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ABSTRACT

Although many studies have been done on membrane distillation (MD) for seawater desalination and
wastewater treatment, relatively few works have been done in pilot- or full-scale plants. Accordingly,
this study intended to investigate the performance of a vacuum MD system at pilot scale. Factors
affecting MD flux were examined, including feed temperature, feed flow rate, and applied vacuum.
Results showed that the MD flux was almost linearly proportional to feed temperature and flow rate.
Moreover, the flux was also sensitive to the applied vacuum. Based on the analysis, the minimum
feed temperature and vacuum to operate the MD pilot plant were determined to be 56°C and 0.28 bar,
respectively. The flux and energy utilization ratio were analyzed as a function of feed temperature and
flow rate, indicating that the feed temperature should be over 69°C to obtain flux over 4 kg/m?*h and
the feed flow rate should be over 5.6 m*h to achieve energy utilization ratio above 0.65.
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1. Introduction

With increasing stress on freshwater resources, the use
of seawater desalination has rapidly grown for countries in
coastal areas [1-3]. Seawater desalination offers a sustain-
able way to provide freshwater supply without relying on
climate conditions and rainfall patterns [4-6]. It can be also
considered as an effective method in emergency situations
such as severe drought and accidental surface/ground water
contamination [2,7-9]. This is why the desalination market
is growing not only in Middle East regions but also in other
coastal regions [1,2].

Nevertheless, seawater desalination technologies such as
reverse osmosis, multi-stage flash, and multi-effect distilla-
tion have problems related to their high energy consumption
[3,5]. Moreover, these technologies are based on the energy
from the fossil fuels, resulting in the production of green-
house gases [3,4,6]. Accordingly, there is a need to develop
desalination technologies that can reduce the consumption of
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energy from fossil fuels [10-15]. Among various techniques,
of particular interest is membrane distillation (MD) that
can use thermal energy for desalination [14,16,17]. MD uses
hydrophobic porous membranes to separate saline water
from water vapor, which allows the removal of salts from the
feedwater [17,18]. The difference in the temperature between
the feed and distillate, which is the driving force for MD, can
be obtained using solar thermal energy or water heat from
industrial plants [18,19]. Therefore, there are possibilities that
MD can be more sustainable than other desalination technol-
ogies with increased use of renewable energy sources [20,21].

There are four representative configurations for MD mod-
ules [17,18]: direct contact membrane distillation (DCMD),
air gap membrane distillation (AGMD), vacuum membrane
distillation (VMD), and sweeping gas membrane distilla-
tion. Compared with DCMD, AGMD and VMD have higher
thermal energy efficiency due to the reduction in conductive
heat loss through the membrane. However, the water flux in
AGMD is relatively lower than those in DCMD and VMD
due to the existence of the air gap acting as additional mass
transfer resistance. In case of flat sheet membranes, all four
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types of MD modules can be considered. However, in case of
hollow fiber membranes, only DCMD and VMD can be pri-
marily considered due to their inherent restriction. Although
a few attempts were made to use hollow fiber membranes
for AGMD, they are quite complicated and difficult to use in
practical applications.

Since 1963, there have been a lot of works on MD for the
development of membrane materials, modules, processes,
theoretical models, and so on [16-34]. On the other hand, rel-
atively few studies focused on pilot- or full-scale implemen-
tations of MD, which are essential for practical applications
in industry. Therefore, the primary objective of this study
was to investigate MD in a pilot scale to understand the effect
of operation conditions on its performance such as flux and
energy utilization ratio. Hollow fiber membranes in VMD
module were used in a pilot plant with the maximum water
production capacity of 10 m?/d. The effect of feed tempera-
ture, feed flow rate, and applied vacuum were considered as
the major operation parameters.

2. Experimental
2.1. The VMD pilot plant

The VMD pilot plant was built in a project named Global
MVP supported by Ministry of Land, Infrastructure and
Transport of Korean government. The schematic diagram
of the pilot plant is shown in Fig. 1. The plant consists of
five modules arranged in the first stage and the 10 modules
arranged in the second stage. It could be operated either in
single stage or two stage modes. In the full load condition,
the pilot plant could produce water up to 10 m?/d. The mod-
ule was connected in parallel as shown in Fig. 2. The MD
modules are assembled and supplied by Econity, Korea. The
active membrane area for each module is 7.6 m?. The modules
contain hollow fiber membranes made of polyvinylidene flu-
oride. The membrane characteristics are 0.2 mm thickness
(ID: 0.8 mm, OD: 1.2 mm), 0.1 um average pore size, and 80%
porosity. The size of one module is 45 cm long and a shell
diameter of 16.3 cm. The details on the MD module are sum-
marized in Table 1.

2.2. Experimental procedures

A series of MD experiments were performed by adjust-
ing operation conditions. The feed flow rates were controlled
from 1 to 7.2 m*/h. The feed inlet temperature was regulated
from 56°C to 75°C and the vacuum was ranged from 0.15 to
0.24 bar. The feedwater was the surface water with the TDS
of 250 mg/L.
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Fig. 2. MD module array (a) photograph and (b) 3D model.
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Fig. 1. Schematic diagram for vacuum membrane distillation (VMD) pilot plant.



