conduction across the membrane is considered 
as heat loss, because no mass transfer takes place correspondingly [20]. Due to the applied vacuum, the 
boundary layer in the permeate side is negligible, thus conductive heat loss through the membrane is 
reduced. 

2. A reduced mass transfer resistance. Because of the vacuum, the permeate pressure is much lower than 
ambient pressure. The pressure gradient increases, causing a larger driving force to separate vapor and 
liquid mixture in the hot side boundary layer. Therefore, a larger flux rate could be obtained in this 
configuration. 

However, there are also drawbacks in VMD.  

1. Due to the characteristic of the membrane, only vapor can go through the pores. The pores are so small 
that liquid molecules cannot penetrate the membrane because of the surface tension, unless the pressure 
difference across the membrane exceeds the so called “liquid entry pressure of water (LEP)”. When this 
happened, the balance would be destroyed and liquid molecules would pass the pores and make them 
wet. The wet pores cannot block liquid molecules any more. As a result, the flux rate will increase but 
the quality of distillate would decrease. When vacuum is applied on the permeate side of membrane, the 
pressure difference is enlarged and the risk of pore wetting increases. 

2. Besides, in VMD configuration, vacuum is achieved by several pumps and also external cooling is 
required to collect the distillate. Therefore some external energy consumption and cost are required 
compared with other simple configuration. 

3.2 Mass transfer 

There are three main models for mass transfer mechanism in membrane systems: the Knudsen model, the 

Poiseuille (viscous diffusion) model, and the ordinary molecular diffusion model. Due to the vacuum in the 

system, only traces of air exist within the membrane pores. As a result, the ordinary molecular diffusion can 

be neglected in this configuration. Thus, the possible mass transport mechanisms in VMD are Knudsen 

model, Poiseuille model or their combination. 

Knudsen number is used to determine which kind of mechanism dominates the mass transfer process. The 

Knudsen number (  ) is defined as the ratio of the mean free path of the molecules ( ) to the pore size (  ): 

       ⁄  (3.1)  

While the mean free path can be calculated with the following equation: 

 
  

   

√   ̅  
 

(3.2)  

In the equation,    is the Boltzmann constant,   is the absolute temperature,  ̅ is the mean pressure 

within the membrane pores and   is the collision diameter, which is 2.641  ̇ for water vapor. 

Permeate flux (   ) is calculated as: 

            (3.3)  

   and    are the pressures of water vapor on membrane surfaces at feed side and permeate side 

respectively. B is the membrane permeability, which can be obtained by different equations under different 

Knudsen number. 
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When  ̅        (     ), molecule – pore wall collisions dominate the mass transport mechanism 

(Knudsen diffusion): 

 

  
  

 

 

  

 ̅ 

  
[
   

  
]

 
 
 

(3.4)  

  is the gas constant,   is the temperature,    is the pore tortuosity, which is usually assumed as 2 [1] [2] [3]. 

  is the thickness of the membrane.   is the molecular weight of water. 

When  ̅      (       ), molecule – molecule collisions dominate the mass transport mechanism 

(Poiseuille or viscous diffusion): 

 
  

  ̅ 

  

 ̅

  

 

  
 

(3.5)  

When        ̅      (          ), both mechanisms have to be considered (ordinary molecular 

diffusion): 

 

In different membrane configurations, different mechanism may be applied. Based on the distribution of 

pores with different size, combined models should be considered at the same time. When           , 

only Knudsen mechanism prevails. When               , both Knudsen and molecular diffusion 

are applicable. When         , all mechanisms must be considered. 

But since in VMD configurations the pore size is relatively small in order to avoid wetting under low 

pressure, the Knudsen flow model is considered as the dominate mechanism in various sources [1] [2] [3] [17] [21] 

[22]. 

3.3 Heat transfer 

There are two main heat transfer mechanisms during the membrane distillation process: latent heat and 

conduction heat transfer (also called sensible heat). Heat transfer can be divided into three steps: heat 

transfer through the boundary layer in the feed side before the membrane, heat transfer through the 

membrane, heat transfer through the boundary layer in the permeate side after the membrane. The 

mechanism is shown in Figure 6 below. 
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(3.6)  
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Figure 6 Heat transfer mechanism in membrane distillation [21] 

 

Heat transfer through the membrane is combined with mass transfer. Therefore two mechanisms happen at 

the same time: heat conduction through the membrane material and pores filled with gas (  ), and transfer 

of latent heat of vaporization (  ). 

In vacuum membrane distillation system, due to the vacuum, the boundary layer resistance on the permeate 

side and the heat conduction through the membrane is negligible [23] [24]. Therefore, in VMD, the latent heat 

transfer caused by mass transfer is the dominating mechanism.  

The heat balance can be simplified as: 

     (         )       (3.7)  

   is the heat transfer coefficient in the feed side boundary layer.      and      are the temperature of 

feed bulk and feed temperature on the surface of membrane respectively.   is the permeate flux and     is 

the evaporation enthalpy of feed solution. 

The heat transfer coefficient on feed side can be calculated from Nusselt number, while Nusselt number can 

be obtained with the following equations [23], based on different Reynolds number: 

                               (3.8)  

                               (3.9)  

 
   

   

 
 

(3.10)  

 
   

   

 
 

(3.11)  

 
   

   

 
 

(3.12)  

 ,  ,  ,    and   are density, velocity, dynamic viscosity, specific heat capacity and thermal conductivity 

of feed solution respectively.   is the characteristic linear dimension. 
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3.4 Temperature & concentration polarization 

Temperature polarization is the phenomenon of temperature drop in thermal boundary layers on both sides 

of the membrane. As a result, the temperature difference between two surfaces of the membrane is smaller 

than that between feed and permeate bulk flows. Therefore the driven force across the membrane is 

reduced. 

The effect of temperature polarization can be calculated as [17] [25]: 

 
  

         

         
 

(3.13)  

There are also other expressions for temperature polarization [24] [20] [26] [27]. There is no standard definition yet. 

But the equations are similar to each other. All of them measure the temperature drop between bulk flow 

and membrane surface. 

For an ideal MD system,   should be equal to 1, which means the temperature gradient is fully utilized for 

mass transfer. If the   value approaches 0, it means the system is badly designed. Temperature polarization 

could be used to evaluate heat transfer performance of a membrane system. Usually the value is located in 

the range 0.4 – 0.6. 

 

On the membrane surface of the feed side, vapor is formed and transported through the membrane to the 

permeate side, which causes solute accumulate on the surface and as a result, the local concentration 

increases. This phenomenon is called as concentration polarization. Concentration polarization will increase 

the mass transfer resistance and reduce the flux rate. 

Concentration polarization coefficient is described as [17]: 

 
  

  
  

 
(3.14)  

   is the increase of solute concentration on the membrane surface and    is the bulk solute concentration. 

It is reported that temperature polarization has larger effect on permeate flux rate than concentration 

polarization [28]. In most cases, concentration polarization could be neglected. But with the increase of 

concentration, the concentration polarization becomes more important. Due to this effect, crystallization 

may occur on the surface of membrane when dealing with high concentrated solution. Crystallization must 

be avoided during operation, since it may cause pore wetting, scaling problems or even damage to the 

membrane. 

Masao has done research about the effects of thermal and concentration boundary layers in membrane 

distillation of lithium bromide solution [29]. Results show that with 35 wt% solution and under 347 K feed 

temperature, the thickness of thermal boundary layer varies from 72µm to 122µm, while the thickness of 

concentration boundary layer ranges from 13.2µm to 22.5µm. Due to the concentration polarization, the 

concentration on the membrane surface increased to 48.8 wt% from the feed concentration of 35 wt%. 

3.5 Effect of process conditions and membrane parameters on permeate flux 

The performance of the vacuum membrane system is highly influenced by operation condition, such as feed 

temperature, feed concentration, feed flow rate, downstream vacuum pressure and cooling temperature. 

Besides, the properties of membrane also matter. In this section, each parameter is discussed separately 

about how they influence the process. 

3.5.1 Feed temperature 

In Knudsen diffusion module, the relation between membrane permeability and temperature exists as: 
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(3.15)  

So in operation temperature range, increasing feed temperature does not affect membrane permeability 

much. But according to Antoine equation, the vapor pressure increases exponentially with temperature, and 

larger vapor pressure gradient leads to larger driving force. Linear correlation between permeate flux and the 

pressure difference across the membrane has already been found. Therefore, increase of heating 

temperature may bring an exponential increase in flux rate. Higher feed temperature can also help the MD 

system achieve higher efficiency. 

