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Abstract

This study provided new insights regarding the energy efficiency of hollow fibre
forward osmosis modules for seawater desalination; and as a consequence an
approach was developed to improve the process performance. Previous analysis
overlooked the relationship between the energy efficiency and operating modes of
the hollow fibre forward osmosis membrane when the process was scaled-up. In this
study, the module length and operating parameters were incorporated in the design
of an energy-efficient forward osmosis system. The minimum specific power
consumption for seawater desalination was calculated at the thermodynamic limits.
Two FO operating modes: (1) draw solution in the lumen and (2) feed solution in the
lumen, were evaluated in terms of the desalination energy requirements at a
minimum draw solution flow rate. The results revealed that the operating mode of
the forward osmosis membrane was important in terms of reducing the desalination
energy. In addition, the length of the forward osmosis module was also a significant
factor and surprisingly increasing the length of the forward osmosis module was not
always advantageous in improving the performance. The study outcomes also
showed that seawater desalination by the forward osmosis process was less energy
efficient at low and high osmotic draw solution concentration and performed better
at 1.2 to 1.4 M sodium chloride draw solution concentrations. The findings of this

study provided a platform to the manufacturers and operators of hollow fibre forward
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osmosis membrane to improve the energy efficiency of the desalination process.

Keywords: Energy efficiency; Desalination energy; Forward Osmosis; Hollow Fibre

Membrane; Seawater

1. Introduction
Osmotically driven membrane processes have been proposed for water purification

and seawater desalination [1], as an alternative to classical membrane filtration
processes such as Reverse Osmosis (RO) [2, 3] and Nanofiltration (NF) [4] technologies.
For example, there is a wealth of literature regarding Forward Osmosis (FO), which
has provided substantial information about potential process applications and
limitations [5, 6]. As a consequence, FO has been recommended for seawater
desalination due to claims that it is more energy efficient and capable to deal with a
wide range of feed salinities [7]. Typically, FO desalination plant consists of two stages;
i.e. a low pressure osmotically driven FO stage and an energy intensive regeneration
stage. The purpose of the FO stage is to extract fresh water from seawater by a pre-
engineered ionic solution of known composition and concentration, called the draw
solution [8]. In the regeneration stage, which is the most energy-intensive separation
process in the FO unit, freshwater is extracted from the draw solution by membrane
or thermal technologies [5]. Although FO pre-treatment increases the capital and
operating cost of the desalination plant, it can be justified due to the improved-
performance of the downstream regeneration stage [9]. When it is coupled with the
RO membrane, FO pre-treatment will reduce fouling of the RO membrane, minimizes
chemicals use, increases RO recovery rate, and minimizes the downtime of the RO

system [10].

Commercial FO membranes are currently available in spiral wound, flat sheet, and
hollow fibre configurations [11, 12]. Hollow fibre FO (HF-FO) membranes have gained

in popularity because of their high packing density and mechanical strength.
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Nevertheless, water transport phenomenon from the feed to the draw solution in a
full-scale HF-FO module is more complicated than in a laboratory-size flat sheet
membrane due to the dynamic changes in the concentrations of feed and draw
solution along the module [12]. Moreover, the energy requirements in the
regeneration stage are directly impacted by the concentration and flow rate of the
draw solution [6, 9]. In an ideal FO process, the concentration of diluted draw solution
at the outlet of FO module should be close to that of the seawater while the flow rate
of the draw solution should be optimized to reduce the pretreatment and pumping
energy [13]. It is agreed that increasing the flow rate of the draw solution reduces the
effect of concentration polarization; but this process also increases the concentration
of diluted draw solution and adversely affects the energy efficiency in the
regeneration stage [9, 14]. Furthermore, the required energy for pumping the feed
and draw solutions into the hollow fibre FO module is dependent on their flow
direction; i.e. shell or lumen side. The energy required for pumping solutions in the
lumen side is usually greater than that in the shell side because of the higher pressure
drop in the lumen side, leading to a hydraulic pressure gradient across the FO
membrane module. As such, optimization of the FO process for seawater desalination
should consider the flow direction of both feed and draw solutions. Notably, this
outlined issue has not been taken into account in previous studies, potentially creating
a misunderstanding about the potential and performance of the FO process in

seawater desalination.

Another aspect, which may restrict our understanding of forward osmosis, is the fact
that the majority of previous FO studies focused on a laboratory-scale flat sheet
membrane unit; while there were comparatively few studies on a full-scale FO module
[8, 15]. Consequently, there are gaps in our understanding concerning issues, which
become apparent only when you upscale the membrane system. Masafumi et al. [16]
proposed use of a Toyobo hollow fibre FO membrane with an effective area of 70 m?,
to investigate the impact of membrane orientation and inlet flow rate on the
performance of FO process. This study proposed using lower inlet flow rate in order
to operate with high-energy efficiency. However, this approach will increase the

membrane area and hence the cost of FO treatment. In addition, this study
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investigated neither the desalination energy nor the optimum FO module length. A
laboratory scale experiment by Ren and McCutcheon [11] evaluated the performance
of a biomimetic hollow fibre using a 1 M draw solution and a deionized water feed
solution. The study reported 21 L/m?h water flux and 0.18 g/L reverse salt flux in the
PRO mode; but it did not investigate the energy requirements for desalination. Dinesh
et al. [17] investigated the energy saving by incorporating a hollow fibre FO membrane
with a RO membrane as a hybrid system. FO hybridization with the RO unit resulted
in 25% specific energy saving compared to the conventional RO system.
Unfortunately, the study did not investigate FO module optimization and impact of
module length on the energy requirements for desalination. Chun and Tai-Shung [18]
performed a techno-economic study on FO integration with an RO system to reduce
the energy consumption of seawater desalination. This study concluded that the
desalination energy could be reduced from 1.95 to 1.83 kWh/m?3 and 1.47 kWh/m? by
RO-FO and FO-RO systems, respectively. Nevertheless, this study did not investigate
the effect of FO module length or flow orientation upon the power consumption. A
pilot plant study by Yasuhiko et al. [19] investigated the impact of operating
parameters on the process performance using a 1M NaCl draw solution and tap water
feed solution. A full-scale hollow fibre FO module which was 0.682 m long, was
investigated to study the impact of hydraulic pressure and flow rate on the process
performance. This study concluded that not all the membrane area inside the module
was effectively used which resulted in a low water flux. Therefore, it was
recommended that a shorter module length should be used to overcome this

problem.

