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Abstract: Vacuum multi-effect membrane distillation is an advanced system that possesses the features 12 
and merits of vacuum membrane distillation and multi-effect distillation. It has low operating pressure and 13 
temperature, high levels of non-volatile rejection and high energy efficiency. This study presents a thermo-14 
economic analysis and optimization of this novel system. A thermodynamic analysis is firstly conducted to 15 
evaluate the productivity and the energy consumption under varying design and operational conditions. 16 
Special emphases are placed on the impacts of the system configuration, including the number of effects 17 
and the overall membrane area, which are rarely covered in the literature. Results reveal that there is a trade-18 
off between the production rate and the energy consumption with respect to most of the operating 19 
parameters, e.g. the feed flowrate and the cooling water flowrate. An increase in the number of effects and 20 
the membrane area will reduce the energy consumption, but the specific permeate flux for the unit 21 
membrane area also becomes lower. To obtain the optimal parameters that minimize the desalination cost, 22 
an economic study is then carried out considering a wide range of thermal energy prices. It is observed that 23 
a higher feed flowrate, more numbers of effects and larger membrane areas are preferable when the energy 24 
price is higher. However, when thermal energy with low prices is available, lower feed flowrates and 25 
smaller membrane areas are recommended. The derived results will provide useful information on the 26 
vacuum multi-effect membrane distillation system for its future design and operation. 27 

Keywords: multiple effects; vacuum membrane distillation; thermodynamic analysis; economic analysis; 28 

 29 

1. Introduction 30 

Membrane distillation (MD) has emerged as a promising process for salt water (seawater/brackish water) 31 
desalination and waste water treatment [1]. It employs hydrophobic membranes as the separation interfaces, 32 
which only allow water vapor to permeate and reject all the non-volatile solutes. The required pressure 33 
difference to drive the diffusion of water modules is created by a temperature gradient across the membrane. 34 
Compared with conventional desalination processes, e.g. MED, MSF and RO, MD possesses several key 35 
advantages, which include but are not limited to: (i) lower operational pressure and temperature, (ii) a high 36 
level of salt rejection, (iii) low sensitivity of system performance with respect to feed concentration, and 37 
(iv) high system compactness and excellent scalability [2, 3].  Therefore, MD has become the subject of 38 
great research interests. 39 
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There are four types of MD configurations [1, 4], namely, (i) direct contact membrane distillation (DCMD), 1 
where seawater and cooling water are in direct contact with the membrane, (ii) air gap membrane distillation 2 
(AGMD), which has a layer of separation gas between the membrane and the cooling water, (iii) sweep gas 3 
membrane distillation (SGMD), which uses a stream of sweep gas to carry the vapor to the condenser, and 4 
(iv) vacuum membrane distillation (VMD), which creates a vacuum condition in the permeate side and 5 
employs an external condenser condense the produced vapor. Compared with other MD configurations, 6 
VMD exhibits a higher permeate flux under the same temperature gradient due to reduced mass transfer 7 
resistance under a vacuum condition [4, 5]. Additionally, sensible heat loss across the membrane is 8 
negligible, leading to higher energy efficiency [6, 7]. Due to these promising features, VMD has gained 9 
substantial research interests. It is most competitive when renewable energy sources or low-grade waste 10 
heat are available [8, 9].  11 

Similar to other thermal separation processes, VMD is energy-intensive in nature due to the high latent heat 12 
of vaporization. In order to reduce its energy consumption, several multi-stage configurations have been 13 
proposed to enable internal heat recovery. Shim et al [10] studied a multi-VMD module that recovered the 14 
waste heat from the discharge brine. The energy consumption was reported to be 2.37-2.91 MJ/kg. Summers 15 
and Lienhard [11] developed a VMD system with multiple stages, which has a similar process flow with 16 
MSF. A gain-output ratio (GOR) of 4 was reported for a 20-stage system when the top temperature was 17 
95 ℃. Chung et al [12] evaluated a similar multi-stage VMD system. However, instead of assuming a fixed 18 
heat exchanger effectiveness, they considered a smaller temperature difference in the heat exchangers, 19 
which facilitated better heat recovery and resulted in higher GOR. The GOR values were reported to vary 20 
between 2.5 and 7, depending on the temperature differences in the heat exchangers and the feed salinity.  21 

Compared with MSF, MED is more energy efficient due to more effective heat recovery [13, 14]. Therefore, 22 
it would be more promising to develop multi-stage VMD that has a similar process flow with MED. The 23 
vacuum multi-effect membrane distillation system (V-MEMD) developed by MEMSYS [15, 16] is such a 24 
system that combines the advantages of MED and VMD. A V-MEMD unit consists of several flat-sheet 25 
modules, which are named as effects. Similar to the MED system, the vapor generated in each V-MEMD 26 
effect is directed to the next effect to be condensed by the feed seawater, and the condensation heat is 27 
absorbed by the feed water to serve as the driving force for evaporation. The energy efficiency of the V-28 
MEMD system is similar to MED, and a GOR of 2.5-3 can be achieved using a four-effect system [15]. 29 

