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ABSTRACT

Pressure-assisted forward osmosis (PAFO) operations were conducted using a pilot system under
additional hydraulic pressures ranging from 0 to 4 bar (applied to the feed side) in order to evaluate
the effect of feed hydraulic pressure of an 8040 spiral-wound forward osmosis membrane element.
The changes in water flux, dilution ratio and pressure build-up in draw stream are mainly observed.
The results show a water flux up to 78 L/m*h (LMH) compared with conventional forward osmosis
along with a higher dilution ratio of around 72.5% in the draw stream. This study also identified a
drawback of the usage of spiral-wound membrane element on PAFO configuration due to the pressure
build-up in the draw stream that reaches up to 4.4 bar which is caused by draw channel contraction
when additional feed hydraulic pressure is applied. The pressure build-up also resulted in a higher
energy consumption under higher additional pressure because of the need of additional energy input
for the draw channel to be maintained in its original dimensions. The cause of the pressure drop is also
observed in this study by analyzing the friction factors.

Keywords: Pressure-assisted forward osmosis (PAFO); Spiral-wound FO; Draw channel contraction;

Pressure loss; Energy consumption

1. Introduction

Forward osmosis (FO) as an emerging membrane tech-
nology has gained much attention for the past decades and
there have been many improvements in the academic world
and in the industrial field. It has been suggested as a novel
desalination technology to replace existing seawater reverse
osmosis (SWRO) process [1-4]. The implementation of FO
process also has been tested for wastewater treatment and
relevant studies have been increasing steadily in treating
synthetic domestic wastewater and municipal wastewater
effluents [5-9].

FO is a natural phenomenon which utilizes osmotic
pressure as the main driving force. It draws the water mol-
ecules from the feed stream across the semipermeable
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membrane to the draw stream of a higher concentration.
Since the driving force is naturally created due to the osmotic
pressure difference, FO gives advantages over hydraulic
pressure—driven membrane technology such as lower fouling
propensity and lower energy consumption [10-12].

With its beneficial usage and potential application, FO is
still facing many challenges due to its limitations. The first
limitation that prevents application of FO as an indepen-
dent process or a stand-alone system is the phenomenon of
concentration polarization (CP) which reduces the osmotic
pressure difference across the membrane causing a lower
water productivity [13]. The second limitation is developing
a suitable draw solution that can generate high osmotic pres-
sure to produce high water flux for water production and
its reconcentration and recovery. Currently, the separation
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and recovery of the draw solution requires an additional
process which resulted in additional energy consumption,
therefore still remains a significant challenge for water
production especially for drinking water applications. It is
urgently needed to find the appropriate draw solutions and
a breakthrough on molecular design for a high performance
FO membrane [14,15].

Pressure-assisted forward osmosis (PAFO) is considered
a promising alternative to overcome the limitations of FO. In
PAFO, hydraulic pressure on the feed side acts as additional
driving force for water transport along with the osmotic
pressure, resulting in enhanced water flux and reduced
reverse salt flux. PAFO mainly aims to improve the water
permeation by pressurizing the feed and overall efficiency of
the system, thereby potentially reducing capital expenditure
of the FO process [13,16].

In previous studies, fouling was found to be a problem due
to the additional hydraulic pressure in PAFO which leads to
severer fouling and compacted cake layer formed compared
with FO. However, the suggested osmotic backwashing with
subsequent water flushing was proven to be effective to clean
the membrane [16,17]. Another study also verified this phe-
nomena showing that the water flux increased linearly with
the increase of additional feed hydraulic pressure and lower
reverse solute flux due to the water transport originated from
the additional feed hydraulic pressure [13]. This shows clear
potential of PAFO in engineered osmosis process applications.

Studies on FO processes have been conducted in lab-scale
utilizing FO flat sheet membrane coupon and also in
pilot-scale utilizing FO spiral-wound modules [18-21]. On the
other hand, studies on PAFO have been limited in lab-scale
tests and there is not many publications regarding PAFO
performance analysis application on a pilot test scale [22-24].
Apparently data produced by lab-scale cannot be directly
applied on a large-scale application due to differences in
terms of configuration and flow path distances between flat
sheet coupons and spiral-wound membrane elements [24,25].
Therefore, PAFO studies in pilot-scale is urgently needed to
foresee the potential of PAFO process on a large scale espe-
cially on the improvement of the interaction between mass
transport produced and water flux. These two factors are very
much affected by characterization and design of the spacers
within the feed and draw channel spacers based on angles,
mesh size, thickness, strand size and void space. The flow
path and direction due to the characteristic of the spacer will
affect the friction factor within the channel. Until now, little
was known about these phenomena on FO and PAFO [26].