Most pilot plant studies used a commercial full-scale FO module, which inherently
restricted the ability to discern the impact of module length on the energy efficiency
of the process under various operating parameters [7]. Consequently, a problem
exists in understanding the relationship between the length of the hollow fibre FO
module and the energy requirements for seawater desalination. The energy
requirements for seawater desalination by FO process should at least include the
minimum energy for separating the fresh water from the draw solution (since the FO

process only generates a concentrated saline solution). Therefore, the aim of this

4



study was to obtain the optimum physical dimensions of a hollow fibre FO module to
reduce the energy requirements for seawater desalination. This study investigated
optimization of the operating energy of the hollow fibre FO module that was incurred
due to pumping the feed solutions and the impact of membrane orientation on the
energy-efficiency of the FO process. The minimum flow rate of the draw solution
required for seawater desalination was calculated, for the first time, to reduce the
pumping energy into the FO module without compromising the dilution process. We
also performed a thermodynamic analysis of the specific power consumption for
seawater desalination by the HF-FO modules. The minimum energy required for RO
treatment of the draw solution was calculated and added to the energy consumption

in the FO process to determine the optimum desalination energy.

2. Background Theory and Methods

2.1 Minimum Draw Solution Flow Rate Requirements

The minimum draw solution flow rate in the FO process is a critical parameter, which
controls the performance and efficiency of the FO process [14]. Increasing the flow
rate of the draw solution promotes the mixing regime in the bulk solution and reduces
the effect of dilutive concentration polarization. On the other hand, greater flow rate
increases the osmotic pressure of the draw solution going to the RO regeneration
system [Appendix Figure 1A]. Unfortunately, this situation will increase the energy
required for separating the fresh water in the RO regeneration stage [9]. Assuming an
ideal counter-current FO process, the concentration of draw solution at the
membrane outlet, C4o, should be equal to that of the feed solution at the membrane
inlet, Cs, so that the desalination energy is at its thermodynamic limits [13] [Equation

1].

Equation 1: Cao = Cyy

The bulk concentration of draw solution, Cap, is the average concentration of draw

solution at the inlet and outlet of the membrane [Equation 2].



Equation 2: Cogp = ——

Where, Cg4i is the concentration of draw solution at the inlet of the membrane. The
concentration of the feed solution becomes more concentrated along the FO
membrane due to the fresh water transport across the membrane. The concentration
of feed solution at the membrane outlet, Cy, is a function of the feed concentration

at the inlet of the membrane and the recovery rate, R [Equation 3].

Equation 3: Cro = f_f; [3]

However, the recovery rate in the FO process is related to the ratio of permeate to

feed flow rate, and taking this factor into account we can derive Equation 4.

. CriQri
Equation 4: Crp = ——
9 fo Qri—Qp

Where, Q;i = flow rate of feed (L/h) and Q, = flow rate of permeate (L/h)

The bulk concentration of feed solution, Cp, is the average concentration of feed

solution at the inlet and outlet of the membrane [Equation 5].

_ CritCyo

Equation 5: Crp .

Replacement of Cs in Equation 5 with the expression from Equation 4 gives Equation

6:

2CriQfi— Cri
Equation 6: Crp = %

In an osmotically-driven membrane processes, the concentration of feed and draw

solution at the membrane surface is equal to Cs, and Cp multiplied by the moduli of



concentrative and dilutive concentration polarization, respectively. Permeate flow
rate in the FO process operated with the membrane active layer contacting the feed
solution (FS-AL) and the membrane layer contacting the draw solution (DS-AL), is

expressed in Equations 7a and 7b, respectively.

nRTCdbexp( Cps ) nRTCfbexp( )

Equation 7 (a): Cpr = Aw 1+B—(exP(A_f) exp( sz ))

nRTCgp exp(_jzf)—nRTCfbexp(prK)
1+%(exp(Q7K) exp( pf))

Where: Ay is the water permeability coefficient; B is the salt diffusion coefficient; n is

Equation 7 (b): Qpa = Ay

number of ions in solution; R is the gas constant; A is FO membrane area; k is the mass
transfer coefficient; and, K is the solute resistivity for diffusion within the porous
support layer. Equations 7a and 7b calculate permeate flow rate in the FO membrane
that accounts for the concentration polarization effects; and hence, provides a more
accurate estimate to the permeate flow rate. Considering the mass and flow balance
on the draw solution side of the FO membrane (assuming an ideal FO membrane with

a complete solute rejection), we get Equation 8.

Equation 8: QaiCai = CaoQao

Where, Qqi and Qqo are the flow rates of the draw solution at the inlet and outlet of
the membrane, respectively. The flow rate of draw solution at the outlet of the
membrane, Qqo, is equal to the flow rate of draw solution at the inlet of the membrane
plus the permeate flow rate from the feed to the draw solution; i.e. Qdo = Qui + Qp.

Replacing Q4o in Equation 8 with this expression gives Equation 9.

Cdon

Equation 9: Qui = —

Equation 9 calculates the flow rate of the draw solution at the inlet of the FO module



as a function of the concentration of draw solution and permeate flow rate. According
to Equation 1, the energy required for desalination of the draw solution, Cao, will be
equal to the minimum energy required by thermodynamics when the concentration
of draw solution at the membrane outlet is equal to the concentration of seawater

feed solution; i.e. Cao = Cs1.

To illustrate what these models mean, consider the example where we have a 400 L/h
feed flow rate. The flow rate of the draw solution at the inlet (Qq) decreased from 129
to 73 L/h as the draw solution concentration increased from 0.8 to 2.4M (Figure 1A).
Simulation results show that the flow rate of the draw solution was lower than that of
the feed solution (~ 400 L/h) at all draw solution concentrations. The results also
show that Qq; in the FO process operating in DS-AL mode was greater than that in the
FO process operating in FS-AL mode (Figure 1A). This behaviour was due to the higher
permeate flow in the FO process operating in the DS-AL that triggered, slightly, higher
draw solution flow rate to maintain the permeate flow rate across the membrane
(Figure 1B) [20]. The flow rates of draw solution in Figure 1A were used as input values

when calculating the pressure drop and water flux in a module-scale FO membrane.

- A ES-A DS-AL  OFS-AL
Zw BDS-AL OFSAL A w B . L
=
‘E 100 "3
3 8 150
2 g
1 3
c -—
= 60 E 100
2 m
- v
_g 40 £
[ L]
50

3 a
o2
a

0 0

08 1 12 14 16 18 2 22 24 08 1 12 14 16 18 2 22 24
Draw solution concentration (M) Draw solution concentration (M)

Figure 1: Draw solution flow rate at outlet of the FO membrane and permeate flow
rate. Feed flow rate, Qy, is 400 L/h, feed concentration is 0.6 M NaCl (representing
seawater), feed solution is 0.02 M NaCl (representing wastewater) for 0.6 M draw

solution, and FO membrane area is 20 m?.