However, at the same time, higher feed temperature will lead to higher energy consumption, then higher 

costs. And larger permeate flux may increase the risk of pore wetting. All of these factors should be taken 

into consideration during the system design. 

3.5.2 Feed concentration 

Increasing concentration of non-volatile solute will cause reduction in permeate flux rate. The reason is that 

with higher concentration, the partial vapor pressure of water will decrease, which will lead to a lower driving 

force. Meanwhile, increasing concentration will increase temperature [30] and concentration polarization [1] 

effect. 

Theoretically there is limitation of the highest concentration MD can deal with. For VMD, the permeate flux 

of a given component should be zero when the downstream pressure is equal or above the saturation vapor 

pressure of the component. [1] 

3.5.3 Feed flow rate 

It has been proved that higher permeate flux can be achieved by increasing feed flow rate [1] [17]. Increase of 

feed flow rate may turn laminar flow into turbulence flow, or enhance the previous turbulence flow in the 

feed channel. As a result, the heat transfer coefficient increases and the thickness of boundary layer on the 

membrane surface decreases. Higher heat transfer coefficient also reduces the temperature polarization 

effect. All of these factors result in a larger permeate flow rate. It should be noticed that the feed flow rate 

has a large effect in laminar and transition flow regimes. Further increasing will only result in little increase in 

production rate. 

3.5.4 Vacuum pressure 

The permeate flow rate is directly related to the pressure difference across the membrane: 

       (3.16)  

The pressure difference is the main driving force in MD systems. Lower downstream pressure will directly 

lead to a larger permeate flow rate. 

But if the downstream pressure is too low, the risk of pore wetting will increase. The vacuum is provided by 

several vacuum pumps. External energy is required to achieve lower pressure. Operation cost must be 

considered. 

3.5.5 Cooling temperature 

Cooling temperature affects the performance of membrane system by changing the temperature difference 

across the membrane, and then changing the pressure difference indirectly. Higher cooling temperature will 

lead to higher pressure in permeate side and lower the overall pressure difference. Researches show that the 

influence of cooling temperature is less remarkable as that of heating temperature. 
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3.5.6 Membrane pore size and thickness 

It is obvious that larger pores will contribute to lower mass transfer resistance and increasing permeate flux. 

However, it also reduces the liquid entry pressure and increases the risk of pore wetting and may decrease 

the quality of the permeate flow. 

Thinner membrane will benefit the mass transfer. But since sensible heat transfer is considered as loss, in 

order to increase thermal efficiency, thicker membranes should be chosen. Taking both of the effects into 

consideration, an optimized thickness could be determined. 

The main factors which affect the permeate flow rate have been discussed. In the later experiments, they will 

be considered as the variables used to test the performance of the system. However, since commercial 

vacuum membrane distillation system is used to do the test, the membrane properties are already fixed. 

3.6 Experimental set-up 

The membrane unit used in our experiments is a membrane distillation unit designed by Memsys®. The 

vacuum membrane distillation (VMD) and multi-effect distillation (MED) concepts are both employed by 

this system. The underlying principle is called V-MEMD (Vacuum Multi Effect Membrane Distillation). 

The system is designed to utilize low level heat (50 °C - 80 °C) as heat source. Therefore solar energy and 

industrial waste heat can be used to drive this process. But in the experimental unit, an electrical heater is 

installed to provide heat. Due to the vacuum and multi-stage design, the water production can reach 1 

m3/day under high temperature operation. 

The Memsys V-MEMD unit consists of several different subsystems. The core element of the unit is a 

membrane module, where feed solution is separated into brine and distillate water. A standard Memsys 

membrane module consists of three main blocks: a steam raiser, several effect stages and a condenser. Each 

block has various frames welded together by a friction welding process and is sealed by two thick cover 

plates on both front and back sides. There are three different types of frames: empty frame with only grid, 

membrane frame with membranes on both sides of the grid and foil frame with foils on both sides of the 

grid. Based on their functions, different blocks have different configurations. 

Steam raiser: The function of steam raiser is to create steam from fresh water as driving thermal energy 

source for the whole following process. It is made by placing empty frames and membrane frames 

alternatively. Water heated up by electrical heater (or other heat sources in real cases) in the heating loop 

goes through the steam raiser and gets evaporated. The steam goes to the first stage and condenses there. 

Distillate of the first stage then returns back to the heating loop to complete the circle. But still a small 

amount of distillate may go to the next stage through the non-condensable gases hole. Therefore, a refill tank 

is required for the heating loop to provide make-up water. It is worth to mention that distillate water is 

corrosive due to lack of ions, which may be harmful for the electrical heater. So the heating loop must be 

filled with tap water for the very first time. And after that, it should be refilled with distillate water to keep a 

constant salt concentration. Otherwise salt concentration will keep increasing in the refill tank, which may 

cause scaling or blocking problems. 

Effect stage: Effect stage is designed to maximize the steam and water production. Foil frame and 

membrane frames are placed alternatively. Steam from the steam generator or previous stage condenses in 

the foil frame. The latent heat of condensation is transferred to the feed solution, which flows through the 

chamber between foil frame and membrane frame. The feed solution is then evaporated on the membrane 

surface and the steam goes through the membrane to the steam chamber due to the pressure difference. The 

steam is then conducted to the next stage as well as the feed solution. The same process happens in other 

stages. 

In a multi-stage system, heat recovery happens in each stage by reusing latent heat of steam from previous 

stage. Therefore, high energy efficiency can be achieved. 
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In the system, the pressure and temperature drops through each stage while the concentration of solution 

increases.  

Condenser: Condenser is optimized for condensation. It consists of only foil frame and empty frame. 

Steam from the last effect stage condenses on the foil frame by cooling water which goes inside the frame. 

Vacuum is formed due to this condensation, which is the driving force to drive vapor going through the 

membrane and also to suck steam from previous stage. Brine from effect stage is conducted out of the 

system directly, without going through the condenser. All the condensed steam from effect stages flows to 

the condenser and is collected here into a distillate water tank. Besides, a vacuum pump is applied to help 

reach low pressure in the system and get rid of the non-condensable gas in the system. 

The flow channel in the module is shown in Figure 7. And based on the configuration, the temperature 

distribution in the effect stage is shown in Figure 8. 

 

Figure 7 Flow channel in MD module 
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Figure 8 Temperature polarization on membrane surface 

 

All components in the module (frame, foil and membrane) are made of high quality plastics. This not only 

minimizes possible corrosion, but also reduces total cost of the system. The membranes used are 

microfiltration membranes manufactured by GE Energy. It is made from Polytetrafluoroethylene (PTFE) 

with average pore size about 0.2 µm. And the thickness of the membrane is around 0.12-0.20 mm. The 

effective surface of one piece of membrane has a width of 335mm and length of 475mm. For 11-frame stage, 

the total membrane area is 1.6 m2. As there are 3 stages in the system, the total membrane area is 4.8 m2.  

The system configuration is shown in Figure 9, and the main measured parameters are listed below in Table 

1. 

 

Table 1 Main operating parameters and descriptions 

Parameter Unit Descriptions 

P1_1 mbar Inlet water pressure of steam raiser 

P1_2 mbar Outlet water pressure of steam raiser 

P2_1 mbar Feed pressure 

P5_1 mbar Vacuum pressure 

P6_1 mbar Inlet water pressure of cooling loop 

P6_2 mbar Outlet water pressure of cooling loop 

P7_1 mbar Steam pressure in first stage 

P7_2 mbar Steam pressure in second stage 

P7_3 mbar Steam pressure in third stage 

P7_5 mbar Condenser pressure 

T1_1  °C Inlet water temperature of steam raiser 

T1_2  °C Outlet water temperature of steam raiser 

T2_1  °C Feed temperature 

T3_1  °C Brine temperature 

T4_1  °C Distillate temperature 
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T6_1  °C Inlet water temperature of cooling loop 

T6_2  °C Outlet water temperature of cooling loop 

T7_1  °C Steam temperature in first stage 

T7_2  °C Steam temperature in second stage 

T7_3  °C Steam temperature in third stage 

T7_5  °C Condenser temperature 

F1 l/h Flow rate of heating loop 

F2 l/h Flow rate of feed 

F3 l/h Flow rate of brine 

F4 l/h Flow rate of distillate 

F6 l/h Flow rate of cooling loop 
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Figure 9 Configuration of Memsys® unit 
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A vacuum pump with pressure control system is connected to the system to remain low system pressure and 

remove the non-condensable gas out of the unit. 