Hybrid desalination of two or more water separation
processes has been suggested to overcome the drawbacks
of the existing desalination technologies. The PAFO-RO
hybrid process has been suggested to reduce the energy
consumption in desalination plants [27,28]. The PAFO
process functions as a pretreatment followed by RO in this
scheme by diluting the seawater with impaired water sources
and transporting the diluted seawater to the following RO
process to lower the energy consumption and improve the
overall plant cost effectiveness.

This study aims two specific objectives: (1) observation on
the effects of feed hydraulic pressure on 8040 FO spiral wound
membrane element on pilot-scale tests and (2) phenome-
nological investigation of the occurrence of draw channel

contraction due to feed hydraulic pressure considering feed
hydraulic pressure with initial feed and draw flowrates
as major independent variables without circulating draw
streams. The resulting pressure build-up and pressure-drop
patterns were analyzed to have a better understanding on the
current drawbacks of the FO membrane element. This study
is devoted to offer practically applicable findings focusing on
energy aspects for practical field applications of PAFO using
the 8-inch FO membrane element.

2. Materials and methods
2.1. Spiral-wound FO membrane element and PAFO pilot system

An 8-inch spiral-wound CSM RE8040-FO membrane
element (Toray Chemical Korea, Inc., Korea) was employed
throughout the tests. The membrane element contains
12 polyamide thin-film composite (PA-TFC) membrane
leaves with a total effective membrane area of 15.3 m? Under
standard test condition specified by the manufacturer, water
permeation using this membrane element was 35 LMH using
DI water for feed and 1 M NaCl for draw. The flow patterns
and the characteristics of the spiral wound membrane are
shown in Fig. 1(a). The core tube is divided into two parts
to direct the draw solution from the draw inlet through
the membrane leaf and with the help of the glue lines, they
guided the draw solution to the draw stream outlet. The
glue line has a function to attach two layer of membrane leaf
together where the draw solution flows in between them.

For this study, a single module FO pilot system was used
to conduct each experiment. The system consists of FO mem-
brane module, hydraulic pump, flow meter, conductivity
meter, pressure valve and temperature regulator. Fig. 1(b)
illustrates the single module PAFO pilot testing system. To
minimize the effect of hydraulic pressure within the element
on the membrane performance, the pressure difference (AP)
between the feed outlet and the draw inlet was maintained at
0.21 +0.01 bar to ensure stable and safe PAFO operation that
such minor pressure on the feed side prevents membrane
leaves from rupturing of the glue lines. The desired AP was
maintained by adjusting the bypass and pressure control
valves.

The feed stream was circulated throughout the experi-
ment and the feed tank is constantly drained and refilled to
maintain the initial feed concentrations in the feed tank. On
the contrary, the draw streams were not circulated and the
diluted draw streams were collected in the diluted draw tank
to maintain the initial draw concentration. Average water flux
(J, ..o LMH) of the element was computed by incorporating
effective membrane area and the flowrates at the inlet and
outlet of the draw channel; the flowrates were automatically
recorded every minute. The ] calculated using Eq. (1):

w,ave

QD 2 QD i
]wrave — ,ou ,in x 60 1
Aeff ( )

Qp oy in Eq. (1) is the flowrate (L/min) at the draw outlet
while Q. is the flowrate (L/min) at the draw inlet and A, is
the effective membrane area (i.e., 15.3 m?) of the membrane
element.
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Fig. 1. (a) Flow patterns and characteristics of spiral-wound FO membrane element and (b) schematic of the single module FO pilot

testing system.

2.2. Experimental phase

Each set of experiment in this study was separated into
three phases as described in Table 1. The first phase was
when the pilot system was adjusted on FO mode, meaning
pressure difference between feed and draw stream was 0 bar
and at the desired feed and draw flowrate condition. The
second phase was when only the feed stream controller was
adjusted by increasing the feed hydraulic pressure to achieve
the desired pressure difference between feed pressure and
the draw pressure, meanwhile the draw stream control is
untouched. The reason for it was to observe the effect of
feed hydraulic pressure increases towards the draw stream
condition, the changes within the draw flowrate and draw
pressures for instance. The third phase was adjusting both
feed and draw stream condition to achieve full PAFO mode,
meaning the feed pressure and draw pressure difference was

either 1, 2, 3 or 4 bar and at the desired feed and flowrate
condition.