2.2 Direction of Hydraulic Pressure in the FO Module

Obtaining the energy requirement for pumping the feed and draw solution in the FO
module is important in relation to understanding the energy efficiency of the FO
process. Energy requirements for pumping the feed and draw solutions into the HF-
FO module substantially varies with the module length and flow direction of the feed
and draw solution; i.e. draw solution in the lumen (DS-lumen) or feed solution in the
lumen (FS-lumen). Pressure drop in the lumen is higher than that in the shell side of
the HF-FO membrane, and hence the hydraulic pressure in the lumen side will be
greater [16, 18]. As a result, a hydraulic pressure gradient will develop across the FO
membrane. The amount of net hydraulic pressure depends on the length of the FO
module and the solutions flow rates. The net hydraulic pressure across the membrane
will be either with or opposite to the flow direction of the permeate flow; this depends
on whether the FO operates in DS-lumen or FS-lumen mode. Pumping energy, in
general, is a function of the hydraulic pressure and the solution flow rate [9]. Although
Figure 1A shows that the flow rate of the feed solution in the FO process was greater
than that of the draw solution, it was useful to further demonstrate this principle

mathematically.

In order for draw solution to be sufficiently diluted, previous studies suggested that
Cdo should be equal to Cys; i.e. Cao = Cr1 [13]. Replacement of this expression in Equation

8 gives Equation 10.

Equation 10: QaiCai = C£iQao

Equation 10 can be expressed in terms of the initial concentration of feed solution, Gy,

and Qg = Qui + Qp [Equation 11].

_ Qqi*Cq;

Equation 11: Cri = a1 0s)
daiT¢p



Equation 4 also can be expressed in terms of Cs and Qf = Qsi - Qp [Equation 12].

Cro*Q
__ “fo™*fo
Cfi B Qri

Equation 12:
Combining Equations 11 and 12, and expression the final equation in terms of Qui

[Equation 13].

: Cro* *
Equation 13: Qu = _Cro*Qro*@p
Qfi*Cai—Cp*Qfo

Equation 13 calculates the flow rate of the draw solution as a function of the flow rate
of the feed solution. Using draw solution concentrations ranging from 1.0 to 2.4M and
0.6M feed solution (equivalent to seawater concentration), the flow rate of draw

solution for different recovery rates was as shown in Figure 2A.
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Figure 2: A) draw solution flow rate in the FO membrane with respect to the
concentration of draw solution; flow rate of the feed solution was 400 L/h; B) impact
and direction of hydraulic pressure along the HF-FO membrane where the dashed
line separated PAFO and PRO modes when the FO operated in DS-lumen:FS-shell
mode: 1.6 - 0.6 M salinity gradient resource; feed and draw solutions’ flow rates

were 400 and 95 L/h, respectively; membrane area was 20 m>.

As highlighted in Figure 2A, the flow rate of the draw solution decreased gradually
when increasing the concentration of draw solution. For a given draw solution
concentration, increasing the recovery rate from 20 to 40% required increasing of the
flow rate for the draw solution; this approach allowed the FO process to overcome the
effect of dilutive concentration polarization. Regardless of the FO testing conditions,
the results revealed that the flow rate of the feed solution was larger than that of the
draw solution. This data suggested that the energy required for pumping the feed
solution into the FO module was greater than that for pumping the draw solution

(since pumping energy is a function of hydraulic pressure and solution flow rate).

The minimum pumping energy in the HF-FO membrane should be at least equal to the
pressure drop in lumen or shell side, depending on the direction of solution flow.

Typically, pressure drop in the lumen side, dP, is expressed by the Hagen-Poiseuille
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equation [21] [Equation 14].

dp _ 12880y
dx 7'[012L

Equation 14:
Where: X is the axial coordinate that corresponds to the axial direction of the HF
bundle; u is the viscosity of the lumen side solution (pa.s); Qiis the flow rate of the
lumen side solution (m3/s); and, di is the inner diameter of the hollow fibre {m).
Pressure drop on the shell side of the HF-FO membrane, dPs, can be expressed by the

Ergun equation [21] [Equation 15].

dps _ 15002uVs 1.750pVZ
dr  (1-0)3(1.5d,)?  (1-0)3(1.5d,)

Equation 15:

Where: ris the radial coordinate; o is the packing density of fibre bundle; p is viscosity
of shell side solution (pa.s); Vs is the superficial velocity within the fibre bundle (m/s);
and, d, is the outer diameter of the hollow fibre (m). The diand d, values for the hollow
fibre were assumed to be 135 and 175 , respectively. This study assumed the FO
membrane active area is equal to 20 m? and packing density was 55 % [21]. Table 1
shows the technical specifications of the hollow fibre FO module. According to
Equations 14 and 15, the pressure drop in the FO membrane increased with: (i) the
length of the module (ii) smaller inner diameter in the lumen-side, and (iii) higher
solution flow rate. As a result, a net hydraulic pressure developed either in the same
or opposite direction to the permeate flow depending on the operating mode of the
FO membrane;i.e. FS-lumen or DS-lumen. An FO process with a net hydraulic pressure
in the direction of permeate flow is known as pressure assisted FO (PAFO) while it is
called pressure retarded osmosis (PRO) when the net hydraulic pressure is in an

opposite direction to the permeate flow.
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Table 1: Specifications of the hollow fibre FO module

Inner diameter, Outer diameter, Membrane area HF length (m) Packing
di, of HF (um) do, of HF (um) (m2) density %
175 135 20 0.2-1.2 55

The impact of FO operating mode on the direction of the hydraulic pressure is
illustrated in Figure 2B. When the FO operated in the DS—Ilumen mode, the hydraulic
pressure across the FO membrane was in the direction of the permeate flow and the
FO membrane operated in the PAFO mode for module lengths from 0.1 to 0.2 m
(Figure 2B). This behaviour was because of the greater hydraulic pressure of the shell
solution compared to that of the lumen solution. At an FO module length from 0.3 to
1.2 m, the net hydraulic pressure switched its direction and the FO membrane
operated in the PRO mode. In another words, the hydraulic pressure in the lumen
became greater than that in the shell at FO module length > 0.3 m and thus the FO
operated in the PRO mode since the hydraulic pressure was opposite to the direction
of the permeate flow. Therefore, the operating mode of the FO module changed along
the FO module and it could be: in the same direction of the permeate flow; PAFO
mode; or opposite to the direction of the permeation flow, PRO mode, depending on
the membrane length. FO modules less than 0.3 m long, for example, will operate in
the PAFO mode in which the hydraulic pressure was in the direction of the permeate
flow. Whilst for 0.3 to 1.2 m long FO modules, the hydraulic pressure will be against

the direction of the permeate flow and the module operated in the PRO mode.