The general performance of the V-MEMD system with respect to different parameters are expected to be 30 
similar to that of MED and VMD. However, it is still of great impetus to investigate the V-MEMD system, 31 
not only to confirm these understandings, but also to get quantitative results and provide direct guidance 32 
for actual design and operation. Several experimental and analytical studies have been conducted to 33 
quantify the performance of the V-MEMD system. Naidu et al [17] conducted an experimental study on a 34 
MEMSYS module with only a single effect. The system was tested under different operating conditions. 35 
The permeate flux was observed to be improved by 64% when the feed temperature was increased from 36 
310.2 K to 319.2 K, while increasing the flow velocity from 1.1 to 2.2 m/s resulted in a 14-20% 37 
improvement in permeate flux. Zhao et al [15] conducted a similar experimental study using a multi-effect 38 
configuration. The heating and cooling temperatures were observed to be the most important parameters 39 
that affect productivity and energy efficiency. The GOR was observed to be 2.5-3 for a four-effect system, 40 
which was much higher than most of the existing MD systems operating under low heat source temperatures. 41 
Muhammad et al [18] experimentally compared the single-effect module and the four-effect module with 42 
the same membrane area. The single-effect module demonstrated much higher distillate fluxes under low-43 
temperature heat sources, while the four-effect system was able to reduce the energy consumption by 75%. 44 
Boutikos et al [19] presented a thermodynamic optimization on the V-MEMD system by investigating the 45 
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design and operating parameters. The productivity was observed to be higher under higher feed 1 
temperatures, while the specific energy consumption can be lowered by increasing the number of effects. 2 
Additionally, the system performance can be promoted by using membranes with optimal porosity and pore 3 
size. Chen et al [20] evaluated the V-MEMD system for regenerating liquid desiccants. To obtain brines 4 
with higher concentrations, two novel configurations were proposed, which they named as two-effect steam 5 
four-effect liquid (2S4L) and one-effect steam four-effect liquid (1S4L). The proposed configurations were 6 
able to expand the operation range to more than 40wt% under a heat source temperature of 70 ℃, while the 7 
specific energy consumption was observed to be 10-50% lower than other regenerators. Ong et al [21] 8 
integrated the V-MEMD system with a high concentration photovoltaic thermal (HCPVT) system to 9 
simultaneously produce electricity and freshwater. Low-grade waste heat (75-80 ℃) was recovered from 10 
the PV system and employed for driving the V-MEMD module. With proper thermal storage and 11 
management, the combined system was able to harvest and utilize about 85% of the solar irradiance. 12 

The aforementioned studies provide useful information on the V-MEMD system. However, there are 13 
several key limitations with these studies. Firstly, most of them evaluated the system based on off-design 14 
conditions only and little attention has been paid to the design variables. For thermal desalination plants, 15 
the system design parameters, e.g. the number of effects and the area for heat and mass transfer, are critical 16 
for both the productivity and the energy efficiency. However, to the best of our knowledge, few studies 17 
have looked into the number of effects and the overall membrane area of the V-MEMD system, and more 18 
advanced configurations that lead to better system performance remain to be explored. Additionally, most 19 
of the existing studies attempted to optimize productivity and energy efficiency without considering the 20 
economic viability. In practical operations, the productivity and the energy efficiency usually conflict with 21 
each other, and a best trade-off between them has to be achieved by considering the final desalination cost. 22 
Moreover, higher productivity and thermal efficiencies are not always economically viable due to the added 23 
plant capital costs. Under such situations, the costs of the plant and the thermal energy should be taken into 24 
account in order to decide the optimal design and operational conditions [5]. Therefore, an economic 25 
analysis on the V-MEMD system is highly necessary. Unfortunately, economic analysis of the V-MEMD 26 
system is scarce in the literature. 27 

The insufficient coverage of the literature on these important subjects has inspired us to fill the knowledge 28 
gaps. In this study, a systematic thermo-economic analysis will be conducted on the V-MEMD system in 29 
order to: (i) evaluate the effect of different design and operational parameters on its productivity and energy 30 
consumption, and (ii) obtain the optimal system parameters that minimize the desalination cost under 31 
varying energy prices. The novelty and originality of this study is summarized as follows: (1) quantitative 32 
performance data under different conditions will be derived for optimal design and operation of the V-33 
MEMD system; (2) key system design parameters, including the number of effects and the membrane area 34 
in each effect, will be investigated to get the best configuration that maximize the productivity and the 35 
energy efficiency; (3) an economic analysis will be conducted to get the desalination cost of the V-MEMD 36 
system under different conditions; and (4) employing the final fresh water cost as the design criteria, the 37 
optimal values of the system parameters, which usually have conflicting effects on productivity and energy 38 
consumption, will be decided under different energy prices. A thermodynamic model will be developed 39 
first and validated with experimental data. Employing the model, a parametric study will be carried out to 40 
evaluate the effects of different design and operational parameters on productivity and the specific energy 41 
consumption. Special attentions will be paid to the impacts of the system configurations, including the 42 
number of effects and the membrane area, which are rarely covered in the literature. Afterward, an 43 
economic analysis will be conducted considering a wide range of thermal energy prices, and the optimal 44 
value of each parameter will be obtained under different thermal costs. 45 
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 1 