Initial feed flowrates (i.e., Q,,) were 50, 60 and 70 L/min
and initial draw flowrates (i.e., Q) were 5, 6 and 7 L/min.
Dilution ratio, DR, was obtained using Eq. (2) to see the
degree of dilution compared with the initial draw solution
concentration (i.e., seawater concentration = 35 g/L).

DR (%) = (1

_ Diluted draw concentration J <100

@)

Seawater concentration

Initial feed solution was tap water with concentration
of 200 mg/L to represent the TDS of secondary wastewater
effluent and initial draw solution was 35 g/L NaCl (99.5%
purity, OCI Company Co., Ltd., Korea) solution. All tests
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were conducted at temperature of 25°C + 1°C for both feed
and draw stream. The operating conditions are summarized
in Table 2.

3. Results and discussion

3.1. Impact of operating conditions on performance
of CSM RE8040-FO membrane element

3.1.1. Average water flux (]

w, ave

The flux behavior under different pressure and flowrate
was evaluated by operating the system at different feed flow-
rates: 50, 60 and 70 L/min and different draw flowrates: 5,
6 and 7 L/min. The operating condition was also evaluated
based on the pressure difference (AP) between the feed outlet
and the draw inlet at 1, 2, 3 and 4 bar.

The experiment during FO mode was only able to reach
29.38 LMH of averaged water flux, J . . under the highest
feed flowrate and draw flowrate which were 70 and 7 L/min,
respectively. However, on PAFO mode when additional
hydraulic pressure was applied, the water flux increased up
to 78.14 LMH which exceed double the | _ of the FO mode
operation. Such higher | of PAFO occurs at the highest
condition of AP feed and draw flowrates (i.e., flowrate and
draw flowrate was 70 and 7 L/min with 4 bar additional feed
hydraulic pressure).

Fig. 2 indicates that there can be seen a linear increase
within ] _  as additional feed hydraulic pressure was
increased. Each time additional feed hydraulic pressure

Table 1
Experimental phases

increased from one pressure condition to another, there
can be seen an in J _ enhancement ranging from 7 up to
15 LMH. These experiments confirmed the influence of addi-
tional feed hydraulic pressure on water flux as discussed in
previous studies [16,29,30].

It was also observed that the feed flowrates have an effect
on the increase in water flux. As feed flowrate increases, the
water flux increases as well. In FO theory, the internal con-
centration polarization takes place in the porous support
layer, meanwhile the external concentration polarization
(ECP) occurs on the inter-phase between the rejection layer
and surrounding solutions. When flowrate increases, the
cross-flow velocity associated with shear force imposed on
the membrane surface increased which resulted in the mit-
igation of ECP, thereby leading to improvement of mass
transfer coefficient.

Another reason for the increase in feed flowrate is the
spacer configuration. A coarse diamond-shaped spacer is
placed in the feed channel of the membrane element. The
coarse feed spacer helps create the turbulent flow which then
improves the shear stress on the membrane surface where it
reduces the effect of ECP. Further discussion regarding the
effect of draw flowrate is given in the following section in
association with the draw stream dilution.

3.1.2. Dilution ratio

Better dilution of draw solution in PAFO process is in
direct correspondence with higher J . As shown in Fig. 3,
PAFO mode resulted in a lower concentration in the draw

Phase 1 Phase 2

Phase 3

FO mode (AP =0 bar)
Qpeeq =50, 60, 70 L/min
Q=567 L/min

Increased feed hydraulic pressure (AP =1,2,3,4 bar)
Draw system controller unchanged/untouched

PAFO mode (AP =1,2,3,4 bar)
Q,..q = Normalized
Q4o = NOrmalized

Table 2
Operating conditions for PAFO pilot system test

Operational factors

Description

Note

Membrane element

CSM RE8040-FO

Toray Chemical Korea Inc.

Effective membrane area 15.3 m?

Initial solutions Feed Tap water (1,000 L) 200 mg/L
Draw 0.6 M NaCl (500 L) 35,000 mg/L
Stock 5M NaCl (282 L)

Flowrates Feed 50, 60, 70 L/min
Draw 56,7 L/min

Temperature Feed 25°C *1
Draw 25°C *1

Pressure 0,1,2,3,4 bar

Pressure difference, AP +0.1 AP = feed outlet pressure — draw inlet pressure

Operation time 30 min
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Fig. 2. Averaged water flux under different additional feed hydraulic pressure and varying Q, = when Q, , is (a) 50, (b) 60 and

(¢) 70 L/min.

stream outlet compared with the FO mode. It also shows that,
at a lower draw flowrate, a much higher dilution was achiev-
able compared with the condition of a higher draw flowrate.
This is mainly due to, at a lower draw flowrate, the volume
of draw stream that was required to be diluted was lower
compared with the higher draw flowrate.

