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ABSTRACT: An environmentally friendly membrane distillation crystallization (MDC) system
is proposed to treat high salinity reverse osmosis (RO) brine with zero discharge. The raw brine
from RO desalination plants is concentrated in direct contact MD to produce pure water and the
concentrate is then crystallized to produce solid salts without secondary disposal. A
comprehensive analysis on the MDC system has been performed by Aspen flowsheet simulation
with a user customized MD model, which was verified by our previous experiments. Simulation
results reveal that the total energy consumption is negligibly changed by integration of a
crystallization unit into the system, as over 97.8 % of the energy was consumed by the heater of
the MD sub-system. Higher inlet temperatures of both the feed and permeate streams in the MD
module can improve the thermal efficiency. The introduction of a heat recovery unit in the MDC
system, to recover the heat in the permeate for feed preheating, can increase the gain output ratio
(GOR) by 28 %. Moreover, it is shown that in a hollow fiber MD module, the permeate yield is a
linear function of the length-to-radius ratio of the membrane module, and a longer MD module
can reduce the specific energy consumption. A relatively high feed flow rate is preferred to avoid

the potential problem of crystal blockage in the MD module.



1. Introduction

Over the past decades, a tremendous growth in human population and industrial activities has
resulted in a significant demand for fresh and clean water. Desalination of seawater is a
widespread approach used to meet this demand, and reverse osmosis (RO) is recognized as one
of the key technologies, evidenced by the fact that RO accounted for 53 % of global desalination
production capacity by 2008 "*. However, RO has its limits. The brine stream from seawater
desalination RO plant is typically 50 % of the feed stream and double the concentration (~70 g/L
salts) with an osmotic pressure of about 50 bar. Further recovery of water by RO becomes more
difficult due to the need for increasingly high pressures. The discharge of the brine concentrate to

the ocean also imposes environmental challenges >~.

Membrane distillation (MD) is a thermally driven process, which can be used to remove water
from aqueous solutions of inorganic solutes. The operation is realized by utilizing a micro-
porous hydrophobic membrane which acts as a physical barrier separating a warm aqueous feed
solution from a cool permeate, and through which only water vapor molecules are transported.
The vapor pressure difference across the membrane serves as the driving force for the vapor
transportation, which is not significantly affected by the feed concentration °. An additional
advantage of MD systems can be achieved by using either low-grade heat such as waste heat in
power plants, or solar or geothermal energy. A solar-powered MD process provides an attractive

green solution to obtain fresh water "'°.



Nevertheless, to date only a few studies have reported treatment of highly concentrated streams
using MD technology ''"°. In these applications, MD was used to concentrate a solution by
solvent removal in vapor phase. Significant progress has been achieved when the MD concept is
used as a novel technique for crystallization, particularly for the preparation of enzyme crystals
13 Applications of the MD process have also been extended to waste water treatment '* and fruit
juice concentration '°. An integration of MD with a crystallization unit could become a potential
solution to treat high salinity brine without secondary disposal. This integration is referred to as
Membrane Distillation Crystallization (MDC) and was introduced by Drioli and coworkers 2. In
the MDC system, raw brine is first concentrated using MD to produce pure water as the
permeate; the concentrated brine is then crystallized in a crystallizer so that the entire raw brine
will be converted to fresh water and salt crystals as products. There are several challenges to be
overcome in order to develop a viable MDC process for concentrate brine treatment, which
include unacceptable energy usage and potential crystallization in the module. Selecting proper

operating conditions are crucial to prevent crystal deposition inside the membrane module '*'°,

Energy consumption is a critical performance indicator of the MDC process. Most literature
claims that high energy efficiency could be achieved by incorporating MD with crystallization
but the specific energy consumption of the MDC system has not been provided. Therefore, the
current study aims to design a MDC system and analyze the system performance for RO brine
treatment with the aid of process simulation. Process simulation is one of the most powerful tools
in modern industrial engineering and has been used by several researchers to successfully predict

and optimize the performance of the MD system '°. The focus of this work is on energy



consumption in the MDC system and the strategies to avoid module blockage due to local NaCl

crystal formation.