2. Process description and thermodynamic modelling 2 

Figure 1 depicts the schematic diagram of a V-MEMD system, which consists of several production effects, 3 
a steam raiser, and an external condenser. All the components are made up of two types of frames, i.e. the 4 
membrane frame and the foil frame. The frames themselves serve as vapor channels, while the gaps between 5 
frames, which are filled with spacers, function as liquid channels.  6 

The steam raiser is made up of several membrane frames. Hot water is supplied in the feed channel, and 7 
vapor is generated at the interface between hot water and membrane. The produced vapor permeates across 8 
the porous membrane and reaches the corresponding membrane frames. All the vapor generated in the 9 
steam raiser is then directed from the membrane frames to the first effect, which consists of alternating 10 
membrane frames and foil frames. The vapor condenses inside the foil frames. Condensation heat is 11 
released, which is transferred across the foil and then absorbed by the seawater circulated in the adjacent 12 
feed channels. Similar to the hot water, a portion of the seawater evaporates and diffuses into the adjacent 13 
membrane frames. All the vapor generated in the first effect flows to the foil frames of the second effect, 14 
while the seawater exiting the first effect enters the feed channels in the second effect. The second effect is 15 
has a lower pressure than the first effect, and the processes happened in the first effect can be induced again. 16 
In this way the condensation heat is recovered and reused, thus improving productivity and energy 17 
efficiency. Such processes are repeated in the subsequent effects that are at progressively lowered pressure 18 
conditions. Finally, vapor produced by the last effect is condensed using a cooling water stream in the 19 
external condenser. The condensate is collected at each effect and the condenser as the product. The 20 
exception is the distillate of the first effect, which will return to the hot water tank to maintain a constant 21 
water level. 22 

 23 

Figure 1 Schematic of a V-MEMD system 24 



5 
 

To enable a thermodynamic analysis and optimization on the V-MEMD system, a semi-empirical model is 1 
developed considering heat transfer between the fluid and the membrane and mass transfer across the 2 
membrane pores. The heat and mass transfer processes to be considered include: (a) convection heat transfer 3 
between the fluid and the frame walls, (b) mass diffusion through the membrane pores, and (c) falling film 4 
condensation in the foil frames. Figure 2 is a schematic of the processes in each component. To simplify 5 
the system model, the following assumptions and simplifications are made: 6 

(1) The system is well adiabatic with negligible heat losses; 7 
(2) The system is operated under steady-state conditions; 8 
(3) The membrane is able to reject all the salts, and only water molecules are allowed to pass; 9 
(4) The properties of water and vapor are assumed to be uniform in each effect, and they are calculated 10 

from the bulk-average pressure, temperature and salt concentration in the corresponding effects 11 
using previously derived models [22, 23]. 12 

 13 

Figure 2 Schematic illustration of the heat and mass transfer processes 14 

Table 1 summarizes the mathematical model for the V-MEMD system. The model equations have been 15 
well established in our previous publication [20]. Therefore, only the general structure and key equations 16 
are provided here for the sake of completeness. These equations will be solved using the successive iteration 17 
method. An initial guess of the steam production rate in the steam raiser will be provided first. Based on 18 
the guessed value, the membrane temperature in the steam raiser can be calculated using Eqs.2-4. Then 19 
feed temperature, plastic foil temperature, membrane temperature and vapor temperature in each effect will 20 
be obtained sequentially using Eqs.5-12. Afterwards the cooling water temperature is computed 21 
independently from Eq.13 and Eq.15. The initial guess of steam production rate is adjusted until the two 22 
cooling water outlet temperatures are identical. Employing this steam production rate, the temperatures and 23 
productivity in each component are computed, which will represent the actual system performance. Finally 24 
the overall production rate and energy efficiency, as given in Eqs.19-21, will be calculated. The readers are 25 
referred to the literature for more details about the mathematical model and the solution algorithm. 26 

Table 1 Thermodynamic model of the V-MEMD system 27 

Component Equation No. Comments 

Steam raiser �̇�ℎ,𝑖𝑛 = �̇�ℎ,𝑜 +𝐷0 (1) Mass balance of hot water; 
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�̇�ℎ,𝑖𝑛𝐻ℎ,𝑖𝑛 = �̇�ℎ,𝑜𝐻ℎ,𝑜 +𝐷0𝐻𝑔 (2) Energy balance in steam raiser; 

𝐷0𝐻𝑓𝑔 = ℎ𝑚𝑒𝑚,ℎ𝐴ℎ(𝑇ℎ − 𝑇𝑚,ℎ) 
(3) Heat transfer from hot water to 

membrane surface; 

𝐷0 = 𝐶ℎ𝐴ℎ[𝑝𝑠𝑎𝑡(𝑇𝑚,ℎ) − 𝑝𝑠𝑎𝑡(𝑇𝑐0)] 
(4) Mass transfer across the 

membrane; 

