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In forward osmosis (FO), a semi-permeable membrane 
separates a concentrated draw and a diluted feed solution. 
FO has emerges as a promising alternative for various 
applications. To support further development of FO process, 
a larger scale optimization is required to accurately envisage 
the most critical factors to be explored. In this study, we 
applied a mass-transfer model coupled with the mass 
conservation and area discretization to simulate the 
performance of plate-and-frame FO modules (10 sheets of 
1x1m). Effects of numerous parameters were simulated: 
modes, flow orientations (co-, counter- and cross-currents), 
spacers and spacer properties, membrane parameters and 
operational parameters. Results show that counter-current 
flow orientation offers the highest flux with minimum spatial 
distribution. Module performance can be improved by 
developing FO membrane through reducing membrane 
structural (S) parameter and increasing water permeability 
(A): increasing A-value only significant at low S-value, and 
vice versa (i.e., for A-value of 1 LMH/atm, S-value must be 
below 50 µm). Furthermore, inclusion of spacer in the flow 
channel slightly increases the flux (merely up to 2%). Module 
performance can also be enhanced by increasing feed flow 
rate, lowering solute in the feed and increasing solute in the 
draw solution. 
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1. INTRODUCTION 

In forward osmosis (FO), a semi-

permeable membrane separates a 

concentrated (draw) and a diluted (feed) 

solution. The osmotic pressure difference 

between both solutions drives the 

permeation of water across the membrane 

from the feed to the draw side. A selectively 

permeable membrane allows passage of 

water, but largely rejects solute molecules 

and ions. (Bilad et al., 2016) 

FO has emerges as a promising 

alternative for various applications because 

of its several key advantages. FO membrane 

fouling propensity is considered low and 

more reversible (Achilli et al., 2009; S. Lee et 

al., 2010; Mi & Elimelech, 2010). FO process 

also basically does not require hydraulic 

pressure (only for pumping/circulation, and 

by discounting the necessary of draw 

solution recovery). FO also offers compelling 

solution for concentrating of various 

recalcitrants (emerging contaminants, 

pharmaceuticals, etc) in wastewater that 

often bypass all treatment processes and 

eventually accumulate and untreated in the 

water distribution system (Cartinella et al., 

2006; Cath et al., 2010).  

In recent years, a great deal of research 

has been directed for development of 

effective FO membranes, in particular aimed 

for lowering the membrane support 

structural parameters (S), increasing water 

permeability (A) and for selecting the most 

effective and efficient draw solutes that 

reduce energy consumption for draw 

solution recovery (Zhao et al., 2012; Cath et 

al., 2006; Klaysom et al., 2013). These 

efforts have resulted in substantially 

improved FO membranes. To name a few, 

high performance thin film composite FO 

membrane (Yip et al., 2010) and aquaporin-

based biomimetic FO membrane (Li et al., 

2015). 

Because of the success in developing 

high performance FO membrane and the 

emergence of FO based spin-off companies, 

recent focus has also expands toward 

assessing membrane performance through 

module-scale analyses (Deshmukh et al., 

2015). A convenient and consistent 

methodology to characterize FO membranes 

is of critical importance to advance this 

technology into a more mature phase, 

facilitating sharing, interpretation, and data 

comparison (Tiraferri et al., 2013; Bui et al., 

2015; Sulastri et al., 2016). To support 

further progression for FO process 

development, a larger scale optimization is 

required to accurately envisage the most 

important factors to be explored. Module-

scale assessment offer additional insight 

because it incorporates draw dilution and 

feed concentration effects, two phenomena 

that often ignored in lab-scale assessments. 

By taking into account the membrane 

properties, operational parameters and the 

occurrence of CPs, mass-transfer models 

were have been developed to estimate FO 

membrane performance (Klaysom et al., 

2013). Those models were found correlate 

well with experiments using coupon size 

membrane samples and have been applied 

further to simulate performance of 

numerous large-scale FO modules, in 

particular for module development 

purpose(Jung et al., 2011; Gruber et al., 

2011; Lee et al., 2014; Xu et al., 2010; 

Attarde et al., 2015). However, during those 

simulations both flow and concentration of 

solute of feed and draw solutions are often 

assumed homogeneous. This assumption 

has proven inaccurate because spatial 

distribution of flow occurs even in a simple 

and small filtration cells (Gruber et al., 
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2011), let alone the complexity of flows in a 

module. As a result, the simulation results 

most likely overestimate the real values. 