During phase 1 (i.e., AP =0 bar), increase of feed flowrate
positively affected the draw stream dilution but the increase
of draw flowrate had a negative impact. This negative impact
was originated from the decrease of retention time of the
initial draw body as the draw flowrate increased. On the con-
trary, during phase 3 (i.e., AP = 1-4 bar), this negative impact
was mitigated as feed flowrate increased. Compared with
FO, which was only able to produce draw stream with a con-
centration of 16.523 mg/L, PAFO mode was much superior
where it was able to produce draw stream with a concentra-
tion as low as 9.537 mg/L. This means that FO was only able
to achieve around 50% of dilution ratio compared with PAFO
which surpasses 70% of dilution ratio.

The capability of PAFO to surpass FO by over 20% in
terms of dilution ratio is beneficial in the future prospect of
hybrid desalination process such as PAFO-RO hybrid pro-
cess, since the draw stream product in PAFO will be utilized
as the feed stream for RO in the hybrid scheme. The diluted
seawater with lower osmotic pressure could reduce the
energy consumption that is required to produce a unit vol-
ume of product water compared stand-alone SWRO process
due to the lower operating pressure [10,28-31].

3.2. Impact of hydraulic pressure on draw channel contraction

3.2.1. Decrease in draw stream flowrate and draw pressure
build-up due to draw channel contraction

When increasing the feed hydraulic pressure (i.e., phase
shift from phase 1 to phase 2) without controlling the draw
side (i.e., draw flowrate and pressure become dependent
variables), the draw flowrate was significantly reduced from
its initial values. In some condition, it declined to a point
where no draw stream outflow was observed.

At a higher initial draw flowrate condition, draw stream
was still able to flow through but as the pressure increases the
draw flowrate decreased. As shown in Fig. 4 at a condition
of feed flowrate of 50 L/min with draw flowrate of 5 L/min
under AP = 4 bar, the draw stream flowrate was 0 L/min.
Similar observations were made when feed flowrates were 60
and 70 L/min, yet to lower degree. Draw channel contraction
was mitigated with increasing feed flowrate.

The draw flowrate decline during phase 2 was mainly
attributed to the increase of pressure applied on the feed side
which caused a contraction of the draw channel which is illus-
trated in Fig. 5(b). When the operating condition was at phase
1 (FO mode) (i.e., Fig. 5(a)), the system was adjusted to where
the pressure on draw stream was enough to flow through the
draw channel. However, when the pressure was increased
in the feed during phase 2, the draw stream does not have
enough pressure to withstand the pressure from the feed
which then caused the draw channel to be contracted as the
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Fig. 3. Diluted draw concentration in the draw outlet (i.e., (a), (c) and (e)) and dilution ratio (i.e., (b), (d) and (f)) when Q, , is 50, (b) 60

and (c) 70 L/min.

pressure builds up in the draw inlet. Also, more significant
draw flowrate decline occurred at lower initial draw flow-
rate when Q,__, was 50 L/min. The reason is, when applying
low draw flowrate, it requires lower amount of pressure for
the draw stream to pass through. Thus, when the draw chan-
nel contracted, the draw stream was not able to withstand
the pressure from the feed and was not able to flow through
the membrane leaf. Therefore, the membrane element lost
its capability to flow the initial draw flowrate. Nevertheless,
such effect can be reduced by increasing initial feed flowrate.

Flowrate conditions have a significant impact on the pres-
sure. During phase 3, with the increase of desired flowrate con-
dition, either on the feed side or draw side, the pressure that is
required to achieve the desired flowrate increases accordingly.

Pressure build-up in the draw inlet is presented in Fig. 6.
It explains the amount of increase in term of pressure that
occurs in the draw inlet due to the increase of hydraulic pres-
sure difference (AP) between the feed and the draw channel
under variation of feed and draw flowrate.