Production 

effects 

�̇�𝑓,𝑖 = �̇�𝑓,𝑖−1 + 𝐷𝑖 (5) Mass balance of seawater; 
�̇�𝑓,𝑖−1𝐻𝑓,𝑖−1 = �̇�𝑓,𝑖𝐻𝑓,𝑖 + 𝐷𝑖𝐻𝑔 (6) Energy balance in each effect; 

𝐷𝑖−1𝐻𝑓𝑔 =
𝑘𝑓𝑖𝑙𝑚

𝛿𝑓𝑖𝑙𝑚,𝑖
𝐴𝑒𝑓𝑓(𝑇𝑐,𝑖−1 − 𝑇𝑤,𝑖) 

(7) Heat transfer across condensate 

film to foil frame; 
ℎ𝑒𝑓𝑓,𝑖𝐴𝑒𝑓𝑓(𝑇𝑤,𝑖 − 𝑇𝑓,𝑎𝑣𝑒)

= �̇�𝑓,𝑖−1𝑐𝑝,𝑖(𝑇𝑓,𝑖 − 𝑇𝑓,𝑖−1)

+ 𝐷𝑖𝐻𝑓𝑔 

(8) Heat transfer from foil frame to 

seawater;  

𝛿𝑓𝑖𝑙𝑚,𝑖 =
3

4
[

3𝜇𝑤𝐻𝑓𝑜𝑖𝑙𝐷𝑖−1

𝐴𝑒𝑓𝑓𝑔𝜌𝑙(𝜌𝑙 − 𝜌𝑣)
]1/3 

(9) Thickness of the condensate 

film; 

𝐷𝑖 = 𝐶ℎ𝐴𝑒𝑓𝑓[𝑝𝑠𝑎𝑡(𝑇𝑚,𝑖 , 𝑋𝑚,𝑖) − 𝑝𝑠𝑎𝑡(𝑇𝑐,𝑖)] 
(10) Mass transfer across the 

membrane; 

𝑋𝑚,𝑖 = 𝑋𝑖exp(
𝐷𝑖

𝐴𝑒𝑓𝑓𝜌ℎ𝑚
) (11) Concentration polarization [24]; 

�̇�𝑓,𝑖𝑋𝑖 = �̇�𝑓,𝑖−1𝑋𝑖−1 
(12) Salt balance in each effect; 

 

Condenser 
𝐷𝑁𝐻𝑓𝑔 = �̇�𝑐𝑤𝑐𝑝,𝑐𝑤(𝑇𝑐𝑤,𝑜 − 𝑇𝑐𝑤,𝑖𝑛) 

(13) Energy balance in the 

condenser; 

𝐷𝑁𝐻𝑓𝑔 =
𝑘𝑓𝑖𝑙𝑚

𝛿𝑓𝑖𝑙𝑚,𝑐
𝐴𝑐(𝑇𝑐,𝑁 − 𝑇𝑤,𝑐) 

(14) Heat transfer across condensate 

film to foil frame; 
𝑘𝑓𝑖𝑙𝑚

𝛿𝑓𝑖𝑙𝑚,𝑐
𝐴𝑐(𝑇𝑐,𝑁 − 𝑇𝑤,𝑐) = ℎ𝑐𝐴𝑐(𝑇𝑤,𝑐 − 𝑇𝑐,𝑎𝑣𝑒) 

(15) Heat transfer from foil frame to 

cooling water; 

Heat and 

mass transfer 

coefficients 

𝑁𝑢 =
ℎ𝑑

𝑘
= 0.664𝑘𝑑𝑐𝑅𝑒

0.5𝑃𝑟0.33(
𝑑ℎ,𝑠
𝑙𝑚

)0.5 
(16) Heat transfer coefficient [25, 

26]; 

𝑆ℎ =
ℎ𝑚𝑑

𝐷12
= 0.664𝑘𝑑𝑐𝑅𝑒

0.5𝑆𝑐0.33(
𝑑ℎ,𝑠
𝑙𝑚

)0.5 
(17) Mass transfer coefficient; 

𝐶 =
2

3

휀𝑟𝑝

𝜏𝛿𝑚
(
8𝑀

𝜋𝑅𝑇
)0.5 

(18) Mass transfer coefficient [27]; 

Performance 

indicators 𝐷 =∑𝐷𝑖

𝑁

𝑖=2

 
(19) Overall production rate; 

𝑠𝐷 =
𝐷

𝐴𝑚𝑒𝑚
 

(20) Specific flux for unit membrane 

area; 

𝑆𝐸𝐶 =
𝑄ℎ
𝐷

=
�̇�ℎ,𝑖𝑛𝐻ℎ,𝑖𝑛 − �̇�ℎ,𝑜𝐻ℎ,𝑜

𝐷
 

(21) Specific energy consumption for 

distillation; 