On the other hand, when the draw solution was in the shell and feed solution in the
lumen side, the FO module operated in the PAFO mode for module lengths from 0.1
to 1.2 m (Figure 2). In this scenario, the high flow rate feed solution was pumped in
the lumen side of the FO membrane. A net hydraulic pressure (0.03 to 5.3 bar) was
developed in the direction of the permeate flow and it increased with an increase in
the module length. This is because the hydraulic pressure required to pump the feed
solution into the lumen was greater than that required to pump the draw solution into

the shell of the HF-FO module.
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Although PAFO operating mode promotes water flux across the FO membrane, it is
usually associated with an increase in the energy requirements of the FO process. In
general, the hydraulic pressure required for pumping solutions in the lumen side is
higher than that required for pumping solution in the shell side and it increases with
anincrease in solution flow rate. The greater hydraulic pressure in the FS-lumen mode
is attributed to the high flow rate of the feed solution that requires higher pressure to
pump in the hollow fibres. This scenario also suggests that the flow direction of the
feed and draw solution will affect the desalination energy of the FO process (discussed

below).

2.3 Desalination energy requirement in FO module

The energy requirements for seawater desalination in the FO-RO process have been
addressed in previous literature. Key components include: seawater pre-treatment
energy; pumping energy of feed and draw solutions into the FO module; and, RO
regeneration energy [5, 22]. Mathematically, FO energy, Ero, can be obtained from

Equation 16.

_ Qpi*Pfi+Qqi*Pg;
Qp

Equation 16: Ero
Where: Qs and Qg are the flow rates of feed and draw solution (m3/h); respectively,
Psi and Pg; are the hydraulic pressure on the feed and draw solution side of the
membrane (bar), respectively; and, Q, is the permeate flow rate (m3/h). In Equation
16, the minimum hydraulic pressure required for pumping the solutions was equal to
the pressure drop in the lumen and shell side of the FO [Equations 14 and 15].

Substituting Equations 14 and 15 in Equation 16 resulted in equations 17 & 28.

i i*dP1+Qgi*dP.
Equation 17: Ero_p = %
14

Qfi*dPs+Qq;*dP|

Equation 18: Ero_pi = 2
P
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Equations 17 and 18 represent specific energy consumption in the FO membrane with
feed solution in the lumen (Ero.r) or with draw solution in the lumen (Ero.p)) side,
respectively. In an FO membrane with a given lumen diameter and packing density,
the dPi and dPs values vary with the membrane length and the solution flow rate;
resulting in an increase in the pumping energy as per Equation 17 and 18. Therefore,
the impact of the FO module length on the energy-efficiency of the desalination
process should be evaluated. Water flux in the FO membrane depends on the
membrane orientation; i.e. (a) draw solution faces the active layer (DS-AL) and (b) feed

solution faces the active layer (FS-AL modes) according to Equations 19 & 20 [23-24].

Qqi,
Qdo

(TLRSTCdi_x<1+

X
X

Qri.
’ )/2) exp(= JwxK )_nRsTCfi,x<1_ Q}I:;z) exp(ll‘:/—}'cx)}

B Jwx
1+m<exp<v)— exp( —]W‘xK)>

EQ- 19 (a) :]wx,f = Aw{

(nRSTCdi_X(1+§di'X )/2) exp(_LW'X)—nRSTCﬁ,X<1—gﬁ'X ) exp(JwxK)
do,x d 0,X

f
B -Jwx
1+m(exp(]W,XK) - eXp(—kd ))

Eq. 19 (b):]wx,d = Aw{

Where: Jwxfand Jwxd are water flux at distance x along the FO module when feed
solution faces the membrane active layer and draw solution faces the membrane
active layer (L/m2h), respectively; Quox is the outlet flow rate of the draw solution
(L/h); Quix is the inlet flow rate of the draw solution (L/h); Qs is the outlet flow rate
of the feed solution (L/h); Qs n is the inlet flow rate of the feed solution; Cy;x is the inlet
concentration of the feed solution at the distance X (M); Cqix is the inlet concentration
of the draw solution at the distance x (M); n is number of ions in the solution; Rs is the
gas constant (L.bar/K.mol); and T is the temperature in Kelvin (K). Ay and B were
assumed to be 1.23 L/m?h-bar and 2.6 kg/m?h, respectively. In addition, Ks= kf=0.18
m/h, and K = 31 h/m [23]. Equation 19 was validated using pilot plant experimental
data which employed a hollow fibre FO membrane [supplementary section].
Practically, water flux across the FO membrane dilutes the draw solution and hence
would affect the energy requirements for solvent-solute separation in the RO
regeneration process. In the RO process, the minimum energy requirements for

desalination, Ero (kWh/m3), is calculated from Equation 20 [24].
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Tldo
1-R

Equation 19: Ero =
Where, R is the recovery rate in the RO system. R is ratio of permeate flow rate to the
feed flow rate and it should be equal in the FO and RO processes for a continuous FO-
RO system. Equation 20 can also be described as in Equation 21.

Equation 20: Ero = igp
1__

Qr

Where, Qp is the permeate flow rate (m3/h) and Qs is the feed flow rate (m3/h). To
evaluate the effect module length on the FO performance, feed and draw solution
flow rates remained constant for any given concentration of draw solution. The total
specific power consumption for desalination, Et, was calculated as the sum of FO and
RO processes; Et = Ero + Ero. In addition to Erp and Erp, there was a pre-treatment
energy of the feed solution in the FO membrane. This energy was not included here

since the feed flow rate was equal for any given concentration of draw solution.