Y. Shin et al. / Desalination and Water Treatment 97 (2017) 1-7 3

Table 1

Properties of MD membrane module
Parameters Values
Shell diameter 0.163 m
Fiber inside diameter 0.8x10°m
Fiber outside diameter 1.2x10°m
Average pore size 0.1x10°m
Porosity 0.8
Module length 0.45m
Membrane area per module 7.6 m?

During the experiments, all experimental data were
recorded using the equipments connected to the control
system. Temperature sensors were installed close to the MD
module’s inlet and outlet streams to monitor feed and brine
temperatures. A conductivity analyzer was used to check
the conductivity of the product water, which confirmed
the 99.9% of ion rejection under all conditions in this study.
Online flow meters were used to measure feed flow rates and
product water flux.

3. Results and discussion
3.1. Effect of feed temperature

Fig. 3 shows the variation in product water flux with feed
temperature during the MD operation. The flux increases
with increasing feed temperatures since the driving force for
MD increases with an increase in the feed temperature. As
a matter of fact, a linear relationship between the feed tem-
perature and flux was observed with the maximum flux of
6.76 kg/m? h at 74.2°C. On the other hand, the flux decreased
to zero as the feed temperature was reduced lower than 56°C.
Based on these results, it is recommended that the feed tem-
perature should be at least higher than 56°C.

The minimum feed temperature required for VMD oper-
ation is related to the degree of applied vacuum. Since the
VMD needs the net difference in vapor pressure between
feed and distillate side, the vapor pressure in the feed side
should be higher than the applied vacuum. The vapor pres-
sure is calculated using the Antoine equation [18,29]:

p —exp(u a2 ]
w 17
1m +a, (1)

Po 1y 0.57357(S )

1000 -S
P @)

where p_is the vapor pressure for pure water; p_is the vapor
pressure for saline water; a,, a,, and a, are the Antoine parame-
ters, which are 23.238, 3882.89, and —42.85 K, respectively, for
pure water; and S is the salinity expressed in g/kg. According
to these equations, the feed temperature required to have the
vapor pressure of 0.15 bar is 54°C. This is why the minimum
temperature for VMD was 0.56°C, which is slightly higher
than the theoretical minimum.

Flux (kg/m°-hr)

Temperature (°C)

Fig. 3. Effect of feed temperature on MD flux (operation
conditions: feed flow rate 6 m*h and applied vacuum 0.15 bar).
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Fig. 4. Effect of feed temperature on MD flux (operation
conditions: feed flow rate 6 m*%h and applied vacuum 0.15 bar).

In Fig. 4, the flux was shown as a function of the pres-
sure difference between the feed side and the distillate side
(vacuum side). The vapor pressure for the feedwater was cal-
culated using Egs. (2) and (3). As expected, there is a linear
relationship between the vapor pressure difference and flux.

3.2. Effect of feed flow rate

Together with the feed temperature, the feed flow rate is
also one of the main operation parameters affecting the per-
formance of MD. Fig. 5 shows how the feed flow rate changes
the flux. As the feed flow rate increased, the flux increased
due to the combined effects of high shear rate and increased
thermal energy supply: first, the increase in the feed flow rate
results in a reduction in concentration polarization as well as
temperature polarization, leading to an increase in the flux.
In addition, the total thermal energy (sensible heat) supplied
to the MD module increases with increasing the feed flow
rate, thereby increasing the flux. In fact, the flow rate <3 m*/h
resulted in much lower flux (~2 kg/m? h) than the other flow
rates. It appears that the feed flow rate should be >3 m?/h per
module or 0.395 m*/h per m? of the membrane area.
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Fig. 5. Effect of feed flow rate on MD flux (operation conditions:
feed temperature 70°C and applied vacuum 0.15 bar).

3.3. Effect of applied vacuum

As mentioned above, the vacuum pressure is important
in determining the flux because the driving force for VMD is
the pressure difference between the feed vapor pressure and
the vacuum pressure. As shown in Fig. 6, the flux decreases
from 5.97 to 1.95 kg/m? h with increasing the vacuum pres-
sure from 0.15 to 0.24 bar. If the vacuum pressure is set to
0.24 bar, the minimum feed temperature should be raised up
to 64.5°C.

3.4. Effect of thermal energy supply

The amount of thermal energy supplied to an MD module
is calculated from the difference in thermal energy between
the feed and brine [18,29]:

Q.= qu,inCpr,in - qu,outhTf,out G)

where p is the water density, q,, is the feed inflow rate, g,
is the feed outflow rate, C is the heat capacity of water, Tﬁin
is the feed inlet temperature, and T’Out is the feed outlet tem-
perature. On the other hand, the thermal energy used for
water production is given by [18,29]:

Qﬂux = IwHwAm = nQin (4)

where H_ is the latent heat of water vaporization, A  is the
membrane area, ] is the distillate flux, and n is the thermal
energy utilization ratio. Accordingly, it is expected that the
flux increases with an increase in the thermal energy supply.
As shown in Fig. 7, a linear relationship between the thermal
energy supply and the flux was obtained based on the analy-
sis using the experimental results.