 1 

3. Model validation with experimental data 2 

The mathematical model is firstly validated with experimental data achieved from a four-effect MEMSYS 3 
V-MEMD module, as shown in Figure 3. In the MEMSYS module, each effect comprises of 11 frames (5 4 
membrane frames + 6 foil frames), while both the steam raiser and the condenser have 17 frames. Each 5 
frame consists of two membrane/plastic foils with a dimension of 0.33m × 0.48m. Flat-sheet 6 
polytetrafluoroethylene (PTFE) membranes with a thickness of 0.12-0.2 mm are employed in the module. 7 
The membrane porosity is 70-75%, and the mean pore radius is around 0.2 µm. Inline sensors are installed 8 
to measure and record the temperatures and pressures of the water and vapor, while the distillate is collected 9 
and weighed to get the productivity.  10 
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 1 

Figure 3 Pictorial view of the V-MEMD module 2 

Experimental tests were conducted for assorted hot water temperatures, as summarized in Table 2. For each 3 
test, the temperatures and flowrates of different fluid streams are recorded and employed as the input of the 4 
mathematical model. Then water and vapor temperatures at the exits of each component as well as the 5 
distillation productivity are computed and compared with experimental measurements to validate the 6 
developed model. Figure 4(a) shows the comparison of water (hot/cooling water) and vapor temperatures 7 
between experiment and simulation under a typical operational condition. The calculated water 8 
temperatures agree perfectly with the measured values in the steam raiser and the condenser. The vapor 9 
temperatures predicted by the model also adhere to the measured value for all the effects. Figure 4(b) 10 
compares the distillate productivity, the hot water outlet temperatures and the cooling water outlet 11 
temperatures when the hot water is supplied at 25-48 ℃. No substantial difference is found between the 12 
experiment and the simulation results. Therefore, the model is believed to have excellent prediction 13 
capability. 14 

Table 2 Parameters for experimental design  15 

 16 

 17 

 18 

Parameter Value 

Hot water flowrate 31 LPM 

Hot water temperature 25-60 ℃ 

Feed seawater flowrate 0.75-1.25 LPM 

Feed salinity 35 g/kg 

Seawater temperature 16-20 ℃ 

Cooling water flowrate 25 LPM 

Cooling water temperature 16-20 ℃ 
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 1 

 2 

Figure 4 Model validation with experimental data: (a) comparison of the water and vapor temperatures 3 
for typical operating conditions; (b) comparison of productivity and hot/cooling water outlet 4 

temperatures under different hot water inlet temperatures under a feed flowrate of 1.25 LPM, a cooling 5 
water flowrate of 25 LPM and a cooling water temperature of 14 ℃ 6 

 7 

4. Thermodynamic analysis 8 

After the validity of the mathematical model is demonstrated, it is employed to conduct a thermodynamic 9 
analysis on the V-MEMD system. Different from the experimental setup which has separate cooling water 10 
supply, seawater will be employed as the cooling media and its temperature is assumed to be the same as 11 
the ambient. After exiting the condenser, a portion of the pre-heated seawater will be directed into the 12 
effects as the feed. In this way, the condensation heat from the condenser can be partially recovered. 13 
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The ultimate target of the thermodynamic analysis is to minimize the desalination cost, which includes the 1 
initial cost and the operational cost. Both costs are impacted by two key parameters, i.e. membrane area 2 
and energy consumption. In order to reduce the cost, it is critical to increase the productivity under unit 3 
membrane area and reduce the energy consumption. Therefore, the distillate productivity (or specific 4 
permeate flux calculated by Eq.20) and the specific energy consumption will be adopted as the performance 5 
indicators in the following analyses. 6 

Figure 5 presents the effects of hot water and ambient temperatures on the production rate and the specific 7 
energy consumption. It can be expected that the production rate increases with the hot water temperature 8 
while decreases with the ambient temperature, as shown in Figure 5(a). This is because a higher temperature 9 
difference between the heating and the cooling fluids will provide more heat source for evaporation. On the 10 
other hand, the energy consumption for desalination will be reduced at higher hot water temperatures, as 11 
revealed in Figure 5(b). With a higher hot water temperature, temperature differences across the membrane 12 
will also be higher, which promotes the production and facilitates better heat recovery. It is also noteworthy 13 
from Figure 5(b) that the specific energy consumption is higher at lower ambient temperatures. The reason 14 
is that the feed water has to be pre-heated to the boiling temperature in the first effect, and a lower ambient 15 
temperature will result in more heating energy consumption. 16 

Although the temperatures of the heating and cooling streams have significant impacts, they are usually 17 
subjected to external conditions, e.g. ambient conditions and availability of the heating sources. In addition, 18 
the seawater temperature is usually limited to below 70 ℃ in order to reduce the potential of membrane 19 
scaling and fouling [13, 14]. Therefore, a hot water temperature of 70 ℃ and an ambient temperature of 20 
25 ℃ will be employed in the following simulations. 21 
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Figure 5 Effect of the fluid temperatures on (a) overall system productivity and (b) specific energy 3 
consumption under a feed flowrate of 0.75 LPM and a cooling water flowrate of 25 LPM,   4 