2. Theory

2.1 Configuration of MDC system

In this simulation study, a direct contact membrane distillation (DCMD) unit, which is the most

2122 4s used to integrate with a cooling crystallization unit. The

studied MD configuration
assumed MD module comprises 103 polyvinylidenefluoride (PVDF) hollow fiber membranes,
which have an inner diameter of 0.98 mm and a wall thickness of 0.24 mm. The membranes are
housed in a polypropylene (PP) tube with an inner diameter of 0.023 m and a length of 0.36 m.
This MD module design is similar to that reported in our previous experimental MD work . A
cooling crystallizer with an internal stirrer and a cooling jacket was assumed to operate in the
temperature range of 30-50 °C by a circulating water cooling sub-system. The simulation is
based on the MDC process diagram shown in Figure 1. The raw brine, which is simplified as the
aqueous sodium chloride (NaCl) solution with a mass fraction of 0.07 since NaCl is the main
component in the RO brine discharge and RO is typically operated with 50% recovery from
0.035 NaCl seawater, is introduced into the feed tank and combined with the residual mother
liquor. The mixed feed is first preheated through a heat exchanger and then introduced into the
MD module. In order to mitigate the temperature and concentration polarization phenomena **,
both the feed and permeate streams of MD module are re-circulated during the process. The

permeate produced by the MD module over-flows into the permeate tank and the concentrated

brine with NaCl mass fraction of 0.27 at over 60 °C is fed into the crystallizer, the temperature of



which is cooled down to 30 °C to facilitate the formation of salt crystals. Upon separation of salt
crystals, the residual mother liquor is recycled into the system by mixing it with the raw brine

stream.

2.2 Model development for MD module

The MD module is a key unit in the MDC system. In this section, a model is developed to
simulate the heat and mass transfer in the MD module, which is then used as a customized unit
for Aspen flowsheet simulation. In a well designed MD module, each section of hollow fiber
should function in a similar manner, so the heat and mass transfer in each hollow fiber can be
assumed to be the same. Hence, the following assumptions were made for simplicity: (1) the
total amount of mass transfer in the MD module is equal to the number of hollow fiber
membrane multiplied by the permeated mass of a single hollow fiber membrane; (2) the radial

distributions of temperature and concentration in the MD module are homogeneous.

In a hollow fiber membrane as shown in Figure 2(a), the hot brine 1s assumed to be fed into the
lumen and the cold water stream passes counter-currently outside the membrane (in the shell
side). The hollow fiber membrane is axially divided into N elements, and a local-averaged
temperature is used to express the local temperature in the element, if N is large enough. So, the
temperatures of the feed and permeate streams can be expressed as the discrete lumen-side and

discrete shell-side temperatures of each element, respectively.



In each element, shown in Figure 2(b), the heat transfer through the membrane consists of the
latent heat transfer accompanying vapor flux and heat conduction loss »*. If the heat transfer flux,

J, 1s expressed in the form of overall heat transfer coefficient, H, it gives

f“:m
Ju = H(Twr — Twp) = JuAhy + F(TW,F — Tw,p) (1)

where Ty and Ty p are the membrane surface temperatures in the feed and permeate sides,
respectively. Ahy is the latent heat, x,, is the membrane thermal conductivity and ¢ is the
membrane wall thickness. If the transmembrane temperature difference is below 15 K, the mass

transfer flux, Jy, can be written as

dPP
I = Cﬁ(TW,F — Tw,p) (2)

where C is the membrane distillation coefficient 6, and the gradient of vapor pressure, dP/dT, is

obtained via the Antoine equation °. Combining Egs.(1) and (2), the H is given by;