Temperature and pressure of steam in each stage is measured and the on-time data are shown on the screen 

to provide perspective inspection of the system during running. Also there are temperature and pressure 

sensors located at the inlet and outlet of heating/cooling loop respectively. Inlet heating temperature is 

controlled by electrical heater with maximum power of 16 kW. The highest heating temperature is set to be 

85 °C. The cooling temperature is controlled by the external cooling loop. Feed solution temperature is 

monitored since it is important for energy consumption of the system. The feed pressure is also recorded. It 

must be adjusted to a certain value, not too much higher or lower than the pressure of the steam pressure in 

the first stage. Too large pressure difference may produce high mechanical force on the foil or membrane, 

which may cause damage to the unit.  

In each tank in the system, two level sensors are applied, one of them located in the middle level and the 

other at high level. When the brine and distillate activate the high level sensor of the tank, the related pump 

starts automatically and drains the liquid out of the tank. 

Besides, flow rates of heating and cooling loops, feed, distillate and brine are measured. Flow meter from 

GEMÜ is used for the measurement of feed flux. But since it is designed for water, a calibration has been 

done for high concentration solutions used. On the other side, impeller flow meters are applied for distillate 

and brine. Because those flows are not continuous (brine and distillate are stored in tanks and pumped out 

when the tanks are full), errors exist and calibration should be made to get correct readings. 

All the data are recorded in a time interval of 5 seconds. And all the data can be exported through an USB 

port later. 
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4 Preparation and experimental design 

4.1 Concentration measurement 

The MD unit is used as regenerator to get water out of the diluted solution to obtain solution with high 

concentration. Therefore, during this process, concentration of the solution is an important parameter 

which affects the overall performance. Unlike other parameters, such as temperature and pressure, the 

concentration of solution cannot be measured directly. Appropriate method should be taken for 

concentration measurement. 

4.1.1 Density method 

In binary solution, it is easy to understand that the density of solution is directly related to its concentration. 

Therefore density is an indirect parameter used to measure the concentration of salt in solution. This 

method has been adopted by various authors in their researches [31] [32] [33] [34]. A density meter is required for 

the measurement. There are already different types of commercial products available on the market. With 

calibration curve, density can be measured as well as the concentration at the same time. But for different 

solutions, the converting factors between density and concentration are different. Hence, in order to 

measure concentration for some specific solution, the calibration curve should be defined in advance. With 

proper density meter, density measurement can be simple, fast and accurate. But the temperature may affect 

the density easily. A temperature control is essential for the measurement. And also any gas bubbles and 

sediments may affect the result, so they must be avoided in the sample. 

4.1.2 Equipment information  

The working solution in this experiment would be lithium chloride solution (22-30wt% LiCl) and potassium 

acetate solution (60-70wt% CH3COOK). Samples of the two binary solutions at different concentrations are 

prepared in the lab with accurate analysis balance. M-pact Analytical Balance AX224 is used for mass 

measurement in the experiment. The accuracy of the balance can reach 0.001g, making sure the high 

accuracy of the solution concentration.  

Density should be measured at constant temperature. It must be noticed that the mixing process of LiCl and 

water is exothermic. In order to eliminate the impact of temperature, temperature control is essential. A 

commercial density meter “DMA 500” from Anton Paar is used. 

DMA 500 density meter 

DMA 500 is working based on oscillating U-tube method. The sample is injected into a U-shape borosilicate 

glass tube which is excited to vibrate at its characteristic frequency. The vibration frequency changes due to 

the density of the sample. The density can be calculated due to the frequency change. Since the density varies 

at different temperature, a temperature control system is built inside the equipment to insure the density is 

measured at certain temperature. 

For each measurement, only 1ml sample is required and the results come out in approximately 30s. The 

density accuracy reaches 0.001g/cm3. In order to get rid of the influence of bubbles in the sample, a 

real-time camera enables the visual inspection of the measuring cell. Besides, the FillingCheck™ system 

checks filling situation automatically and gives warning when bubbles exist in the sample. 

The detailed technical data sheet is attached in Appendix A. 

4.1.3 Preparation of samples 

The samples are prepared from distilled water and pure chemical powder directly. The samples are prepared 

in a large concentration range, 0-45 wt% for lithium chloride and 0-70 wt% for potassium acetate. 

The following steps were conducted to draw the calibration curve between density and concentrations for 

both solutions: 
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 Prepare an amount of chemical powder in a beaker and record the mass. 

 Calculate the required amount of water for the desired concentration. 

 Add distilled water to the beaker directly until the total mass got close to the calculated one. 

 Pipette is then used to fill the mass gap accurately. 

 Stir the beaker to make the powder fully dissolved. 

 Feed the sample into the density meter. Set the measuring temperature at 20 °C and measure the 
density. 

 Record the results and draw the correlation curve between density and concentration. 

4.1.4 Results and modeling 

With the help of the build-in temperature control unit, all the density is measured at 20 °C. The results are 

listed below in the table. All the results are obtained from the average value of three repetitions. 

Table 2 Density table for lithium chloride 

Concentration (%) Density (g/cm3) 

5 1,0261 

10 1,0547 

15 1,0827 

20 1,1124 

25 1,1427 

30 1,1765 

35 1,2113 

40 1,2483 

45 1,2846 

Based on these data, the correlation curve between density and concentration can be drawn.  

 

Figure 10 Concentration calibration curve (lithium chloride) 

The graph above shows the density increases along with the concentration. It turns out that the relation is 

not totally linear. Quadratic polynomial fits the data better (R2=0.9999) compared with linear approximation 

(R2=0.9997). Therefore, quadratic polynomial is chosen as the model. And the relation is listed below. 
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The same work has been done with potassium acetate solution. Due to a higher solubility in water, the 

measured concentration range is larger than that of lithium chloride. 

Table 3 Density table for potassium acetate 

c% Density(g/cm3) 

10 1,0459 

20 1,0948 

30 1,1484 

40 1,2046 

50 1,2612 

60 1,3184 

65 1,3472 

70 1,3757 

 

Figure 11 Concentration calibration curve (potassium acetate) 

For potassium acetate, the correlation between its density and concentration can be modelled as: 

                           (4.2)  

Discussion 

As expected, the measuring results show the strong correlation between density and concentration. From 

the results, we can see that these two parameters are not totally linearly related. But quadratic polynomial 

curve fits better (R2=0.9999). These fitting equations will be applied to determine the brine concentration. 

Limited by the accuracy of the density meter (0.001g/cm3), the accuracy of concentration is 0.15%. 

4.2 Method: Response Surface Method (RSM) 

Experimental design is a process of planning a series of experiments to meet specified objectives 

scientifically and economically. The process is based on statistic theory to ensure gathering enough data 

with a sufficient sample size as efficiently as possible. In order to minimize experimental errors, the basic 

principles of experimental design are: randomization, replication and blocking.  

Response surface method is a statistical technique used for experiment design and empirical model building. 

The main goal for RSM is to find the optimal response point with the help of visualized graph, such as three 

dimensional curve surface or contour plots (Figure 12). The graph will clearly show the shape of a response 

surface, how it changes by adjusting the design variables in certain direction. Meanwhile, interactions 

between different parameters can be shown clearly in the graph. When there is more than one response, it 

is also possible to find the condition to compromise the optimization of different responses. 
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Proper design with RSM may provide the maximum information from minimum runs of experiments, 

which will reduce the operation cost significantly, especially for those experiments with rare, expensive 

materials. 

 

  

Figure 12 Examples for 3D graph and contour graph 

In physical experiments, the output variable, which is called response, is usually determined by several 

independent input variables. The general relationship between response and input variables can be 

expressed as [35]: 

            
(4.3)  

In which   is a vector of input variables, known as                ,      is a vector function of p 

elements consisting of powers and cross products of powers of            up to a certain degree,   is a 

vector of constant coefficients and   is a experimental error. In RSM, the error is assumed to be a random 

value with an average of zero. 