With the increase of hydraulic pressure and flowrate,
the pressure linearly increased. Pressure build-up
increased within the ranges from 0.5 up to 4.14 bar in the
draw inlet. It was assumed that the spacer configuration
within the draw stream also affects the draw channel
contraction. The draw channel is occupied by one coarse
spacer (average thickness of 600 um) and two fine spacers
(average thickness of 210 um) enveloping the coarse
spacer.
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When adjusting from phase 2 to phase 3, due to the
draw channel contraction, the pressure in the draw inlet
significantly increased to comply with the capability of
withstanding the pressure from the feed and accommodating
the initial draw flowrates. During phase 3 (i.e., after the
decline of draw flowrate that occurs in phase 2), when
increasing the draw flowrate to the initial condition, the
draw inlet pressure increased as illustrated in Fig. 5(c). This
becomes a burden for the membrane element, because there is
an increase of pressure in the draw stream, the feed pressure
needed to be adjusted and increased to reach the desired
pressure difference during PAFO. Thus, it will have an effect
on the life-span of the element and the energy requirement.
This will be further elaborated in the following sections.

3.2.2. Pressure drop associated with friction factor

Throughout the experiments, we observed significant
pressure drops in the draw channel. With the increase of
pressure build-up, it affected the amount of pressure drops
that occurs. The summary of draw pressure drop is presented
in Fig. 7. The pressure drop developed severely in the draw
channel compared with the pressure drop that occurs in the
feed stream. In the feed stream the pressure drops ranges
only from 0.02 up to 0.06 bar. Meanwhile, the pressure
drop within the draw stream ranges from 0.81 bar which
was at the lowest experimental condition in the experiment
(Qpeeg 90 L/min, Q, 5 L/min, AP =1 bar) up to 5.41 bar at its
highest experimental condition (Q, ., 70 L/min, Q, 7 L/min,
AP =4 bar).

To get a better understanding behind the cause of the
pressure drop, we used the Darcy-Weisbach equation which
explains the phenomena of headloss or pressure loss due to
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friction. More specifically, we employed the equation to find
the Darcy friction factor (f,) that causes the pressure drop
which occurs in the draw channel. Solving the Darcy friction
factor can be conducted by modifying Darcy-Weisbach
equation shown as follow:

_ 8gSA?

=55

®)

where g is the acceleration due to gravity, A is the cross
section area of the draw channel excluding the overall cross
section area of the spacers, Q is the flowrate within the draw
channel, P is the wetted parameter of the draw channel
excluding the overall circumferences of the cross section of
the spacers within the draw channel, whereas the head loss
per length S can be found by using the following equation:

S=—=—— (4)

where g is the density of seawater, acceleration gravity g, and
length L are known, whereas the pressure loss AP (i.e., draw
pressure drop) can be found from the experimental results.
The friction factor can be clearly seen to be significantly
affected by the experimental conditions and the results are
presented in Fig. 7. The results show that the friction factor
ranges from 0.13 at the lowest operating condition and up to
0.47 at its highest operating condition. This implies that the
experimental conditions have an effect on the friction factors

which resulted in increase of pressure drop within the draw
channel.

By using Eq. (3), we can observe the other variables
that affect the friction factor to cause the pressure drops
besides the experimental condition. We can see that the
area and wetted parameter of the draw channel plays a role
in the increase in friction factor. The area can be found by
measuring the channel depth of the draw channel with the
length of the draw channel, while the parameter can be found
by measuring the wetted parameter of the draw channel. This
means that if we could modify the channel depth of the draw
stream, it has the potential to lower the friction that occurs in
the draw stream which can lower the pressure drop within
the draw channel. To modify the channel depth of the draw
stream, this could be done by making some modifications in
the design and configuration of the draw stream spacers or
combinations of draw spacers to guarantee a sufficient draw
channel depth for the draw stream to pass through with the
minimal friction loss.

3.3. Impact of draw channel contraction on energy consumption

The pressure condition of each operating condition is
very much related with energy consumption of the feed and
draw pumps. Increases in flowrate and pressure resulted in
an increase in pump workload and consequently, energy
consumption. When additional feed hydraulic pressure is
applied, the draw stream flowrate declined. Therefore, to
adjust the draw stream flowrate towards its initial condi-
tion, an increase of pressure is required which resulted in an
increase on draw pump workload. When there is an increase



M.A. Hidayat et al. / Desalination and Water Treatment 109 (2018) 17-27 25

a) Qgraw 5 Limin
B -
551 ap
g 4 +1bar
S 2b
e u2 bar
5 31
ﬂ ) X 3 bar
£ x
S - [ n <4 bar
E1 . . .
0 T T T |
40 50 60 70 80
Feed Flowrate, Qraey (L/min)
C) Qyraw 6 Limin
E .
i 5 aP
? 4 X +1bar
[=] X
23 u2 bar
£ 3
E ) ] X - u 3 bar
= ] . ¢ <4 bar
I 4
5 .
0 T T T 1
40 50 60 70 80
Feed Flowrate, Qreq (L/min)
e) Qyraw 7 Limin
8 .
— 4
55 ap
X
g 4 +1bar
a
@ 3 X | ] m2 bar
§ | . ¢ 3 bar
= 2 4 *
S [ %4 bar
= <
5 .
0 T T T 1
40 50 60 70 80