3.5. Flux and energy utilization ratio

In addition to the experiments shown above, a series of
experiments were carried out to reveal the effect of opera-
tion conditions such as feed flow rate and feed temperature
on flux and energy utilization ratio (n). Fig. 8(a) shows the
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Fig. 6. Effect of applied vacuum on MD flux (operation conditions:
feed flow rate 6 m*/h and feed temperature 70°C).
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Fig. 7. Correlation between thermal energy supply and MD flux.

contour for the flux under various operation conditions on
the flux. As the feed flow rate and feed temperature increase,
the flux increases as expected. However, it seems that the flux
is more sensitive to the feed temperature on the feed flow
rate. For example, the feed temperature should be higher
than 69°C to obtain the flux higher than 4 kg/m?h. Below this
temperature, it is not possible to achieve this condition by
simply increasing the flow rate.

As the feedwater passes through the MD module, a por-
tion of thermal energy is used to evaporate water and the
brine temperature decreases. Fig. 8(b) shows the contour for
the temperature drop in feed side as a function of the feed
flow rate and the temperature. In this case, both the feed tem-
perature and the feed flow rate are important. As the feed
flow rate increases and the feed temperature decreases, the
temperature drop decreases. The maximum temperature
drop was 7°C.

Fig. 9(a) shows the contour for the temperature difference
between the feed and vapor from the MD module. In an ideal
case, the vapor temperature should be identical to the average
temperature of the feed stream in the MD module. However,
due to thermal energy losses and temperature polarization,
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Fig. 8. Contours of flux and temperature drop in the MD brine
as a function of feed flow rate and feed temperature (a) flux and
(b) temperature difference between feed and brine.

it is lower than the feed temperature. As the feed flow tem-
perature increases and the feed flow rate decreases, the tem-
perature difference increases. Unlike the feed temperature
drop, however, the temperature drop between the feed and
vapor was more highly dependent on the feed temperature
than the feed flow rate. The maximum temperature differ-
ence was 14.7°C.

Finally, the thermal energy utilization ratio (n) was esti-
mated using Eq. (4) and shown as a function of the feed
temperature and feed flow rate as illustrated in Fig. 9(b). In
general, 1 increases with an increase in the feed flow rate
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Fig. 9. Contours of temperature drop in the MD steam and
thermal energy utilization as a function of feed flow rate
and feed temperature (a) temperature difference between feed
and distillate and (b) thermal energy utilization ratio.

and the temperature. However, it shows a maximum value
at the feed flow rate of 7.2 m*h and the feed temperature of
64°C. Moreover, the feed flow rate should be over 5.6 m3/h
to achieve energy utilization ratio above 0.65. This suggests
that the thermal energy efficiency for the MD module is the
highest under this condition. Of course, it does not imply the
total energy efficiency for the MD plant because the energy
in the vapor is recovered by the TVC and heat exchanger.
Nevertheless, it still implies that the changing pattern of 1
does not match that of the flux. The flux showed its maxi-
mum at the highest feed temperature and flow rate. On the
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Fig. 10. Contours of performance index as a function of feed flow
rate and feed temperature.

other hand, n showed its maximum at an intermediate tem-
perature. This may be attributed to the difference in the ther-
mal energy loss under different operation conditions.

3.6. Performance index

Since the flux and n are both important in MD opera-
tion, it is necessary to consider two factors simultaneously.
Accordingly, the performance index, which is defined as
the product of flux and v, is suggested to compare the effi-
ciency of MD operation under different conditions. Fig. 10
shows the contour for the performance index as a function
of the feed flow rate and the feed temperature. As expected,
an increase in the feed temperature and the feed flow rate
results in an increase in the performance ratio. This can be
used to explore the operation conditions to satisfy a given
condition. For example, if the performance index should be
higher than 2.0, the combinations of the feed flow rate and
the feed temperature can be found from this contour. The
feed temperature should be higher than 67.5°C at 3.0 m*h
and 66°C at 7.2 m*/h.

4. Conclusion

In this study, the performance of a VMD was investigated
in a pilot plant under various feed temperatures, feed flow
rates, and applied vacuums. The following conclusions were
drawn:

¢ The flux was linearly proportional to the feed tempera-
ture within the conditions considered in this study. The
minimum feed temperature, which was 56°C in our
pilot plant, was determined by the degree of the applied
vacuum.

® The feed flow rate was found to be also an important fac-
tor affecting the flux. Below the flow rate of 3 or 0.395 m*h
per m*> of the membrane area, the flux significantly

decreased. As the applied vacuum pressure increased,
the flux decreased. The minimum vacuum pressure at the
feed temperature of 70°C was 0.27 bar.

e Contours for flux and thermal energy utilization ratio (1)
were constructed as a function of the feed temperature
and feed flow rate. The flux increased with increasing the
temperature and the flow rate. However, n showed the max-
imum value at high flow rate and an intermediate tempera-
ture (~64°C). Based on these results, the performance index
defined as the product of the flux and n was suggested.
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