The relationship between the response and the variables is usually unknown. Generally, a low order 

polynomial model is used to describe the response surface. The model may not be suitable in the whole 

region, but in small region, the approximation is good enough. First-order or second-order models are the 

most commonly used. 

When a linear relationship between the response and input variables is defined, the first-order model can be 

used for modelling. 

 

     ∑    

 

   

   
(4.4)  

When there are only two independent variables, the function can be expressed as: 

                  (4.5)  

In the first-order model, the response surface is supposed to be plane.  

When curvature appears in the surface, a second-order model should be used. 
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(4.6)  

For the case with two independent variables, the function is: 
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            (4.7)  

In which         shows the effect of the interaction between different variables. The second-order model 

can be used to find the optimal point in a certain region. 

In order to get good approximation, proper experiment designs should be used for data collection. The 

first-order model is relatively simple. Usually a factorial experimental or a fractional factorial design is 

sufficient for estimation. When it comes to second-order, a more sophisticated design is required, such as a 

central composite design. After data collection, method of least square is used to estimate the parameters in 

the expressions. Then the optimization point can be predicted with the fitted surface model. 

It must be noticed that the fitted model is only an approximation of the real relationship. It may not be 

suitable for the entire region, but work well in small region. Especially when there is limited information 

about the process, this model is easy to estimate and apply.  

In our experiments, RSM is applied with the help of Design Expert®. 

 

4.3 Experimental procedure:  

4.3.1 General operation 

General operation with high concentrate solution is performed. Different solutions are used as example to 

show how the system behaves when operation parameters are changed. Heating temperature, flow rate, 

vacuum pressure and cooling temperature are chosen as input parameters. But the interactions between 

different parameters are not discussed here. This section is focusing on temperature and pressure variation 

within the system to give a better understanding of the MD module. 

4.3.2 High concentration tests 

This test has been conducted in order to investigate the highest possible concentration the MD unit can 

handle with. The system has been tested to see the highest concentration it can handle with. Theoretically 

there is limitation of the highest concentration MD can deal with. For VMD, the permeate flux of a given 

component should be zero when the downstream pressure is equal or above the saturation vapor pressure 

of the component [1]. 

For each solution, potassium acetate and lithium chloride, approximately 30 liter solution is used as feed 

solution. The brine is returned back to the feed tank, while the distillate is collected separately. So the 

concentration in the feed tank keeps increasing until it reaches a stable level, where no water comes out 

the solution any more. 

4.3.3 Response surface design 

Three parameters are chosen as input factors: heating temperature, feed concentration and feed flow rate. 

Faced central composite designs (CCDS) are chosen for the experiments. For three factors, the design 

model is shown as below (Figure 13). 
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Figure 13 Faced central composite design model 

 

The three axes are representing the three factors respectively. Each factor has three levels:  

 

Table 4 Chosen factors at three levels 

 -1 0 1 

Heating temperature 70 °C 75 °C 80 °C 

Concentration* 50% (22%) 55% (26%) 60% (30%) 

Flow rate 1.2 l/min 1.6 l/min 2.0 l/min 

* Concentration of potassium acetate solution (lithium chloride solution) 

 

For each point shown in Figure 13, one experiment is performed except the central point, where couple 

of repetitions are conducted to diminish the errors and improve the precision of the experiment. The 

order of experiments is randomized to eliminate the influence of surroundings. 

Feed solutions are recycled and adjusted to required concentration for each run. The feed temperature is 

controlled around 25 °C by a water cooling system. During the experiments, brine and permeate are 

collected separately in two tanks, instead of returning back to feed tank. Heating temperature is set to the 

required value and it is controlled by the system automatically, while the flow rate is controlled manually 

by adjusting the valve (F2) to the value demanded. 

All the data obtained from the sensors are stored every 5 seconds. The brine concentration is measured 

every 4 minutes until stable value is obtained. The conductivity of permeate is measured at the end of each 

run. 
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4.4 Performance indicators (responses) 

4.4.1 Permeate flux rate 

Permeate flux rate is the water production rate of the unit. It indicates the capability of the MD unit to get 

water out of feed solution. Since each MD system has different configuration and different size, it is more 

convenient to make comparison with water production per unit area of membrane surface, normally with 

unit         . Because of the unit, flux rate is also called “LMH”. 

In the system, the distillate is collected in a distillate tank and is pumped out of the system only when the 

tank is full. The output volume is recorded by flow sensor F4. Since the flow rate is not continuous, the 

reading of F4 is affected and not reliable. Besides, due to the existing of steam raiser, water from the heating 

loop may leak into the distillate, leading to a larger flux rate reading. But the flux rate can be calculated with 

the help of concentration, since the measurement of concentration is quite accurate. Based on mass balance, 

the flux rate can be calculated as: 

 
         

  

  
  (4.8)  

Where   and    are density and volume flux rate of feed solution,    and    are salt concentration of 

feed and brine respectively. This equation can be only used under assumption that the obtained distillate is 

pure water without any salt. All the salt stays in the brine. 

In order to calculate the specific flux rate per unit membrane area,    should be divided by the total 

membrane area of the module. 

4.4.2 Concentration increase      

   is the concentration difference between brine and feed solution. 

          
(4.9)  

It is an important indicator for the regeneration process. 

4.4.3 Specific energy consumption (SEC) 

Specific energy consumption indicates the energy consumption for one litre distillate water. It puts the input 

power for the process in ratio with the total output mass flow of the distillate. 

 
                            

                

  
 (4.10)  

As     and   are specific heat capacity and density of water,    is flow rate of heating loop, T1_1 and 

T1_2 are inlet and outlet temperature in the steam raiser. The electrical power consumption of the vacuum 

pump is only 80W. So compared with heat consumption, electrical consumption is neglected. Due to the 

large amount of working solution, there is no suitable equipment to keep the feed temperature at constant 

value. But the feed temperature (T2_1) is kept between 25-30 °C. The influence of this temperature 

difference can be ignored. 

Specific energy consumption is the most important indicator in this experiment. It determines directly 

whether it is feasible to apply VMD system in desiccant regeneration process. Since the VMD system can 

utilize low grade heat, when waste heat from industries is used, the total cost will be significantly reduced. 
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4.4.4 Distillate quality 

Distillate quality is measured by conductivity meter. Samples are taken directly from the distillate outlet. 

High conductivity means low distillate quality. Distilled water should have and electrical conductivity of not 

more than 11 µS/cm.  
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5 Results and analysis 

5.1 General operation 

Figure 14 shows the temperature and pressure curves in the module under a typical automatic running with 

LiCl solution. When the system starts, vacuum pump is turned on immediately. When the system reaches 

680mbar, vacuum pump is turned off and electric heating is turned on. The vacuum pump returns back to 

work when heating temperature reaches a set value, and feed valve opens at the same time. From Figure 14 

(b) we can see that the steam temperature in the first stage goes up slowly until a critical temperature point is 

reached, when large amount of steam is produced and flows to the condensing chamber in the next stage, 

where the temperature sensor is located. Therefore, T7_1 increases suddenly by 40 °C in just a couple of 

minutes. The same thing happens in the following stages. It takes about half an hour for the process to reach 

steady state, when temperature in the last stage (T7_5) becomes stable. The brine temperature is close to the 

temperature of T7_3, while the distillate is collected at relative low temperature, about 23 °C. A small rise of 

cooling temperature is observed when steam is generated in the last stage. 
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(b) 

 

Figure 14 (a) Pressure curve and (b) temperature curve in a general operation 

Comparing with using dilute solution as feed, e.g. tap water or seawater, the curve is a little different. When 

operating with high concentrate solution, due to vapour pressure drop in salt solution, the vapour pressure 

and temperature is lower than that of water. Therefore the pressure and temperature gap between the first 

stage and the second stage is larger than the ones between other adjacent stages. Since less water is obtained 

and the external cooling power is constant, the distillate temperature is relatively low.  

In the following section, the influences of different operation parameters are explored. By using control 

variable method, only one parameter is changed each time. Changes of temperature and pressure in each 

stage are recorded and shown below. This may help have a better insight of the process during operation. 

5.1.1 Influence of heating temperature 

As already known, heating temperature (T1_1) is an important parameter to the performance of membrane 

distillation. It determines the temperature of vapour generated in steam raiser directly and therefore 

determines the amount of heat input into the system. The whole pressure and temperature distribution in 

the following stages are also determined by this process at large extent. The influence of heating temperature 

is shown in Figure 15. 