Figure 6 shows the productivity and energy efficiency under different cooling water flowrates. It is clear 5 
from the figure that a higher cooling water flowrate will lead to a higher production rate due to promoted 6 
condensation. The result is consistent with the experimental observations reported in the literature [15]. 7 
Meanwhile, specific energy consumption is also increased upon increasing the cooling water flowrate. 8 
When the cooling water flowrate is higher, the feed seawater (which is separated from the cooling water) 9 
has a lower temperature when entering the first effect. Consequently, the energy consumption for seawater 10 
heating becomes higher, leading to a higher specific energy consumption for desalination. However, these 11 
effects are not significant over a wide range of flowrate. When the cooling water flowrate is increased from 12 
15 to 50 LPM, the improvement of productivity is less than 5%, while the change of specific energy 13 
consumption is marginal at 2%. Therefore, the cooling water flowrate is not a key parameter for the final 14 
desalination cost. In actual operation, a lower cooling water can be adopted to reserve pumping power. 15 
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  1 

Figure 6 Thermal performance of the system under different cooling water flowrates under a feed 2 
flowrate of 0.75 LPM a cooling water temperature of 25 ℃ 3 

Figure 7 depicts the system performance under different feed water flowrates. Similar to the effect of the 4 
cooling water flowrate, a higher feed flowrate results in not only higher productivity but also higher specific 5 
energy consumption. However, the impact of the feed flowrate is more pronounced than that of the cooling 6 
water flowrate, and its value requires special attention during practical operation. The same observations 7 
have also been reported by Naidu et al [17]. The higher productivity can be explained by promoted heat 8 
and mass transfer under a more turbulent flow, while the increase of the specific energy consumption is due 9 
to additional heating requirements for the feed seawater in the first effect. As a result, the optimal feed 10 
flowrate that minimizes the desalination cost will be the result of the best trade-off between higher 11 
productivity and higher energy consumption.  12 

 13 

Figure 7 Thermal performance of the system under different seawater flowrates with a cooling water 14 
flowrate of 25 LPM, a hot water temperature of 70 ℃ and a cooling water temperature of 25 ℃ 15 
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The above analyses are based on a fixed system configuration, i.e. four-effect system with 11 frames (5 1 
membrane frames + 6 foil frames) in each effect. To achieve the optimal configuration, the system is 2 
explored under different numbers of effects and membrane frames. The results are plotted in Figure 8. The 3 
total number of membrane frames presented in the figures is the sum of the membrane frames in each effect. 4 
For example, with a total number of 40 frames, a two-effect system has 20 frames in each effect, while a 5 
four-effect system has only 10 frames in each effect. As can be seen from Figure 8(a) and (b), when the 6 
system has more numbers of frames, both the production rate and the energy efficiency can be significantly 7 
improved due to more heat and mass transfer areas available. However, the specific permeate flux for the 8 
unit membrane area gets smaller, as shown in Figure 8(c), indicating that more membrane area is needed 9 
to produce the same amount of freshwater. Therefore, the economic viability of increasing the membrane 10 
area will be subjected to the relative costs of the membrane and thermal energy.  11 

It is also worth to note from Figure 8(b) that the specific energy consumption can be reduced by increasing 12 
the number of operating effects. However, when it comes to productivity, the dominating configuration 13 
varies for different numbers of frames. When the system has less than 16 membrane frames, the single-14 
effect configuration has the maximum productivity. But when the number of membrane frames ranges from 15 
16 to 92, the two-effect configuration dominates over the other two. The four-effect configuration has the 16 
highest productivity when the total number of membrane frames exceeds 92. In practical situations, the 17 
optimal configuration has to be determined by considering the relative costs of thermal energy and 18 
membrane. 19 
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 2 

Figure 8 Effect of system configuration on (a) overall productivity, (b) specific energy consumption, and 3 
(c) specific flux for unit membrane area with a feed flowrate of 1.5 LPM, a cooling water flowrate of 25 4 

LPM, a hot water temperature of 70 ℃ and a cooling water temperature of 25 ℃ 5 

 6 

5. Economic analysis  7 

As revealed by the previous thermodynamic analyses, there is a trade-off between productivity and energy 8 
efficiency with respect to most of the design and operational parameters. Consequently, the optimal values 9 
of these parameters will be determined by the relative costs of different sources. The optimal system 10 
configuration, including the number of effects and the overall membrane area, is also subjected to the trade-11 
off between membrane price and energy price. 12 

In order to determine the optimal values for the design and operational parameters, an economic analysis 13 
will be conducted in this section.  The total cost for desalination consists of initial capital costs (direct and 14 
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indirect) and annual maintenance and operational costs. Without loss of generality, the economic model is 1 
developed for a V-MEMD plant with a capacity of 100 m3/day, a seawater salinity of 35g/kg, a feed 2 
temperature of 25 ℃ and a heat source temperature of 70 ℃. Table 3 summarizes the data and assumptions 3 
employed in the economic model, which are acquired from peer-reviewed literatures and equipment 4 
manufacturers. It should be noted that the capacity value of m3/day in the table is the feed seawater flowrate 5 
instead of the production rate [28]. Another important point to be noted is that the economic data are 6 
sensitive to the site where the plant is constructed and operated. Therefore, the analysis should be adapted 7 
to the local conditions in order to get the optimal values for a specific plant at a specific site.   8 