Feed Flowrate, Qraey (L/min)

b) Qgraw 5 Limin
06 -
05 1 AP
l.g. 04 +1bar
"
L m2 bar
s 0.3 x x b
= x ar
2 g2 ] - = n
i . * * =4 bar
0.1
0.0 T T T |
40 50 60 70 80
Feed Flowrate, Qraey (L/min)
d) Qyraw 6 Limin
06 1
05 AP
£ 04 x +1bar
"
w m2 bar
50 X s . 3 bar
*
2 021 m ¢ “
«4 bar
*
014
0.0 T T T d
40 50 60 70 80
Feed Flowrate, Qrag (L/min)
) Qyraw 7 Limin
06 -
05 A % AP
s" 04 x +1bar
"
'-l=- 03 | x & ’ m2 bar
_ﬁg * 3 bar
= 02 "
w x4 bar
01 ¢
0.0 T T T !
40 50 60 70 80

Feed Flowrate, Qray (L/min)

Fig. 7. Pressure drop in the draw channel (i.e., (a), (c) and (e)) and associated friction factors (i.e., (b), (d) and (f)) within the draw

channel when Q, 'is 5, 6 and 7 L/min.

in draw pressure, feed stream pressure adjustment is also
required to achieve the desired pressure condition since it
adds additional workload on feed pump.

Energy consumption was obtained by automatic
recording by the data acquisition system where it monitors
the power of our feed pump. The feed pump has the
efficiency of IE3 91.2% while the draw pump has the
efficiency of IE3 80.7%. Fig. 8 shows the energy consumption
during operating condition of FO mode (phase 1) and PAFO
mode (phase 3). The results show the increase in energy
consumption even during FO mode as the feed and draw
flowrates increase. The recorded energy consumptions were
0.09, 0.105 and 0.135 kWh at feed flowrate of 50, 60 and
70 L/min, respectively. In PAFO mode, when the pressure is

much higher than FO mode, it ranges from 0.135 kWh at the
lowest flowrate and pressure difference up to 0.750 kWh at
the highest flowrate and pressure difference.

4, Conclusions

The impact of feed hydraulic pressure on spiral-wound
FO membrane element was discussed in this study, utiliz-
ing a spiral-wound 8040 PA-TFC FO element under PAFO
condition in pilot-scale. We confirmed the effect of applied
feed hydraulic pressure in the improvement of water flux
and dilution ratio. However, with the additional hydraulic
pressure resulted in a pressure build-up in the draw inlet
which becomes a burden for the membrane element and in



26

Qfeeq 50 L/min
a) 08 feed
07 4
06 4 uQdraw 5
= Qdraw 6
051 wqdraw?

e o
R W

Energy Consumption (kWh)
o
s

01 I
0 I
0 1 2 3 4
AP (bar)

C) 08 Qfeeq 70 Limin

07
=
£ 06 = Qdraw 5
= u Qdraw 6
s
205 = Qdraw 7
o
E 04
2
803
=
o
s 02
i~
fin]

01

0

0 1 2 3 4
AP (bar)

=
~—~

o
-

Energy Consumption (kWh)
o
.

M.A. Hidayat et al. / Desalination and Water Treatment 109 (2018) 17-27

Qjeeq 60 L/min

o o
~ oo

= Qdraw 5
= Qdraw 6
= Qdraw 7

o o
o o>

o o
5 o

o
-

AP (bar)
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the increase of energy requirement for the process. Pressure
drops also occurred not only under PAFO condition but also
occurred under FO condition. The pressure drop was caused
by the friction factor due to the characteristic and design of
the spacers which influence the flow pattern and channel
depths. This shows that there still are drawbacks within the
FO membrane element. Minimizing the pressure dependence
of the membrane element, primarily focusing on the draw
channel design, is key to improve the feasibility of PAFO in
practical terms.

In short, this study gave insights on proper accounting of
FO spiral-wound membrane element under PAFO condition
on a pilot-scale test to foresee the potential and challenges for
the PAFO-RO hybrid system in the future.
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