30 wt% lithium chloride is used as feed solution. The initial heating temperature is 60 °C. And then the 

temperature is increased to 70 °C and then 80 °C. It shows clearly that as the heating temperature increases, 

temperature and pressures in following stages (P7_2 to P7_5) increase as well. But the pressure from the last 

stage (P7_5) keeps relatively stable, which is because the influence of heating source is weakened in this stage 

and the cooling temperature in the condenser has a strong influence to keep it stable. It has been stated 

before that actually the heating temperature does not affect the permeability much, but it influences the 

process by changing vapour pressure. When the heating temperature rises from 60 °C to 80 °C the pressure 

difference between two adjacent stages increases significantly. The overall pressure drop across the 

membrane module increases from 40mbar to 140mbar. Since the permeate production rate is proportional 

to pressure difference, increasing temperature will bring a great increase in permeate production indirectly. 
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Fluctuation in heating temperature is observed and it is caused by the inefficient internal temperature 

controlling system. But the small oscillation does not influence the results, since the mean value is almost 

constant. 

(a) 

 

(b) 

 

Figure 15 (a) Pressure curve and (b) Temperature curve in each stage when heating temperature 
changes 

 

As we already know, higher temperature will result in higher permeate production. But with the increase of 

heating temperature, heating power increases as well (Figure 16). The heating power is calculated as: 
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Figure 16 Heating power curve when heating temperature changes 

When heating temperature is increased from 60 to 80 °C the average heating power increases from 2.6 kW to 

7.4 kW. Therefore it is interesting to see if there is a minimum specific energy consumption point. Further 

analysis will be done for that. 

5.1.2 Influence of flow rate 

In this case, only feed flow rate is changed from 2 l/min to 1.2 l/min. All the other parameters are kept 

constant: 60 wt% potassium acetate feed solution, 80 °C heating temperature and the vacuum pressure and 

cooling temperature are kept unchanged. Figure 17 shows that the decreasing of the flow rate does not have 

much influence on the temperature in different stages. But fluctuation occurs in the steam raiser, which may 

be caused by excess heat and the water starts boiling. The drop of P2_1 means the flow rate is adjusted from 

2 to 1.2 l/min. 

When it comes to the heating power curve, significant change is observed.  
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(b) 

 

(c) 

 

Figure 17 (a) Pressure curve, (b) Temperature curve and (c) Power curve when flow rate changes 

 

The heating power decreases when the flow rate drops to a lower value. Meanwhile the cooling power 

almost keeps constant, because less energy is taken out of the system by brine, the energy loss is reduced. 

5.1.3 Influence of vacuum pressure 

It has been well proofed that lower pressure in permeate side will lead to higher water production. The 

influence of vacuum has been tested with 50 wt% potassium acetate solution and 80 °C heating temperature. 

The preset vacuum pressure was changed from 60mbar to 100mbar and then 150mbar. The results are 

shown in Figure 18. Both vapor temperature and vapor pressure increase with vacuum pressure, especially in 

the last stage. But the vapor pressure gradient drops significantly from 140mbar to 70mbar.  
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Since the vacuum pump is connected to the condenser directly, any change of vacuum pressure will lead to 

pressure change in the condenser immediately. Actually P7_5 is almost equal to P5_1 (Figure18(a)). But 

compared with P5_1, P7_5 is more stable. It shows clearly that as the vacuum pressure goes up, the vapor 

temperature follows up quickly. The increasing starts from the condenser and spreads to former stages. But 

the influence weakens stage by stage. From the figure, we can see that in the first stage, both the pressure and 

temperature increase are quite small. And when it comes to the steam raiser, the influence was negligible. 

The heating power keeps stable as well.  

On the other hand, while the external cooling temperature and flow rate is kept constant, the internal 

cooling temperature drops when the vacuum pressure increase. Reduction in cooling power is also observed. 

This is because the increase of condensing temperature (T7_5) in condenser means less cooling power is 

required and more heat was kept in the distillate and brine as sensible heat, which is considered as heat loss. 

It is also observed that during this period, the brine temperature rises from 46.4 °C to 60 °C. Another reason 

is that when the vacuum pressure rises, the pressure gradient across the membrane module is reduced, 

leading to a lower permeate production, and therefore less cooling power is required. 
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(b) 

 

(c) 

 

Figure 18 (a) Pressure curve, (b) temperature curve and (c) heating and cooling power curve when 
vacuum pressure changes 

It should be noticed that in Memsys® system, the vacuum pump is always working in its maximum capacity. 

The lowest pressure it can reach is 60 mbar in this case even a lower value is set. When the pressure is set to 

a higher value than that, the system just sucks air in through an automatically running solenoid valve. 

Therefore, under high downstream pressure, less water is produced with the same electrical consumption. 

That is just waste of energy, which is not appreciated. Therefore, the vacuum pressure is set to a lower value 

(20 mbar as default value). The vacuum pump will work in full capacity, and no air will come into the system 

through the solenoid valve. Due to the small leakage in the system and the existing of non-condensable gas, 

the real pressure in permeate side stays higher than 20mbar, normally around 60 mbar. It is also depend on 

the characteristic of feed solution. 
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5.1.4 Influence of cooling temperature 

Figure 19 show the influence of cooling temperature on vapor pressure and temperature. 50 wt% potassium 

acetate solution is used as feed solution and the operating temperature is set to be 80 °C. Since there is no 

way to control internal temperature directly, during the test the external cooling flow rate is reduced in order 

to increase the internal cooling temperature. The cooling temperature rises from 18.3 °C to 26.5 °C. As 

already known, the cooling temperature affects the process by changing the temperature difference across 

the stages and furthermore influencing the pressure difference. But different from the increase of heating 

temperature, it shows in the figure that the increase of cooling temperature has little effect on vapor pressure 

and temperature. There is no big fluctuation observed, but only a little rise in T7_5 from 38.4 °C to 40.6 °C. 

All the other values keep almost unchanged. On the energy part, the increase of cooling temperature leads to 

a lower cooling power, due to the higher condensing temperature. 
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Figure 19 (a) Pressure curve, (b) temperature curve and (c) heating and cooling power curve when 
cooling temperature changes 

But if the cooling temperature keeps rising, when it comes close to the condensing temperature in the 

condenser, the influence becomes obvious (Figure 20). T7_5 is always higher than T6_1, and it increases 

quickly with cooling temperature. Temperature and pressure in all stages will increase, but since the heating 

temperature and pressure are constant, temperature and pressure gradient in the system will be smaller, 

further leading to a worse performance. 
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Figure 20 (a) Pressure curve and (b) temperature curve when cooling temperature approach T7_5 

5.2 High concentration test 

For lithium chloride, with 70 °C heating temperature, the brine concentration keeps increasing until it 

reaches 33.3%. When the temperature goes to 80 °C, the feed solution can be further concentrated to 36.5% 

(Figure 21). 

(a) 

 

(b) 

10

20

30

40

50

60

70

0 5 10 15

Te
m

p
er

at
u

re
 [

 °
C

] 

Operation time [min]  

T7_2 

T7_3 

T7_5 

T6_2 

T6_1 

32.90

33.00

33.10

33.20

33.30

0.0 0.5 1.0 1.5 2.0 2.5

C
o

n
ce

n
tr

at
io

n
 (

%
) 

Operation time (hour) 



-47- 
 

 

Figure 21 High concentration test of lithium chloride: (a) 70 °C heating temperature (b) 80 °C 
heating temperature 

For potassium acetate, with 70 °C heating temperature, the concentration goes continuously to 69.76%, and 

the trend does not seem slow down. Considering the solubility of potassium acetate at 25 °C is around 70%, 

there is no point to work at higher concentration, because crystallization will occur when the system cools 

down. Crystallization may cause damage to the membrane and shorten its lifetime and must be avoid during 

operation. Apparently with higher heating temperature it can go to a higher concentration. 