dP Ko,

The temperature polarization coefficient »° is used to indicate the differences between the bulk
temperatures and the membrane surface temperatures. Since the heat transfer fluxes through the
thermal boundary layers (hot-side and cold-side) and the membrane are identical, the

temperature polarization coefficient, 7, can be expressed as

T’, j— 7
o Twr Twp _ 1 @
Tr—Tp 1+H(L+ 1)

hg E

where Tr and Tp are the bulk temperatures of the feed and permeate streams, and /7 and /p are
the film heat transfer coefficients of the feed and permeate sides, respectively. The geometric

shape of a hollow fiber MD module is analogous to a shell and tube heat exchanger and their



heat transfer characteristics are very similar, so the film heat transfer coefficients can be
estimated by similar correlations. To correlate the film heat transfer coefficients in the lumen

(tube) side *° and shell side %', Eqs.(5) and (6) are used:

0.19Gz"* p 01
Nu = 3.66 + — lumen side 5
! 1+ 0.117G2"47 (#W) ( ) ©®)
0.14
Nu = 0.16Re"6 pr0-33 (ﬁ) (shell side) (6)
Hw

The pressure drops, AP, in the tube and shell sides of the MD module can also be correlated as

Haw

G2L e n=0 (shell sid
AP:‘][G (,u) n (shell side) o

+n—— , where ]
gpr qgp n =1 (lumen side)

where Gz, Nu, Pr and Re are Graetz number, Nusselt number, Prandtl number and Reynolds
number, respectively. L is the length of the MD module, r is the equivalent radius (i.e., inner
radius for the lumen side, and hydrodynamic radius for the shell side), and g is the acceleration
due to gravity. G is the mass flux which is equal to the product of density and velocity, i.e., G =

pu, and fis the friction coefficient, i.e., f= 16/Re, when Re < 2100 *.

When the bulk temperatures of the initial element are given, the film heat transfer coefficients
can be estimated by Eqs.(5) and (6), so the temperature difference of the membrane surface
could be obtained by Eq.(4). Once the heat and mass transfer flux in the element is computed by

Egs.(1) and (2), the bulk temperatures in the next element could be solved as

IfVFC'p,F[Tg) — Tgﬂ)] (lumen side)

, | 8
WpC,p[TH™ " — TW]  (shell side) ®)

(27T7°1NAL)JH = {

After the evolution of bulk temperatures in each element are calculated, the temperature profiles

of the MD module can be obtained by the discrete temperatures of the elements. Thus, the outlet



temperatures of the feed and permeate streams can be calculated for the MD module. The
averaged mass transfer flux of the MD module was the arithmetic mean mass transfer flux of

each element.

2.3 Aspen flowsheet simulation

The flowsheet simulation shown in Fig.1 was developed using Aspen™ One V7.2 (supplied by
Aspen Technology, Inc., US). Accurate physicochemical property correlations are prerequisite,
so the Aspen built-in electrolyte model "ELEC-NRTL" was selected by verification with data
from the literature **. The solubility of NaCl in the aqueous solution is correlated by the ELEC-
NRTL model. When the crystallizing temperature is below the saturating temperature, the
amount of precipitation is calculated by the Aspen build-in subroutines and the solid crystal of
NaCl is produced. An Aspen user customized unit model was developed to simulate the MD
module based on the model described in section 2.2, which was coded in FORTRAN language
and compiled by Intel© Visual Fortran V10 (supplied by Intel Inc., US). All other units, e.g.,
heaters, pumps and crystallizer, were created by the Aspen built-in units. In this simulation
study, different process parameters were set at a steady state condition and solved by a sequential

modular method.