3. Results and Discussion

3.1 Impact of Flow Direction and Concentration of Draw Solution on Predicted

Performance of HF-FO Unit

Concentrated draw solution vyields high osmotic flow, but it increases the
concentration of draw solution and the separation energy in the regeneration stage.
Determining the concentration of draw solution in the FO process requires careful
consideration of how to achieve a desirable water flux without compromising the
energy of desalination process. Desalination energy is also affected by the flow rate
and the flow direction of the feed and draw solution, i.e. shell or lumen side, knowing
that the flow rate of feed flow rate is higher than that of the draw solution [Figure 2A].
Membrane orientation also impacts the water flux in the FO membrane; i.e. feed
solution faces the active layer (FS-AL) or draw solution faces the active layer (DS-AL)

and hence the process performance. Assuming the membrane active layer is in the
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shell side then water flux is greater when the membrane operated in the DS-AL mode
[13, 14, 25, 26]. However, FO operating in the DS-AL mode means there is a high flow
rate feed solution in the lumen and this increases the hydraulic pressure and pumping
energy [Figure 2A]. On the other hand, operating the FO in FS-AL mode (FS in the shell
side) compromises water flux in the FO process due to the intensive internal
concentration polarization effect [14, 25]; but it reduces the pumping energy since the
low flow rate draw solution is in the lumen side. Low water flux in the FS-AL mode
had negative consequences on the desalination energy because of the insufficient
dilution of the draw solution which means that higher separation energy is required
in the regeneration stage. These issues need further investigation to understand the

impact of draw solution concentration on the energy of FO seawater desalination.

Calculations were made for a seawater concentration equal to 0.6M NaCl, draw
solution concentrations between 1.0 and 2.4M, and a 1-meter FO module [Figure 3].
For an FO process operating in the DS-lumen mode the specific power consumption
for seawater desalination increased gradually from 1.25 kWh/m?3 with a 1M draw
solution to 1.75 kWh/m?3 for a 2.4 M draw solution [Figure 3A]. Apparently, increasing
the concentration of the draw solution from 1 to 2.4M was not sufficient to achieve
an adequate permeate flow to dilute the draw solution [Appendix A.2]. It is
emphasised that water flux was expected to be lower when the FO is operating in the
DS-lumen mode due to the intensive internal concentration polarization effect [25,
27]. The results indicated that increasing the concentration of draw solution did not
necessarily improve the energy-efficiency of the desalination process. For the FO
process operating in the FS-lumen mode, the profile of total specific energy (FO plus
RO regeneration) was slightly different to that operating in the DS-lumen mode. The
total specific energy increased from 1.8 kWh/m3 with a 1M draw solution to 2.04
kWh/m?3 with a 2.4 M draw solution; but the lowest desalination energy was 1.76
kWh/m?3 at 1.2M draw solution concentration. Figure 3A also shows that power
consumption for seawater desalination was greater in the FS-lumen mode because of
the higher pressure required for pumping the high flow rate feed solution in the lumen
side. The results confirmed the significance of selecting a proper draw solution

concentration that improved the energy efficiency of the desalination process.
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Figure 3B shows the breakdown of specific power consumption in the FO and RO
regeneration unit with respect to the total specific power consumption in the
desalination process. Normally, the specific power consumption in the RO
regeneration stage was greater with the increase of the draw solution concentration.
On the contrary, the specific power consumption in the FO module diminished when
increasing the concentration of draw solution in both DS-lumen and FS-lumen modes.
This situation was due to: (i) lower flow rate of draw solution with increasing
concentration of draw solution [Figure 1A] and (ii) larger permeate flow rate at higher
draw solution concentrations [Appendix A.2]. The results also revealed that specific
power consumption in the FO module was higher in the FS-lumen mode than in the
DS-lumen mode; that observation was mainly due to the higher flow rate and pressure
of the feed solution in the FS-lumen [Figure 3B]. Interestingly, for FO operating in the
FS-lumen mode and 1M draw solution, the specific power consumption in the FO and
RO processes was similar. This outcome was because of the moderately low energy
required in the RO unit, which was almost equal to the energy required for pumping
solutions in the FO module. Practically, the energy required for pumping solutions in
the lumen is higher than that in shell side and it increases with increasing flow rate of
solution. Therefore, the FS-lumen mode consumed more energy than the DS-lumen
mode; but it is recommended in the FO modules to have an active layer in the lumen

side to decrease the extent of membrane fouling [28, 29].
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3.2 Feed solution in lumen side in HF-FO module

Water flux in osmotically driven processes is greater when the draw solution faces the
membrane active layer, i.e. DS-AL. Practically, external concentration polarization is
easier to control than internal concentration polarization [27, 30]. For the HF-FO
membrane with an outer active layer (in the shell side) to operate in the FS-AL mode,

it requires the feed solution to be in the lumen side, FS-lumen. The drawback of FS-
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lumen mode is the high energy required for pumping the high flow rate feed solution
in the lumen side. In practice, the flow rate of feed solution is dynamically changing
along the FO module due to the water flux across the membrane. For seawater
desalination, it is the concentration of the draw solution that controls the osmotic
pressure and water flux across the FO membrane. To effect a fair comparison, the
flow rates of the feed and draw solution remain constant, regardless of the length of

the FO module.

The total power consumption for seawater desalination varied along the FO module
and it increased with an increase in the length of the FO module (from 0.2 to 1.0 m)
due to the greater hydraulic pressure required for pumping the solutions in the FO
module [Figure 4A]. Performance of the FO module also varied, depending on the
concentration of the draw solution; showing that for some draw solution
concentrations there was an optimal module length at which the power consumption
of desalination was reduced. For a 1.6M draw solution, the desalination power
consumption was 1.6 kWh/m3 in a 0.2 m long FO module but decreased to 1.55
kWh/m?3in a 0.4 m long FO module. Subsequently, the power reached 1.8 kWh/m?3 in
a 1 m long FO module. This behaviour was due to the combined effects of the low
pumping energy and large permeation flow in the FO module of 0.4 m long that
reduced desalination power consumption [Appendix A.2]. As the length of the FO
module increased, the energy for pumping the solutions in the module increased.
While the small permeation flow resulted in a limited dilution of the draw solution,
the overall effect was an increase in the desalination power consumption. The trends
in desalination power consumption with a 1.4M draw solution were similar to those
for a 1.6M draw solution; but the lowest desalination power consumption was 1.45
kWh/m?3 in a 0.3 m long FO module, which then increased to 1.77 kWh/m3ina 1 m
long FO module. For 1.0 and 1.2M draw solutions, the desalination power
consumption increased with greater length of the FO module and reached 1.80 and
1.75 kWh/m? in 1 m FO module operated with 1.0 and 1.2M draw solution,

respectively.