 

Figure 22 High concentration test of potassium acetate, at 70 °C heating temperature 

 

5.3 Comparison between potassium acetate solution and lithium chloride solution 

Table 5 and Table 6 show the results of experiments. Analysis has been done based on different factors and 

their effect on different indicators.
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Table 5 Experimental results of potassium acetate 

Temperature 
Feed 

concentration 

Flow 

rate 

Concentration 

increasing 

Permeate 

flux rate 

Recovery 

rate* 

Cooling 

power 

Heating 

power 

Specific energy 

consumption 
Distillate 

conductivity 

 °C - l/min % l/(m2 h) % kW kW kWh/l µS/cm 

74.7 0.5011 1.58 1.706 0.817 4.15 3.74 5.09 1.30 54.2 

69.8 0.5008 1.20 2.197 0.796 5.30 3.24 4.00 1.05 45.2 

79.3 0.5002 2.01 2.074 1.263 5.02 4.66 6.82 1.13 43.3 

69.8 0.5020 1.98 1.231 0.748 3.02 3.51 5.55 1.54 154.1 

79.7 0.5009 1.18 3.159 1.100 7.48 4.04 4.98 0.94 42.8 

74.7 0.5494 2.01 0.990 0.573 2.28 3.49 5.24 1.91 385 

74.7 0.5500 1.20 1.509 0.518 3.44 3.02 4.06 1.63 263 

74.8 0.5484 1.60 1.389 0.637 3.18 3.24 4.64 1.52 790 

79.5 0.5500 1.59 1.527 0.694 3.48 3.90 5.31 1.60 222 

74.8 0.5520 1.60 1.197 0.549 2.74 3.19 4.59 1.74 372 

69.8 0.5498 1.58 0.799 0.364 1.85 2.41 3.93 2.25 695 

74.7 0.5500 1.58 1.198 0.542 2.75 3.15 4.60 1.77 877 

74.8 0.5494 1.60 1.250 0.574 2.87 3.23 4.57 1.66 968 

69.7 0.6010 2.02 0.342 0.189 0.75 2.26 4.34 4.79 288 

79.3 0.6010 2.03 1.129 0.615 2.43 3.63 5.50 1.86 48.4 

79.7 0.5990 1.16 1.369 0.427 2.94 3.22 3.90 1.91 265 

74.8 0.6010 1.56 1.026 0.432 2.21 2.82 4.32 2.08 211 

69.9 0.6005 1.15 0.890 0.278 1.92 2.17 3.47 2.60 207 

* Reovery rate is also called production rate. It is the ratio of permeate flux rate to feed flow rate. 
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Table 6 Experimental results of lithium chloride 

Temperature 
Feed 

concentration 

Flow 

rate 

Concentration 

increasing 

Permeate 

flux rate 

Recovery 

rate 

Cooling 

power 

Heating 

power 

Specific energy 

consumption 
Distillate 

conductivity 

 °C - l/min % l/(m2 h) % kW kW kWh/l µS/cm 

74.8  0.3001 1.56  0.656 0.492 2.52 3.15 4.57 1.93 61.3 

74.5  0.2610 1.98  0.759 0.805 3.25 3.85 5.90 1.53 880 

69.8  0.2599 1.56  0.651 0.548 2.81 3.24 4.95 1.88 1674 

74.8  0.2594 1.58  0.930 0.783 3.98 3.90 5.72 1.52 394 

74.8  0.2603 1.56  0.852 0.709 3.64 3.85 5.56 1.63 475 

79.3  0.2209 1.99  1.520 1.802 7.25 5.48 7.78 0.90 153.4 

74.7  0.2209 1.60  1.488 1.421 7.10 4.69 6.08 0.89 70.7 

74.8  0.2600 1.61  0.790 0.684 3.39 3.88 5.65 1.72 168.1 

74.8  0.2610 1.60  0.743 0.639 3.19 3.94 5.61 1.83 114.8 

79.8  0.3007 1.31  0.685 0.431 2.62 3.78 5.24 2.53 136.2 

74.8  0.2599 1.58  0.945 0.798 4.03 4.11 5.50 1.44 198.2 

79.5  0.2602 1.60  1.206 1.018 5.10 4.57 6.34 1.30 229 

79.4  0.2206 1.18  2.392 1.623 11.01 5.41 6.63 0.85 150.6 

69.9  0.3003 1.21  0.299 0.175 1.16 2.22 3.74 4.45 297 

74.7  0.2603 1.62  0.929 0.804 3.96 4.22 5.71 1.48 123.8 

74.7  0.2599 1.17  0.991 0.620 4.22 3.75 4.78 1.61 312 

69.8  0.2201 2.04  0.803 1.010 3.96 3.80 5.91 1.22 287 

69.9  0.2203 1.19  1.266 0.908 6.12 3.77 4.70 1.08 35.3 

79.8  0.3001 2.00  0.612 0.586 2.35 4.10 6.56 2.33 210 

69.8  0.3003 2.01  0.149 0.147 0.58 2.41 5.05 7.17 1163 
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5.3.1 Effect of heating temperature 

As known before, the permeate flux rate is affected by two temperature related parameters: membrane 

permeability and vapor pressure. Based on Equation (3.4), in Knudsen diffusion model, following relation 

exists between the membrane permeability and the feed temperature: 

        

In the experimental region, the influence of temperature on permeability is negligible. But on the other hand, 

the vapor pressure increases exponentially with temperature. And from Equaiton (3.3), the permeate flux 

rate is proportional to pressure difference. Therefore, considering both of the effects, the permeate flux rate 

should increase exponentially with temperature theoretically. 

Figure 23 describes the influence of heating temperature on flux rate for different solutions. Heating 

temperature has been set at 70 °C, 75 °C and 80 °C. It shows clearly that for both solutions and all operation 

conditions, the permeate flux rate will increase with heating temperature. 

For potassium acetate, in the testing region the permeate flux rate varies from 0.189 l/(m2h) to 1.263 l/(m2h). 

Interactions between different parameters are observed. When changing the concentration from 55 wt% to 

50 wt%, flux rate rises at a higher rate than changing concentration from 60 wt% to 55 wt%. And the 

intersections between lines with the same concentration show that the influence of feed flow rate on the 

permeate flux may be complicated, which will be explained in flow rate section. 

For lithium chloride, within the testing region, the maximum permeate flux rate obtained is 1.802 l/(m2h), 

while the minimum is 0.147 l/(m2h). When decrease the concentration from 30 wt% to 26 wt%, or from 26 

wt% to 22 wt%, there is not much difference in the increase of flux rate. 
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(b) 

 

Figure 23 Effect of heating temperature on permeate flux rate, (a) potassium acetate, (b) lithium 
chloride 

Since water is separated from the solution while the salt remains, the concentration of the brine will be 

higher than that of the feed solution. At higher heating temperature more water is separated from the 

solution, which results in higher increase in brine concentration. 

When using potassium acetate solution as feed, the increase of concentration varies from 0.342% to 3.159%. 

Compared with flow rate, the concentration increase in brine is more sensitive to feed concentration. For 

different concentration, the increase rates with temperature are similar. And at low concentration, flow 

rate has a larger influence on the results. 

For lithium chloride solution, similar trend is observed. The concentration increasing is located between 

0.149 and 2.392. And it shows that    rises in a faster rate as concentration and flow rate decrease. 
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(b) 

 

Figure 24 Effect of heating temperature on concentration increase, (a) potassium acetate, (b) 
lithium chloride 

During the process, the specific energy consumption drops rapidly with heating temperature increase. 

Figure 25 shows that heating temperature has a strong influence on specific energy consumption, 

especially at high concentration. For potassium acetate, when the concentration and flow rate are fixed at 

60 wt% and 2.0 l/min respectively, and the heating temperature increases from 70 °C to 80 °C, the 

specific energy consumption is reduced from 4.79 kWh/l to 1.86 kWh/l, by 61%. At 80 °C, the specific 

energy consumption is controlled under 2 kWh/l for all cases, and the lowest value is 0.94 kWh/l, with 50 

wt% concentration and 1.2 l/min flow rate. When using lithium chloride as feed solution, within the 

experimental concentration the specific energy consumption varies in a larger region, from 0.9 kWh/l to 

7.17 kWh/l. When the concentration is below 26 wt%, the SEC is kept below 2 kWh/l. But further 

increase in concentration will lead to a dramatic increase in SEC. 
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(b) 

 

Figure 25 Effect of heating temperature on specific energy consumption, (a) potassium acetate, (b) 
lithium chloride 

5.3.2 Effect of concentration 

High concentration will lead to low vapor pressure, which will reduce the pressure gradient across the 

membrane. Combined with concentration polarization phenomenon, the concentration on the membrane 

surface is even higher. As a result, the mass transfer resistance is increased and the flux rate is reduced. 