3. Results and discussion

3.1 MD Model verification

The simulated MD results, obtained from the model in section 2.2, were compared with our

» where detailed description of the experiments can be found.

previous experiments
Comparisons of simulated and experimental results of the feed and permeate outlet temperatures
and permeation fluxes are presented in Figure 3. It can be seen that the simulated results are very
consistent with the experimental data. Thus, the verified MD model was used as a customized
unit for Aspen flowsheet simulation. Various process parameters, such as circulation flow rates

and inlet temperature, etc., were adjusted to investigate the performance of the MDC system,

especially the energy consumption.

3.2 Integration of MD with crystallization

In a steady-state operation, raw brine can be completely used to produce fresh water and solid
salts in the MDC system (Figure 1). Based on the material balance, the relationships between the

products and the raw material are given as;

Wp=Wg(l—Xg); Ws=WpgXg )
where W and X are the mass flow rate and the mass fraction of NaCl, respectively, and the
subscripts of B, P and § indicate the raw brine, the permeate product stream and the solid product

stream.
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There are three circulation streams in the MDC system: a feed stream, a permeate stream and a
recycle mother liquor stream. Each of them can be adjusted to make the MDC system meet the
production needs as expressed by Eq.(9). If raw brines with different concentrations need to be
recovered in the MDC system, the flow rates of the feed and permeate streams have to be
adjusted accordingly. The operation curves relating the flow rates of the feed and permeate
streams are drawn in Figure 4 for raw brines with different concentrations, Xz. When Xz is
increased, the water production is reduced if the treatment capacity of the raw brine is fixed, so

the flow rates need to be decreased accordingly.

The recycle mother liquor stream connects the MD sub-system with the crystallization. The salt
production can be expressed by Eq.(10) based on the material balance.

Ws = Wi (X1 — Xa)/(1 — Xy) (10)
where subscripts 1 and 2 indicate the inlet and outlet of the crystallization unit. The outlet
concentration (X;) can be treated as a constant value, because NaCl with a concentration of Xj is
saturated at the crystallizing temperature, which is constant in a crystallizer operated under a
steady-state condition. In steady-state operation, Wy is constant so the inlet concentration (X;) of
the crystallizer increases with a decrease in W;. A higher Xj is favorable for crystallization.
However, a high concentration of the feed stream in the MD increases the potential of crystal

blockage in the MD sub-system, and this is discussed in the next section.
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3.3 Potential of crystal blockage in MD module

The brine concentration in the MD feed is relatively high, and it could nearly reach its saturation
level. Therefore, possible crystal blockage in the MD module is a practical concern in the MDC

2. The simulated temperature and concentration profiles along the hollow fiber

system
membranes under different operating conditions are shown in Figure 5 along with NaCl

saturation concentration at different temperatures, which can be used to evaluate the risk of MD

module blockage and determine proper operating conditions to avoid the problem.

It can be seen that operation at a low feed flow rate causes a greater temperature gradient along
the hollow fiber membranes. For example, the outlet temperature of the feed stream is found to
be 74 °C at a high feed flow rate (Wz=54.8 kg/h), but it is reduced significantly to 42 °C at a
low feed flow rate operation (Wg;=3.4 kg/h). The low feed flow rate also causes a high feed
concentration, as the removed water from the feed stream needs to meet the steady-state
operation so that the same amount of water is required to be removed from the feed stream in

either low or high feed flow rates.

The gap between the local NaCl mass fraction and the saturation mass fraction is an indicator for
the potential of membrane blockage by the crystals. If the concentration in the feed side is
always far below the saturation level along the entire length of the module, the tendency of
blockage in the MD module is very low. Obviously, a high feed flow rate can help reduce the

risk of NaCl being crystallized within the module.
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3.4 Energy consumption distribution in the MDC system

The energy consumption in the MDC system is a critical index to evaluate the process
performance. In the simulation all unit processes (pumps, heater, cooler and crystallizer) are
assumed to operate as ideal cases so the required energy, which includes the thermal energy in
the heater, electricity to drive the pumps, and mechanical energy to drive the Carnot refrigerated
cycle to produce the required cooling duties for the cooler and crystallizer, would be at its lowest
limit. Various process parameters, such as flow rates, inlet temperatures, etc., can affect the
energy consumption. As reported in the literature *°, high feed and permeate flow rates have little
effect on the permeate flux enhancement, but the permeation flux increases monotonically with
the inlet temperature of the feed stream. This suggests that the inlet temperature has a significant
influence on the specific energy consumption in the MDC system. Thus, energy consumption

analysis was performed by varying the inlet temperatures of the feed and permeate streams.