The results in Figure 4A revealed that the desalination energy was almost the same in
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a 1.0 m long FO module despite the large difference in the concentration of draw
solution and the osmotic driving force. The high desalination energy requirements in
the 1.0M draw solution were due to the relatively large draw solution flow rate, which
increased the pumping energy of solutions in the FO process. Using low concentration
draw solutions required a high flow rate to maintain the permeate flow across the FO
membrane. The results also revealed that the length of the FO module should
preferably be equal to or less than 0.7 m with a 1.0M draw solution. As the length of
the FO module increased to more than 0.7 m, the desalination energy fora 1.0 M draw
solution was slightly more than that for 1.2M draw solution. In another words, using
a 1.2M draw solution was more energy efficient than a 1.0 M draw solution for a FO
module more than 0.7 m long; and hence using a 1.0 m long FO module will not always
result in a more energy-efficient desalination process. The impact of draw solution
concentration on the power consumption of seawater desalination should be

accounted for in an efficient desalination process.
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draw solution flow rates are equal in any given draw solution concentration.

In the HF FO membrane, water flux occurs: primarily due to the osmotic pressure
gradient across the membrane; and secondary because of the hydraulic pressure
difference across the membrane when Ps> Py. Figure 4B shows that the osmotic
pressure driving force diminished gradually with the increase of the FO module length
due to the dilution and concentration of the draw and feed solutions, respectively.
Subsequently, the driving force then reached almost zero with a 0.6 m long FO
module. For FO modules £ 0.6 m long, the driving force in the FO process was a
combination of osmotic and hydraulic pressures. However, hydraulic pressure became
the main driving force in FO modules >0.6 m long, and this phenomenon was
responsible for the low permeation flow in the FO operating in the FS-lumen mode.
Furthermore, Figure 4B suggested that membrane length should be equal to or less

than 0.6 m for an energy-efficient FO process operating in the FS-lumen mode.
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Desalination energy, apparently, increases sharply in FO modules longer than 0.6 m
due to the increase in the pumping energy and insignificant dilution of draw solution
towards the end of the FO modules [Figure 4A]. It is noteworthy that there is no large
difference in the hydraulic pressure gradient across the membrane for FO modules
having equal length since changing the concentration of the draw solution is slightly

affecting the flow rate of the draw solution as illustrated in Figure 1.

3.3 Draw solution in lumen side in HF-FO module

Hollow fibre FO membranes operate with the draw solution in the lumen side (DS-
lumen) and with the feed solution in the shell side [16]. Fouling of the FO membrane
is considered to be more controllable when the feed solution faces the membrane
active layer (which is assumed to be in the shell side in this study). Similar flow rates
of the feed and draw solution were used to evaluate the specific power consumption
on the performance of the FO modules between 0.2 and 1.0 m long. The specific
power consumption profile for seawater desalination indicated that the energy

efficiency of the FO process changed with the length of the FO module [Figure 5A].
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pressure across the FO membranes of 0.2 m to 1.0 m long C) hydraulic pressure

across the FO module of 0.2 m to 1.0 m long, seawater is 0.6M NaCl

The general trend in specific power consumption was an asymmetric parabola
wherein a: relatively high value was apparent at short FO module length (0.2 m long);
then energy consumption decreased with increasing the module length to a point of
minimum electricity consumption; and increased again as the module length reached
1.0 m. For example, for an FO process with a 1.0M draw solution the specific power
consumption was 1.18 kWh/m3 with a 0.2 m module. Then this value decreased to a
minimum amount of 1.15 kWh/m3 in a 0.4 m module before increasing again to a
maximum amount of 1.25 kWh/m?3in a 1.0 m module. Although there was only ca. 3 %
decrease in the specific power consumption when the length of the FO module
increased from 0.2 to 0.4 m, such a slight decrease will make an appreciable energy
saving due to the large capacity of desalination plants (typically ten’s to hundreds of
ML per day). For 1.2, 1.4, and 1.6M draw solution concentrations, the minimum
specific power consumption was 1.26, 1.35 and 1.45 kWh/m?3, respectively; for 0.6, 0.6
and 0.7 m FO modules. Short FO modules (0.2 m) required more energy for seawater
desalination due to the insufficient dilution of the draw solution which increased the
power consumption in the RO regeneration stage [Appendix A.1]. Increasing the
length of the FO module to 1.0 m resulted in a higher dilution and subsequently
reduced the power consumption in the regeneration stage. However, using a
relatively long FO module increased the pumping energy in the FO module and hence

the specific power consumption for seawater desalination increased accordingly.

The results indicated a sharp decrease in the osmotic pressure gradient with the
length of the FO module for all draw solution concentrations due to the dilution of the
draw solution by the permeate flow [Figure 5B]. The osmotic pressure across the FO
membrane was almost equal for all draw solution concentrations at the end of 1 m FO
module. Albeit, the sharpest decrease was in the case of a 1.6M draw solution because
of the higher permeate flow rate. The net osmotic pressure at the end of the 1.0 m
long FO module was about 1 bar. There was an additional hydraulic pressure force

across the membrane (acting in the opposite direction to the osmotic pressure) which
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increased with the increase in the length of the FO module from 0.2 to 1.0 m [Figure
5C]. Generally, a small hydraulic pressure is required for pumping solutions in FO
modules operating in DS-lumen mode. Although the pressure was larger in the FO
process with 1.0M draw solution due to the relatively high draw solution flow rates
compared to the other concentrations evaluated. As such, the RO regeneration system
was responsible for the greatest power consumption for a seawater desalination
process; while the FO system had an insignificant contribution to the desalination
energy. However, the power consumption in the FO system was greater at low draw
solution concentrations (1.0M) because of the high flow rate of the draw solution

employed.

Generally, the hydraulic pressure required for pumping solutions is lower when the
FO module is operating in the DS-lumen than in the FS-lumen mode. Hence the
pumping energy was expected to be lower in the former operating mode. A
comparison between the power consumption of FO desalination with draw solution
in the lumen (DS-lumen) and with feed solution in the lumen (FS-lumen) revealed that
the specific power consumption for seawater desalination in the DS-lumen mode was
lower than that in the FS-lumen mode [Figure 6A]. The difference in the specific power
consumption between the two operating modes increased with the length of the FO
module from 0.2 to 1 m. This situation was due to the elevated energy that was
required for pumping the high flow rate feed solution in the FS-lumen mode. The
largest difference in the power consumption between the two operation modes was

realized in 1.0M draw solution followed by 1.2, 1.4 and 1.6M solutions, respectively.
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Figure 6: The specific power consumption for seawater desalination in FO modules of
different length A) percentage difference in the specific power consumption
between DS-lumen and FS-lumen B) specific power consumption in the FO process C)
specific power consumption in the RO process, seawater is 0.6 M NaCl and draw

solutions are 1.0, 1.2, 1.4 and 1.6 M NaCl

Figure 6B shows the specific power consumption in the FO process. The data revealed
that the specific power consumption in the FO process operating in the FS-lumen
mode was between 4 and 6 times more than that in the FO process operating in the
DS-lumen mode. The largest difference was in 1.0 m long FO module with 1.0M draw
solution followed by 1.2, 1.4 and 1.6M draw solutions, respectively. This effect was
due to the larger flow rate of draw solution and lower permeate flow in the FO with
lower draw solution concentration. As the length of the FO module decreased to 0.2
m, the difference in the FO specific power consumption became smaller. However, a
0.2 m long FO module is not the most energy efficient for seawater desalination
[Figure 5A]. On the contrary, the difference in the specific power consumption in the