For potassium acetate, at 50 wt% concentration, the flux rate is between 0.748 l/(m2h) and 1.263 l/(m2h) , 

while at 60 wt% concentration the flux rate decrease to between 0.189 l/(m2h) and 0.615 l/(m2h).  

For lithium chloride, the trend is similar. Maximum flux rate is 1.802 l/(m2h), which is obtained with 22 wt% 

concentration solution. The minimum flux rate is 0.147 l/(m2h). 

In Figure 26, it shows that at highest concentration (60 wt% potassium and 30 wt% lithium chloride), the 

flux rate obtained at 75 °C and 1.6 l/min is similar to that obtained at 80 °C and 1.2 l/min, which means at 

high concentration, the effects of increasing 5 °C heating temperature and decreasing 0.4 l/min flow rate are 

almost equal on permeate flux rate. The intersection between two 70 °C curve is caused by insufficient 

heating power, which is explained previously. 
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(a) 

 

(b) 

 

Figure 26 Effect of feed concentration on permeate flux rate, (a) potassium acetate, (b) lithium 
chloride 

 

Large    is obtained with high heating temperature and low flow rate. 

For potassium acetate, at 50 wt% concentration,    varies between 1.231% and 3.159%, while at 60 wt% 

concentration,    varies between 0.342% and 1.369.  Intersections are observed in the middle region. 

Large    is obtained at high heating temperature and low flow rate. At low concentration (50 wt%), 70 °C 

and 1.2 l/min will get higher increase in concentration than 80 °C and 2.0 l/min, which means that at low 

concentration, flow rate has larger influence than heating temperature on   . But when it comes to high 

concentration (60 wt%), heating temperature has a larger influence. 

For lithium chloride the situation is clear. 75 °C and 1.6 l/min gives the similar result as 80 °C 2.0 l/min. 
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(a) 

 

(b) 

 

Figure 27 Effect of feed concentration on concentration increase, (a) potassium acetate, (b) lithium 
chloride 

 

The concentration of feed solution has large influence in specific energy consumption. The comparison is 

shown in Figure 28. For both solutions, the SEC increases quickly as concentration. 

When 50 wt% potassium acetate solution is used as feed, the specific energy consumption changes between 

0.94 kWh/l and 1.54 kWh/l. But when the concentration is raised to 60 wt%, the specific energy 

consumption varies from 1.86 kWh/l to 4.79 kWh/l. The fast increase in SEC actually starts when the 

heating temperature drops from 75 °C to 70 °C.  

For lithium chloride, the same rule applies. But when the concentration is 22 wt%, lower specific energy 

consumption is observed, from 0.85 kWh/l to 1.22 kWh/l. And at 30 wt% concentration, the SEC increases 

from 1.93 kWh/l to 7.17 kWh/l. 
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(a) 

 

(b) 

 

Figure 28 Effect of feed concentration on specific energy consumption, (a) potassium acetate, (b) 
lithium chloride 

5.3.3 Effect of flow rate  

Large feed flow rate will increase the turbulence in flow channel, decrease the thickness of boundary layer 

and enhance the heat transfer. Normally higher feed flow rate will lead to higher flux rate. But in this case, 

the situation is different. Figure 29 shows the influence of flow rate on permeate flux in this system. High 

flow rate will lead to high flux rate at high heating temperature, but low flux rate at low heating temperature. 

The reason of this is that in this system, heating temperature is not equal to feed temperature, but is the 

heating temperature in steam raiser. The feed solution is heated up in the first stage. When the feed flow rate 

increases from 1.2 to 2.0l/min, at low heating temperature, the heating power is not enough to heat up the 

feed to a relevant high temperature level. Therefore, although the flow rate is increased, the feed temperature 

is actually decreased, as a result, the permeate flux rate decreases. This phenomenon also implies that the 

heating temperature has a larger influence than flow rate. There should be some turning point for certain 

kind of solution, and for different solution, the turning point may be different. 
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(a) 

 

(b) 

 

Figure 29 Effect of feed flow rate on permeate flux rate, (a) potassium acetate, (b) lithium chloride  

In certain concentration and heating temperature, increasing flow rate will lead to drop in   . Compare with 

the heating temperature and concentration, flow rate has impact on   . 
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(a) 

 

(b) 

 

Figure 30 Effect of feed flow rate on concentration increase, (a) potassium acetate, (b) lithium 
chloride 

 

No certain relation is observed between flow rate and specific energy consumption. In most cases, the SEC 

does not change much when the flow rate increases from 1.2 l/min to 2.0 l/min. Obvious increases are only 

observed at high concentration and low heating temperature. That is because under these conditions, little 

water is produced from the solution while the heat consumption does not drop much, which leads to large 

specific energy consumption. 

For potassium acetate, in most cases, SEC increases with flow rate. But in some case, e.g. 60 wt% and 80 °C, 

the SEC decreases at high flow rate.  

For lithium chloride, the SEC can be considered as constant with different flow rate, expect the extreme 

condition, 60 wt% and 70 °C. 
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(a) 

 

(b) 

 

Figure 31 Effect of feed flow rate on specific energy consumption, (a) potassium acetate, (b) 
lithium chloride 

5.4 Modeling with RSM method 

From the obtained data, response surface is made and a suitable model is designed for different indicators.  

The numerical model will be discussed in this section, as well as how well it fits the experimental data. The 

predicted response surfaces are shown in Appendix B. 

5.4.1 Potassium acetate 

Concentration increase 

The predicted model for concentration increase is: 

                                                            

Where A, B and C are coded factors for feed concentration, heating temperature and feed flow rate 

respectively. The relation between coded factor and real factor can be expressed as: 
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Coded factors have value between -1 and 1, corresponding to actual minimum and maximum value. 

The comparison between predicted data and actual data is described in Figure 32. This model seems fit the 

experiment well. Except for the lowest value point, the errors of other predictions are controlled within 

10%. 

 

Figure 32 Comparison between predicted data and actual data for concentration increase (potassium 
acetate) 

Permeate flux rate 

The predicted model is: 

                                                               

The deviation of predicted data from actual data is within 16%. 
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Figure 33 Comparison between predicted data and actual data for flux rate (potassium acetate) 

Specific energy consumption (SEC) 

Under the extreme condition: 60 wt% concentration, 70 °C heating temperature and 2l/min flow rate, the 

SEC jumps suddenly to 4.79 kWh/kg, due to little water production. And it does not fit any model 

together with other data. Therefore, this value is ignored for the modeling process. 

The established model is: 

                                              

The deviations of modeling results are controlled within 18% from the experimental results. But since 

4.79 kWh/kg is not considered, this model may not suitable for the condition with high concentration 

feed under low heating temperature. 
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Figure 34 Comparison between predicted data and actual data for specific energy consumption 
(potassium acetate) 

 

5.4.2 Lithium chloride 

Concentration increase 

Concentration increase for lithium chloride solution can be calculated as: 

                                                    

Compare with potassium acetate solution, larger deviation is observed in this model. But except for the 

highlighted data, the error is still within 20%. Further repetition is required to eliminate the error. 
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Figure 35 Comparison between predicted data and actual data for concentration increase (lithium 
chloride) 

Permeate flux rate 

                                                                               

In this model, large deviation (over 30 wt%) is observed at low flux rate. At high flux rate, over 1 l/(m2h), 

the deviation is limited within 2%. The accuracy of the model increases with flux rate. 

 

Figure 36 Comparison between predicted data and actual data for permeate flux rate (lithium 
chloride) 

Specific energy consumption 

In order to get a suitable model for specific energy consumption, two high values obtained with 30 wt% 

concentration and 70 °C heating temperature are ignored. The specific energy consumption seems not 

affected by feed flux rate. The obtained equation is: 

                                 

From Figure 37, it is obvious that this model is not accurate enough to have a good prediction. The 

highlighted point has a deviation of 34.8% from its predicted value. For other values, the deviations are less 

than 19%. In order to get more accurate model for SEC, more experiments have to be done. 
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Figure 37 Comparison between predicted data and actual data for specific energy consumption 
(lithium chloride) 

5.5 Discussion 

5.5.1 Distillate quality 

For both solutions, no suitable model is found for distillate quality. There is no clear relationship found 

between distillate quality and chosen parameters. Instead, the distillate quality seems to be more related to 

the operation time. At the beginning, the conductivity of distillate is quite high, sometimes it even reaches 

2-3 mS/cm, and after couple of hours, the conductivity drops to under 100 µS/cm, which is still a high value 

for membrane distillation. During the overall operation, the best quality detected was 32.5 µS/cm. But 

normally for membrane distillation, the conductivity of permeate is lower than 12 µS/cm. The high initial 

value is probably caused by small leakage of feed solution into distillate tank when the system is not working 

during the night. Since the distillate is stored in the tank first and then pumped out, so the conductivity 

decreases gradually. But the large value in steady state may be caused by leakage in the unit or small part of 

wetting in the membrane. 