Table 3 Summary of data and assumptions for the economic model 9 

 10 

 11 

Figure 9 shows the breakdown of desalination costs. It is obvious that energy cost and membrane cost 12 
(including initial membrane cost and annual membrane replacement cost) account for more than 80% of 13 
the overall desalination cost under most of the situations. However, the values are subjected to the change 14 
of the thermal energy price. When free thermal energy, e.g. industrial waste heat, is available, 80% of the 15 
cost comes from the membrane. But under a higher thermal energy price, the contribution of energy cost 16 
gets higher, and it approaches 70% when the thermal price is $0.012/kWh. Due to such a significant 17 
variation of cost sources, the optimal parameters are expected to be different when the energy price is varied. 18 

Initial cost  

Site development [29] $26.42/(m3/day) 

Pretreatment [30] $79.25/(m3/day) 

Membrane [28] $60/m2 

Membrane module [28] $103/(m3/day) 

Storage tank [29] $21.14/m3 

Utility cost [29] $42.27(m3/day) 

Shipping and installation [28] $44.9(m3/day) 

Engineering cost [28] $44.9(m3/day) 

Plant availability 90% 

Plant life 30 years 

Interest rate 2% 

O&M cost  
Thermal energy cost [31] $0-0.012/kWh 

Electricity cost [32] $0.069/kWh 

Filtration [28] $0.0132/m3 

Brine disposal [28] 0.0015/m3 

Chemical cost [33] $0.018/m3 

Spares cost [28] $0.033/m3 

Labor cost [32] $0.03/m3 

Membrane replacement 20%/year 
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  1 

Figure 9 Breakdown of desalination cost under different thermal energy costs with a feed flowrate of 1.5 2 
LPM, a cooling water flowrate of 25 LPM, a hot water temperature of 70 ℃ and a cooling water 3 

temperature of 25 ℃ 4 

Figure 10 shows the desalination costs under different feed flowrates. As revealed previously, a higher feed 5 
flowrate promotes productivity while leads to a lower energy efficiency. As a result, a lower feed flowrate 6 
that reduces energy consumption is preferable when the thermal price is higher, while the optimal value 7 
will be higher when thermal energy is cheaper. Such a conclusion can be clearly seen from Figure 10. When 8 
the steam price is higher than $0.003/kWh, the desalination cost increases with the increase of feed flowrate. 9 
However, when the thermal price is lower, the lowest desalination cost occurs at a feed flowrate of 0.7 LPM. 10 

 11 

Figure 10 Desalination cost under different feed flowrates with a cooling water flowrate of 25 LPM, a hot 12 
water temperature of 70 ℃ and a cooling water temperature of 25 ℃ 13 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

100.00

0 0.003 0.006 0.009 0.012

F
ra

ct
io

n
 (

%
)

Thermal energy price ($/kWh)

Membrane Energy Other

0

1

2

3

4

5

6

0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1

C
o

st
 (

$
/m

3
)

Feed flowrate (LPM)

$0.012/kWh $0.009/kWh $0.006/kWh

$0.003/kWh $0/kWh



16 
 

The cooling water also impacts both productivity and energy efficiency, but the effect is very marginal. 1 
Consequently, the desalination cost remains almost constant under different cooling water flowrates, as 2 
illustrated in Figure 11.   3 

 4 

Figure 11 Desalination cost under different cooling water flowrates with a feed flowrate of 1.5 LPM, a 5 
hot water temperature of 70 ℃ and a cooling water temperature of 25 ℃ 6 

Figure 12 shows the effect of system configuration on desalination costs. The cost firstly increases when 7 
increasing the number of frames due to an improvement in productivity and a reduction of thermal energy 8 
consumption. After the number of frames exceeds a certain value, the trend will be reversed. Figure 12(a) 9 
shows the final cost when the thermal price is high at $0.012/kWh. The optimal numbers of membrane 10 
frames are 32, 60 and 92 for single-effect, two-effect and four-effect configurations, respectively. Due to 11 
the dominating role of energy cost under a high thermal energy price, the four-effect configuration is more 12 
cost-effective than the other two configurations. However, a different situation is observed when heat 13 
sources with lower prices are available, as shown in Figure 12(b). The optimal numbers of membrane 14 
frames become smaller (16, 32 and 56 for single-effect, two-effect and four-effect configurations, 15 
respectively). This is because the effect of reducing energy consumption cannot be justified by a higher 16 
membrane cost when thermal energy is cheap. Also, the two-effect configuration yields the lowest water 17 
cost because of its highest productivity. 18 
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 2 

Figure 12 Desalination cost under different number of membrane frames for (a) high thermal energy cost 3 
and (b) free thermal energy with a feed flowrate of 1.5 LPM, a cooling water flowrate of 25 LPM, a hot 4 

water temperature of 70 ℃ and a cooling water temperature of 25 ℃ 5 

Since the variation of desalination cost with respect to the number of frames is sensitive to the energy cost, 6 
the most optimal configuration will also be different under different energy prices. Figure 13(a) summarizes 7 
the optimal numbers of membrane frames that minimize the desalination cost. The value is directly 8 
correlated to the energy price as well as the number of effects. Under a higher thermal price, more frames 9 
should be employed to reduce energy consumption. In addition, a system with more stages will require 10 
more frames so that there are sufficient membrane areas in each stage. Figure 13(b) shows the 11 
corresponding desalination costs under the optimal configuration, which is also proportional to the energy 12 
price. The two-effect configuration is the most cost-effective when the steam price is below $0.0012/kWh, 13 
above which the four-effect system will be more economically competitive.  14 
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 2 