RO process was lower in FS-lumen than in the DS-lumen mode due to the large
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permeate flow achieved in the FS-lumen mode or when the draw solution faced the
membrane active layer [Appendix A.2]. It was interesting that the specific power
consumption of the RO process decreased with longer FO modules, which was in
contrast to the FO process that required higher energy in longer FO modules as a result

of more draw solution dilution.

In terms of the FO module, the energy-efficiency for seawater desalination varied with
the length of the module and the concentration of draw solution. Depending on the
concentration of draw solution, the minimum specific power consumption for
seawater desalination was achieved in 0.4 to 0.7 m long FO modules. In light of this
information, the key design criteria needed to be followed in the FO module were: (i)
achieve a sufficient dilution of the draw solution during the FO treatment; and (ii)
reduce the energy required for pumping the feed and draw solutions in the FO
module. Apparently, the DS-lumen was more energy efficient than the FS-lumen
operating mode but water flux was lower in the DS-lumen mode due to the intensive
internal concentration polarization effect (membrane active layer on the shell side,
FS-AL). With commercial FO membranes such as Aquaporin HF-FO which have an
active layer in the lumen side, the aforementioned problem is partially solved since
the FO membrane operates in the DS-AL mode when the draw solution is in the lumen
(DS-lumen). However, when the membrane active layer was in the lumen side
membrane fouling was a major concern in the case of low quality feed solutions where
insufficient pre-treatment was in place. For the FO module to address the above
design criteria, the DS-lumen mode was more energy efficient than the FS-lumen
mode due to the lower energy required for pumping solutions in the FO module.
Commercial FO membranes preferably have the selective layer in the lumen side to
achieve both high water flux and reduce the FO pumping energy. FO membranes with
the active layer in the shell side such as those supplied by Toyobo, should reduce
membrane fouling when operating in DS-lumen mode. Nevertheless, this operating
mode induces lower water flux due to the impact of intensive concentration
polarization. Finally, the results suggested that increasing the length of the FO module
was not always useful in reducing the desalination energy. Therefore, this parameter

should be optimized based upon consideration of the concentration of draw solution
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used in the FO process.

34 Practical Applications

The length of the FO module and the concentration of draw solution could be varied
in the FO process with a common objective of reducing the desalination energy. The
results showed that the FO desalination process is more energy efficient when the
solution of lower flow rate is in the lumen; i.e. DS-lumen mode; due to lower pumping
energy. Increasing the concentration of draw solution induced more permeate flow
rate but unfortunately increased the energy requirements in the RO stage. Selection
of a proper module length makes the process even more complicated since longer
modules facilitated the dilution of the draw solution but concomitantly increased the
pumping energy. A simple cost analysis was conducted to identify the optimum
module length and the concentration of draw solution for seawater desalination by
an FO module between 0.2 and 1.0 m long. It was assumed that the: FO membrane
cost was in the range 15 to 19 USD/m?; energy cost was 25 cent/kWh (usually between

25 and 40 cent/kWh); and the membrane lifetime was 5 years [9].

Table 2 shows the predicted cost of seawater desalination by the FO system at a flow
rate of 240 m3/h. Calculations revealed that the number of FO modules required for
seawater desalination decreased as the length of the FO module increased from 0.2
to 1.0 m. The number of FO modules also decreased as the concentration of the draw
solution increased due to the higher permeate flow rate in the longer FO modules
using 1.6M draw solution [Appendix A.2]. Furthermore, the lower number of the FO
modules required in FO operating in FS-lumen mode was attributed to: (i) higher
permeate flow rate when the draw solution faced the membrane active layer in the
FS-lumen mode; and (ii) the larger hydraulic pressure gradient across the FO
membrane (i.e. PAFO process) [Figure 4A]. Despite the lower number of the FO
modules required in the FS-lumen mode, more energy was required for operation
compared to the DS-lumen mode [Figure 6A]. Therefore, the cost of seawater
desalination (membrane and energy cost) was evaluated and results suggested this

cost was lower in the DS-lumen mode rather than in FS-lumen mode [Figure 7].
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Table 2: Number of FO modules required for 240 m3/h seawater desalination plant,

FO module is 20 m? active area, seawater TDS 0.6M NaCl, draw solution NaCl, cost of

hollow fibre FO is 18 USD/m? and cost of energy is 0.25 USD/kW

Module FO membrane module
length DS-lumen FS-lumen
1.0M 1.2M 1.4M 1.6M 1.0M 1.2M 1.4M 1.6M
0.2 8300 6156 5078 4424 8045 5954 4895 4253
0.3 6571 4884 4035 3525 6337 4724 3906 3411
0.4 5763 4279 3536 3092 5478 4107 3410 2987
0.5 5325 3943 3258 2846 4946 3730 3108 2730
0.6 5071 3744 3087 2695 4569 3469 2900 2553
0.7 4923 3622 2981 2600 4271 3267 2742 2419
0.8 4844 3549 2914 2538 4018 3099 2611 2310
0.9 4810 3507 2873 2498 3791 2950 2499 2217
1 4810 3489 2850 2474 3572 2808 2391 2118
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Figure 7: Cost of FO membrane operation in USD/day for A) FO operating in the DS-

lumen mode B) FO operating in the FS-lumen mode.