5.5.2 Relationship between indicators 

The ideal result is large flux rate, large recovery rate, low specific energy consumption and high efficiency. 

The relations between these indicators are shown below in Figure 38. Since distilled water is the main 

production, the flux rate is taken as variable for other indicators. All data collected from two solutions are 

collect in these figures. 

The flux rate varies from 0.189 to 1.802 l/(m2h). Recovery rate is in proportional relation with flux rate, 

which is varying from 0.58 to 11.01%. But the deviation becomes larger with flux rate. Heating and cooling 

power also increase with flux rate. Normally, in order to obtain higher permeate flux rate, more heat is 

demanded for evaporation as well as cooling for condensation. But the relation between flux rate and 

heating power is not as clear as that between flux rate and cooling power. Between specific energy 

consumption and flux rate, reverse ratio relation is found. For most cases, the SEC is located between 1 

kWh/kg and 2 kWh/kg.  
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(a) 

 
(b) 

 
(c) 
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(d) 

 
 

Figure 38 Relation between different indicators. (a) Recovery rate vs. Flux rate (b) Heating power vs. 
Flux rate (c) Cooling power vs. Flux rate (d) Specific energy consumption vs. Flux rate 

 

5.5.3 External heat recovery 

In practice, in order to reduce energy consumption, heat recovery system is applied to reuse the sensible heat 

in high temperature brine to preheat the feed solution. So it is necessary to find out the specific energy 

consumption with heat recovery system. 

Take lithium chloride solution for example. Since the permeate has small flux rate and low temperature, it is 

assumed that heat is only recovered from the brine. 

The maximum excess heat in the brine can be calculated as: 

   
                

  
 

Where    and   are relative specific heat capacity and density of the brine, T3_1 and T2_1 are the 

temperature of the brine and feed solution. Density can be calculated from concentration with the 

calibration curve made before. The specific heat capacity is obtained from M. Conde Engineering [11]. For 22 

wt%, 26 wt% and 30 wt%, the specific heat capacity are 3.2 kJ/(kg·K), 3.05 kJ/(kg·K) and 2.9 kJ/(kg·K). 

Assuming a heat exchanger with 85% efficiency is applied for the heat recovery, so with heat recovery, the 

required heating power is: 

  
             

Where   
  and    stand for heating power with and without heat recovery respectively. Assuming the 

water production keeps constant as before, with new heating power obtained, the specific energy 

consumption can be calculated. The results are shown below. 
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Figure 39 Specific energy consumption with heat recovery (lithium chloride) 

Figure 39 shows the effect of heat recovery on specific energy consumption. Reduction between 18.0% and 

44.5% is observed. The reduction is more obvious for large specific energy consumption cases. The largest 

SEC is reduced significantly from 7.17 kWh/l to 3.98 kWh/l. The reduction is more obvious when flow rate 

is high, because at large feed flow rate, large amount of heat goes into the brine as sensible heat, which is 

considered as heat loss. 

For potassium acetate, there is no recorded data of its heat capacity. Assuming the specific heat capacity in 

the testing concentration region is 3 kJ/(kg·K) and following the same procedure, the new SEC can be 

calculated. 

 

Figure 40 Specific energy consumption with heat recovery (potassium acetate)  

In this case, the reduction between 18.9% and 38.9% can be achieved. The highest SEC is reduced from 4.79 

kWh/l to 2.92 kWh/l. 

It should be noticed that these results are obtained from simple assumption and calculation, the efficiency of 

heat transfer within the MD module and the influence of feed temperature on heating power consumption 
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and permeate flux rate are not considered. But it is for sure that with heat recovery system, the specific 

energy consumption can be further reduced. 

5.5.4 Vacuum pressure 

At the beginning, the lowest pressure P5_1 could reach was around 40mbar. After long term operation, 

some leakage appears in the module, resulting in an increase in lowest vacuum pressure by 20mbar. When 

this value increases to 60mbar, the water production drops significantly by over 40%. It shows clearly that 

vacuum pressure is an important parameter in the MD system. Improvements should be done in both 

system tightness and vacuum pump. With lower vacuum pressure, better performance is expected. 
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6 Conclusion 

A novel multi-stage vacuum membrane distillation unit is utilized to separate water from high concentrated 

solutions, namely potassium acetate solution and lithium chloride solution. Influence of heating 

temperature (70 °C, 75 °C and 80 °C), feed flow rate (1.2 l/min, 1.6 l/min and 2 l/min) and concentration 

(50-60 wt% for potassium acetate and 22-30 wt% for lithium chloride) has been thoroughly studied. 

Permeate flux rate, recovery rate, heating and cooling power consumption, specific energy consumption, 

thermal efficiency and distillate quality are taken as indicators. Response surface method has been used to 

build model within the testing region. The results show that: 

(1) The MD unit can actually work with higher concentration solution. At 70 °C, the unit can work with 

potassium acetate solution with concentration over 70 wt%. And for lithium chloride, at 70 °C and 

80 °C, the concentration can reach 33.3 wt% and 36.5 wt%.  

(2) Low concentration, high heating temperature and low feed flow rate will certainly lead to high 

concentration increase and low specific energy consumption. Relatively, the system is more sensitive to 

concentration and heating temperature. 

(3) Feed flow has a positive effect on water production at high temperature and low concentration, but it 

may also have a negative effect at low temperature and high concentration, due to the insufficient 

heating. Different optimal flow rate exists for different concentration solution. 

(4) Concentration has large influence in each indicator. Increase in concentration leads to significant drop 

in water production and large increase in energy consumption. 

(5) Within the testing region, the specific energy consumption of distillate is between 0.85 – 7.17 kWh/kg 

for lithium chloride and 0.93 – 4.79 kWh/kg for potassium acetate. The minimum energy consumption 

is observed when lowest concentration (50 wt% CH3COOK solution and 22 wt% LiCl solution), 

highest heating temperature (80°C) and lowest feed flow rate (1.2 l/min) is applied. Large values over 2 

kWh/kg are only found when high concentration is applied (60 wt% potassium acetate and 30 wt% 

lithium chloride in this case). With heat recovery system, the specific energy consumption can be 

further reduced by 18.0% to 44.5%. 

(6) The maximum permeate flux is obtained at lowest concentration (50 wt% CH3COOK solution and 22 

wt% LiCl solution), highest heating temperature (80°C) and highest feed flow rate (2.0 l/min). 1.263 

l/(m2h) and 1.802 l/(m2h) are obtained for CH3COOK solution and LiCl solution respectively. 

(7) No certain relation is found between distillate quality and the testing factors. The quality of distillate is 

not good enough. The conductivity of distillate stays at around 30 µS/cm at the beginning and kept 

increasing during the whole experiments. It is probably due to small leakage and membrane wetting in 

the module. 

(8) The built models fit fine with experimental data at testing region, except specific energy consumption. 

Normally the deviation is controlled within 20%. But for specific energy consumption, large deviation 

from experimental results is observed, especially for the high concentration and low heating 

temperature region. 

(9) Vacuum pressure has large influence in the permeate flux. 40% drop in permeate flux rate is observed 

due to 20mbar increase in vacuum pressure. 

 

Since this is the first time to use this unit to separate water from high concentrated solution, the work 

done by now is just trial experiment. It turns out that actually the unit can handle with higher 

concentration solution. If necessary, further experiments should be done in high concentration area. But 

crystallization and membrane wetting problem should be considered. Limited by the material of 

membrane module, it is not possible to increase the heating temperature, but it is possible to improve the 

tightness of the system and lower the vacuum pressure in the system. 
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Appendix 

Appendix A: DMA 500 Technical Data Sheet 

 

A.1 Measuring Performance 
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A.2 General Technical Data 
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Appendix B: Response surface for different operation conditions 
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