Figure 13 (a) Optimal number of membrane frames under different steam price and (b) desalination price 3 
under the optimal configuration with a feed flowrate of 1.5 LPM, a cooling water flowrate of 25 LPM, a 4 

hot water temperature of 70 ℃ and a cooling water temperature of 25 ℃ 5 

 6 

6. Conclusions 7 

In this study, a thermo-economic analysis has been conducted for the V-MEMD system to optimize the 8 
design and operational parameters and minimize the desalination cost. The system is firstly analyzed 9 
thermodynamically to achieve its productivity and energy efficiency, which are observed to be conflicting 10 
with each other in most situations. An economic analysis is then conducted to obtain the optimal system 11 
parameters under different thermal energy prices. Key results of the current study are summarized as 12 
follows:  13 
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(1) The productivity is proportional to the temperature difference between the hot water and the cooling 1 
water, and a higher hot water temperature also improves energy efficiency by more than 18%; 2 

(2) Both the productivity and the specific energy consumption will be higher when increasing the 3 
flowrates of the seawater and the cooling water. The impact of the feed flowrate is more significant, 4 
and it is able to change the productivity and energy efficiency by more than 20%. However, the 5 
cooling water flowrate has a marginal effect (<5%); 6 

(3) Increasing the number of membrane frames will increase heat and mass transfer, thus boosting 7 
freshwater production and reducing energy consumption. However, specific permeate flux for unit 8 
membrane area becomes smaller; 9 

(4) Membrane cost and energy cost account for more than 80% of the final desalination cost, and their 10 
relative contributions are subjected to the variation of the energy price; 11 

(5) Under a high thermal energy price, a lower feed flowrate (<0.5 LPM) which leads to lower energy 12 
consumption is preferable. The optimal feed flowrate will increase to 0.7 LPM when the thermal 13 
energy price is lower than $0.003/kWh; 14 

(6) There is also an optimal value of the membrane area due to the trade-off between lower energy 15 
consumption and a higher membrane cost. The optimal numbers of membrane frames are 32, 60 16 
and 92 for single-effect, two-effect and four-effect configurations, respectively, when the energy 17 
price is high at $0.012/kWh. The values will be smaller when thermal energy with a low cost is 18 
available; 19 

(7) The two-effect configuration is more cost-effective due to its higher productivity when the thermal 20 
energy price is below $0.0012/kWh, and the four-effect configuration will dominate when the 21 
thermal price gets higher. 22 

The derived results will provide useful information for future design and operation of the V-MEMD system. 23 
The final desalination cost not only enables the decision makers to evaluate the economic viability of the 24 
system, but also helps the designers to determine the optimal values of several design and operational 25 
parameters. However, the results of the economic analysis are based on the adopted economic data, which 26 
are not universal. It is expected that the analysis will be adapted to different local conditions to better 27 
evaluate the economic viability of the V-MEMD system.     28 

 29 

Nomenclature 30 

A Area of the membrane/foil frame, m2 

Ch Mass transfer coefficient cross the membrane, s/m 

cp Specific heat, J/kg 

D Distillate flux, kg/s; diffusion coefficient, m2/s 

d Diameter, m 

H Enthalpy, J/kg 

h Heat transfer coefficient between the fluid and the frame, W/m2-K 

k Thermal conductivity of the fluid, W/m-K 

kdc Correction factor for heat/mass transfer correlation 

l Mesh size of the spacer, m 

m Flowrate of the fluid, kg/s 

M Molecular weight, g/mol 

Nu Nusselt number  
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p  Pressure, Pa 

Pr Prandtl number 

Q Heat input, J 

r Pore radius, m 

R Universal gas constant, J/mol-K 

Re  Reynolds number in the fluid channels 

Sc Schmidt number of the seawater/hot water 

sD Distillate flux for unit membrane area, kg/m2-s 

SEC Specific energy consumption of the system, J/kg 

Sh Sherwood number 

T Temperature, ℃ 

u Cross-sectional velocity of the fluid, m/s 

X Salinity of the feed seawater, kg/kg 

  
Subscripts  
ave Average 

c Condenser/condensation 

cw Cooling water stream 

eff Effect 

f Feed seawater 

fg Latent heat 

film Film 

g Gas phase  

h Hot water 

i ith effect 

in Inlet 

m Membrane; mass transfer 

N Number of effect 

o Outlet 

p Pore 

w Plastic foil wall 

  
Greek letters 

µ Dynamic viscosity, Pa-s 

δ Thickness of the membrane/film, m 

ε Porosity of the membrane; void fraction of the spacer mesh 

ρ Density of fluid, kg/m3 

τ Tortuosity of the membrane 
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