For an FO system operating in DS-lumen mode, 1.2 and 1.4M draw solutions exhibited
the lowest cost for seawater desalination followed by 1.6 and 1.0 draw solutions,
respectively [Figure 7A]. An FO process with 1.0M draw solution was the least cost-
effective amongst the draw solutions due to the large membrane area required for
seawater desalination. A 1.0M draw solution required 8300 FO modules, which was
twice the number of FO modules required when using a 1.6M draw solution (4424 FO
modules) [Table 2]. Interestingly, FO modules 0.7 to 0.8 m long exhibited the most
cost-effective seawater desalination process in the case of 1.2 and 1.4M draw
solutions. For a 240 m3/h seawater desalination plant the cost of desalination was
approximately 106 USD/h for a 1.2 and 1.4M draw solution FO process; whereas it was
108 and 112 USD/h for 1.6 and 1.0M draw solution FO processes, respectively. Based
on these results, the cost of a FO desalination process operating in the DS-lumen mode
became more economic with 1.2 to 1.4M draw solution and a 0.7 m long FO module.
Increasing the length of the FO module or the concentration of draw solution

increased the cost of FO desalination. Reducing the concentration of draw solution to
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1.0M caused a sharp increase in the cost of FO desalination and doubled the number

of FO modules required in the FO system.

For the FO process operating in the FS-lumen mode, results indicated that 1.2 and
1.4M draw solutions were more cost effective than 1.0 and 1.6M draw solutions
[Figure 7B]. For a 240 m3/h desalination plant, the lowest desalination cost of 115
USD/h was obtained in a 0.5 m FO module using 1.2 and 1.4M draw solution. The
corresponding costs for a 0.5 M FO module using 1.0 and 1.6M draw solutions were
122 and 117 USD/h, respectively. It was apparent that the FO process operating in the
FS-lumen mode was 8 to 9.5 %, more expensive than the FO process operating in the
DS-lumen mode. For the FO unit operating in the FS-lumen mode a 1.2 to 1.4M draw
solution concentration combined with a 0.5 m long FO module was more efficient and
economical for seawater desalination. In a practical framework, the performance of
the FO membrane and energy cost vary over time and from one place to another,
which will affect the efficiency of the FO process. Therefore, these parameters should

be updated upon the consideration of desalination by the FO process.

Commercial hollow follow fibre FO membranes available with active layer in the lumen
side (e.g. Aquaporin A/S), or active layer in the shell side (Toyobo Membranes) are not
recommended because of the predicted high-energy requirements. However, for a FO
membrane with an active layer in the lumen side treating a low quality feed solution
such as wastewater effluent, the FS-lumen mode would be a potential option to
reduce membrane fouling [28]. The recommended length of the FO module and the
concentration of the draw solution should be 0.5 m and 1.2 M, respectively; in order
to make the FO process more cost-effective when operating in the FS-lumen mode.
Switching the FO operating mode to DS-lumen and the active layer in the shell side
reduced the pumping energy in the FO module [Figure 6A]. In such a case, the length
of the FO module should be about 0.7 m and the concentration of draw solution 1.2M.
Therefore, membrane manufacturers should custom design the FO module based on
the application and the quality of solutions. Shell side-active layer membrane was
more effective in reducing both fouling and the energy requirements for pumping

solutions in the FO module provided it operated in the DS-lumen mode. Membranes
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with lumen side-active layer, such as Aquaporin HF-FO, exhibit higher water flux when
operated in the DS-lumen side. Such a membrane may suffer fouling when the quality
of feed water is low and switching the operating mode to FS-lumen should increase
the energy requirements of the FO process. Otherwise, draw solution is recommended
to be in the lumen side to reduce the pumping energy with an exemption in the case

of active layer in the lumen side and when the quality of feed solution is low.

4. Conclusions

The study presented a method for the design of FO membrane module, underlining
the significance optimizing the length of the FO module to reduce the power
consumption of seawater desalination. The results showed that the FO desalination
process is more energy efficient when low flow rate draw solution is in the lumen side
while the high flow rate feed solution is in the shell side. Increasing the concentration
of draw solution induces larger permeate flow rate but also increases the power
consumption of seawater desalination. The results demonstrated that low
concentration draw solution, 1.0M, and high concentration draw solution, 1.6M, were
less energy efficient than 1.2M and 1.4M draw solutions. The length of the FO module
should be carefully optimized to reduce the desalination energy. Although long FO
membrane exhibits larger permeate flow than short module, but the energy of
pumping solutions increases the power consumption of desalination. The optimum
length of the FO membrane operating in DS-lumen mode was found to be 0.7 m. The
results of this study will be useful tool in the design and manufacturing FO membrane

modules.
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Appendix

A.1 Impact of increasing the flow rate of draw solution

Increasing the flow rate of the draw solution increases the osmotic pressure of the
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draw solution going to the RO regeneration stage; and hence the energy requirements
for seawater desalination. This situation holds true for both operating modes, i.e. DS-
lumen and FS-lumen. For the FS-lumen mode, the osmotic pressure of draw solution
going to the RO regeneration stage increased from 35 to 51 bar due to the increase in
the flow rate from 95 to 395 L/h, respectively. The corresponding values for FS-lumen
mode were 38 and 54 bar for draw solution flow rates of 95 and 395 L/h, respectively.
As the osmotic pressure of the draw solution increased, the energy required for
separating solute from fresh water increased accordingly. Furthermore, increasing

the flow rate of draw solution increased the pumping energy into the FO module.
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——DS-lumen
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Figure A.1: Impact of draw solution flow rate on the osmotic pressure of draw
solution going to the RO regeneration process: membrane area was 20 m?; feed flow
rate was 400 L/h; FO membrane was 1.0 m long; draw solution concentration was

1.6 M NaCl; and feed solution concentration was 0.6 M NaCl

A.2. Impact of flow direction on the permeate flow

Permeate flow in the FO process increased as the length of the FO module increased
from 0.2 to 1.0 m for all draw solutions. Permeate flow rate was also higher in the FO

process with a 1.6 M draw solution because of the larger osmotic pressure driving
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force across the membrane. For FO process operation in the DS-lumen mode, the
largest permeate flow was 97 L/h and achieved in a 1.0 m long nodule with a 1.6 M
draw solution. The permeate flow rate decreased as the concentration of draw
solution decreased from 1.6 to 1.0 M. An FO process operating in the FS-lumen mode
exhibited higher permeate flow rate than that operating in the DS-lumen mode with
113 L/h permeate flow rate in a 1.0 m long FO module and with a 1.6 M draw solution.
Permeate flow rate was larger in the FS-lumen mode because of the: (i) larger water
flux when the draw solution faced the membrane active layer; and (ii) the higher

osmotic pressure gradient across the membrane in the FS-lumen mode.
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—&— D5-lumen: 1.2M
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Figure A.2: Permeate flow in FO modules of 0.2 to 1.0 m long: (A) DS-lumen side; (B)
FS-lumen side. Feed flow rate was 400 L/h, seawater concentration 0.6 M NacCl, and

the FO membrane area was 20 m?
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