Figure 6 shows that the energy consumption of the crystallization sub-system is less than 0.5 %
of the total energy consumption of the MDC system. This suggests that the crystallization unit
has negligible influence on the total energy consumption of the MDC system. Moreover, it is
found that over 97.8 % of energy needed in the MDC system is consumed by the heater (Figure
7). It can be reduced if the inlet temperature of the feed is high and the inlet temperature of the
permeate is low. The benefit from the higher feed temperature comes from a lower contribution
to overall heat transfer by conductive heat loss through the membrane; this is discussed further in

3.5.2.

13



In the MD process, water removal is a three step process: evaporation at the feed-side surface of
the membrane, vapor transport across the membrane followed by the condensation at the
permeate-side surface of the membrane. The high heat energy requirement is mainly caused by
the amount of heat energy input to evaporate the water, i.e., the latent heat, which is usually
much larger than the energy needed for pumping fluid. A further discussion on various strategies

to enhance energy utilization is provided in the next section.

3.5 Methods for enhancing energy utilization

As discussed in section 3.4, the heater accounts for the largest portion of energy consumption in
the MDC system. The improvement of heat utilization can enhance energy efficiency. This can
be achieved by optimizing the process parameters and adopting heat recovery techniques. In
addition, the geometric parameters of the MD module can be optimized to increase the permeate

flux, thereby reducing the specific energy consumption.

3.5.1 Effect of permeation yield in MD

In the MD process, a permeation yield, y, is defined as the ratio of the transmembrane mass flow
rate (W,) to the feed mass flow rate (Wx;). The permeation yield relates to the mass flux Jy, and
the geometric characteristics of the MD module as follows:

Wo 2LJy

= — = 11
Whry r G b

Y

Figure 8 shows the simulation result of permeation flux as a function of feed mass flux. A very

linear relationship between simulated J,/G and y with zero intercept can be observed. These

14



results are consistent with the above analysis and reconfirmed the validity of the simulation
approach. The permeation yield can be used as a performance indicator of the membrane
separation process. A higher permeation yield would result in a greater permeate product with

the same amount of the feed so the specific energy consumption can be reduced.

A large-scale raw brine treatment usually needs multiple MD modules. As shown in Eq.(11) a
large L/r ratio can increase the permeation yield. Therefore, MD elements connected in series
would have better performance compared to the parallel configuration. However, if L/r ratio is
too large, the pressure drop would increase, leading to higher power consumption for pumping.
In addition, the average permeate flux would decrease with longer MD modules as driving forces
diminish *. Hence, there will be a trade-off between energy efficiency and capital plus operating

costs.

3.5.2 Effect of thermal efficiency

Most of the energy input in the MDC system is used to supply heat in the MD process. In reality,
only a portion of the heat is used to produce the permeate. Thermal efficiency, #, is the ratio of
vaporization heat required to produce the permeate to the total heat transfer *°. As seen from
Eq.(1), the heat transfer across the membrane consists of two parts: the effective heat of
evaporation and heat loss due to conduction across the membrane. High thermal efficiency of the
system means low heat loss that can improve the energy utilization. Thermal efficiency is a
function of membrane temperature if the membrane distillation coefficient and thermal

conductivity of the membrane are assumed to be constant, as shown in Eq.(12)

15
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" (12)

1+ i
oC apr
(Ahv 4T )Tﬂf

where T, is defined as the mean of the membrane wall temperatures in the feed and permeate
sides. The relation between the thermal efficiency and membrane temperature can be seen in
Figure 9, where the thermal efficiency increases with an increase in membrane temperature. It

suggests that operating MD at a high temperature is preferable.

3.5.3 Effect of heat recovery and Gain output ratio (GOR)

Heat recovery is commonly used to increase the energy efficiency. In the MD process, the heat in
the feed stream is transferred to the permeate side through the condensation of permeating vapor
and thermal conduction. So a heat recovery unit is introduced to preheat the feed stream by the

permeate stream, as shown in Figure 1.

Gain output ratio (GOR) is a parameter widely used to indicate the energy efficiency in
evaporation process > *°. There are two outputs in the MDC system, i.e., pure water and solid
salts. The GOR calculation in the MDC system is similar to that in the MD system except that
the overall energy input is the energy consumption of MD system supplemented by the energy

consumption of the crystallization unit.
The GOR in the MDC system without a heat recovery unit is given in Figure 10. The GOR

values at various inlet temperatures are in the range of 0.545-0.615. This means that 1.6-1.8 kg

of dry saturated steam is required to produce 1 kg of water permeate. Because MD without heat

16



recovery process has the same thermal nature as a single-stage flash distillation, the energy
efficiency of both systems is comparable. The thermal efficiency of a single-stage flash
distillation is usually about 0.656 for the feed’s temperature drop of 20 °C and vapor-to-liquid

temperature difference of 10 °C ?°, so the GOR values of 0.545-0.615 are reasonable.

Figure 10 also shows that increase in the inlet temperatures of both the feed and permeate
streams results in an increase of the GOR value, but the effect of the feed inlet temperature is
more significant than that of the permeate inlet temperature. Raised inlet temperatures of both
streams can lead to relatively high temperatures on both membrane surfaces. As shown in Figure
8, a higher membrane temperature would increase the thermal efficiency, thus operating MD

under elevated inlet temperatures is preferred.

The use of a heat recovery system could reduce the workloads of the heater and cooler, hence
improving the overall energy efficiency. The GOR in the MDC with a heat recovery unit is
presented in Figure 11. With a heat recovery unit, the GOR value increased to 0.575-0.785,
which is about 28 % maximum increase in the GOR. Because the inlet conditions of the MD
module with the heat recovery unit are the same as those without the heat recovery unit, it is
anticipated that the MD module would have a similar performance and the GOR would follow a
similar trend that higher GOR values would be obtained at higher inlet temperatures. Therefore,
the installation of a heat recovery unit could reduce more than 20 % of the energy consumption,

with an increase in the capital cost.
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2530 1n those

Significantly higher GOR values can be found in the literature for MD systems
cases, extremely long membranes (several meters of membrane length) or low feed-side flow
rates (Reynolds number was about 60) were applied. These two conditions seem to be unsuitable
for the MDC system, as they have the potential of causing crystal blockage as discussed in
section 3.3. If waste heat is available, over 90 % of the energy consumed in the MDC system can
be provided, and the main electrical energy would be consumed in the pumps. Another strategy
may be to use multiple effect vacuum MD, but great care would be needed to avoid module
blockage. Alternatively a two stage MD could be used with a higher GOR option taking brine

from 0.07 to, say, 0.25 mass fraction and the MDC approach described here using that as feed.

The trade off is that the two stage MD could involve greater capital expenditure.

4. Conclusions

A steady state MDC system has been simulated to treat high salinity brine with zero discharge.
RO brine with NaCl mass fraction of 0.07 would be concentrated by a hollow fiber DCMD
module, and the concentrated stream would then be introduced to a cooling crystallizer to
produce salt crystals. A comprehensive analysis on the MDC system has been performed using
Aspen flowsheet simulation with a verified user customized MD model to determine the
distribution of energy consumption, optimize operating conditions to avoid the crystal blockage

in MD module and propose several strategies to enhance energy utilization.

e The addition of a crystallization unit into the MD system has little effect on the total energy

consumption of the system. The proportion of energy consumption of the crystallization sub-
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system 1is less than 0.5 % of the MDC system. Over 97.8 % of the total energy consumption

is spent in the heater.

The GOR is used to evaluate the energy efficiency in the MDC system. In this study, the
highest GOR is 0.615, which is comparable to the thermal efficiency of a single stage flash

distillation system.

As most of energy input is consumed in the form of heating, the enhancement of thermal
efficiency and the use of a heat recovery system can improve the energy utilization.
Membrane temperature is shown to have a positive effect on the thermal efficiency, so high
inlet temperatures of the MD module are favorable to reduce the energy consumption. A
heat recovery unit, that recovers the heat in the permeate for feed preheating, can increase

the GOR value by 28% (maximum).

In a hollow fiber DCMD module, it is shown that the permeate yield is a linear function of
the length-to-radius ratio (L/r) of the membrane module. A large L/r ratio can increase the
permeation yield and reduce the specific energy consumption in the MDC, implying that

MD modules connected in series are preferable to the in parallel configuration.

A low feed flow rate in the MD module increases the risk of module blockage by NaCl
crystals due to the large temperature drop and increased salt concentration along the module.
Thus a high feed flow rate is preferred to avoid the potential problem of crystal blockage in

the MD module.
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NOMENCLATURE
C Membrane distillation coefficient, kg m™ Pa™ s™
Cp Heat capacity, J kg K!
f Friction coefficient
g Gravity accelerator, m s™

G Mass flux, kg m™s™

20



Gz

Ju

Ju

Nu

Pr

Re

Ty

Graetz number

Film heat transfer coefficient, W m?2 K
Overall heat transfer coefficient, W m™ K'!
Heat transfer flux, W m>

Mass transfer flux, kg m? s

Length of membrane, m

Option integer, used in Eq. (7)

Number of hollow fiber membranes
Nusselt number

Pressure, Pa

Prandtl number

Radius of hollow fiber membrane
Reynolds number

Bulk temperature

Membrane surface temperature, K
Velocity of fluid, m s

Mass flow rate, kg s
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X Mass fraction of NaCl

y Permeation yield

Ahy  Latent heat, J kg'1

Greek letters

0 Thickness of membrane, m

n Thermal efficiency

K Thermal conductivity, W m™ K!
U Viscosity, Pa s

p Density, kg m™

T Temperature polarization coefficient
Subscripts

1 Inlet mother liquor stream of crystallization
2 Recycle mother liquor stream

B Raw brine

F Feed stream

P Permeate stream

m Membrane



RI

R2

Feed-side circulation stream

Permeate-side circulation stream

Solid salt

Membrane surface
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Figure 7: Proportion of energy consumption for the heater in the MDC system

34



0 200 400 600 800 1000 1200
40 I \J I L) l L) l Ll l L ' L)
L - ) | 3 H
- |
30 | - .
[m]
< - @ .
=
g 20} Y
1))
& £
= i & |
~ o
it
0F m -
[}
L o -
|
0
0.04 -
0.03 -
-,
0.02 -
0.01 |- =
0.00 1 | 1 | 1 | 1 | 1 | 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
/G

Figure 8: Permeation yield vs. the ratio of permeation flux to feed mass flux

35



0.9

0.8 -
0.7 -
o~ 0.6 -
0.5 +
PVDF hollow fiber tube
] Permeability: 3.8x10” (kg Pa’ m”s™)
0.4 5 Thermal conductivity: 0.066 (W m' K
4 Thickness: 0.024x10” (m)
0.3 | ' | ' T ' | ' T ' |
30 40 50 60 70 80
T, (°C)

Figure 9: Thermal efficiency vs. membrane temperature in the MD module



Figure 10: Energy efficiency (GOR) in MDC without heat recovery unit
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