In this study, we applied a mass-transfer 

model coupled with the mass conservation 

to simulate the performance of plate and 

frame modules. The mass-transfer model 

includes the effect of the external and 

internal concentration effect as well as 

reverse salt diffusion (Bui et al., 2015), while 

the mass conservation accommodated the 

concentration (of feed stream) and dilution 

(of draw stream) effect occurs substantially 

in a large module area. Different possible 

operational parameters were simulated: 

modes (active layer facing feed solution, 

ALFS; and active layer facing draw solution, 

ALDS), flow orientations (co-, counter- and 

cross-current), spacers and spacer 

properties, membrane and operational 

parameters.  

2. METHODOLOGY 

2.1. Mass-transport model  

Water (Jw, L/m2h , LMH) and salt fluxes 

(Js, gMH) in a module were calculated by 

numerically solving mass-transfer 

(Equations 1-4) developed by Bui et al. (Bui 

et al., 2015). Those models account for 

contributions of membrane resistance, ICP, 

ECPs and solute back-transport. They can be 

solved numerically to obtain Jw and Js data, 

as long as membrane characteristics and 

operational parameters are provided. 

For active layer facing feed solution 

mode (ALFS) also known as FO-mode, the 

water (Jw) and salt flux (Js) are given as 

follow: 

 (1) 

 

  (2) 

 

For active layer facing draw solution 

mode (ALDS) also known as PRO-mode, the 

Jw and Js are given as follow: 

 

 

(3) 

 

 (4) 

 

 

A, B and S are water permeability 

coefficient (LMH/bar), solute permeability 

coefficient (m/s) and structural parameter 

(µm), respectively. Because of the small 

impact of Js, its contribution in defining 

module performance is neglected. This 

study only considers Jw to judge the module 

performance.    

The π (osmotic pressure, bar) and D 

(diffusion coefficient, m2/s) are function of 

solute concentrations (C, molar). The values 

of π and D can be obtained using empirical 

equations 5 and 6 (Phuntsho et al., 2014), 

when using NaCl as the solute and under 

constant temperature of 25 C. The 

equations were derived using OLI Stream 

Analyser 3.2 

 

  (5) 

 (6) 
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The mass transfer coefficient (k, m s-1) can 
be calculated as  
 

     (7) 

     (8) 

 

where b is flow channel width (m) and h 

flow channel height (m). The value of flow 

channel height is equal to spacer thickness.  

The Sherwood number for laminar flow is 

defined as in Equation 9. It is worth noting 

that laminar flow regime was observed for 

entire ranges of applied parameters. 

 

        (9) 

 (10)  

 (11) 

  

 (12) 

  

 

 where L is length of the channel (m), Re  

Reynold number (-), Sc Schmit number (-), v 

cross flow velocity (m/s), ρ solution density 

(kg/m3), ν kinematic viscosity (m/s2) and µ 

viscosity (kg/s.m). The values of ρ and µ are 

function of solute concentration (equations 

13 and 14). The empirical relations between 

ρ and µ and C and solute concentration are 

as follow (Phuntsho et al., 2014): 

ρ  (13) 

 (14) 

 Because the thermodynamics 
properties are given as a function of solute 
concentration, it is possible to capture the 
effect of feed concentration and draw solute 
dilution as a result of water flux and reverse 
salt flux inside the module. 
 
2.2 Numerical modeling of FO module 

Because of the large area of a module 
element, the solute concentrations in the 
feed and draw solution change as a function 
of location in the module. Therefore, the 
draw solute and feed concentration cannot 
be assumed constant at a particular value. 
To solve this situation, area discretization 
was implemented (Figure 1) by splitting the 
area into smaller cells. The area of 1 m2 (1 m 
x 1 m) of one sheet module was split area 
into a hundred of 0.01 m2 cells (0.1 m x 0.1 
m). Because of the small area of the cell, it 
was also assumed that the solute 
concentrations within those small cells are 
constant. All simulations in this study 
assume a static condition in a steady state 
operation without considering membrane 
fouling (dynamic condition) or build-up 
condition (transient). 
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Feed
(top side)

Draw
(bottom side)

 

 

 
 

 
The concentration of solute over 

different cells affects each other because 
the feed and draw stream are coming into 
the cell either from the inlet or from other 
cell. To unravel the flow relations between 
cells, the flow is assumed to have only one 
dominant direction, either toward length or 
width, depending on cells locations and flow 
orientations. One direction flow means that 
the outlet of the first cell becomes the inlet 
of the second cell, and so . Fluid comes from 
one side and out through the opposite side 
of the cell, without spreading to another 
sides. The inlet of the first cells row is from 

the module inlet, the inlet of the next cell is 
from the outlet of the previous cell, while 
the outlet of the last cells is directly exit 
from module (see arrows in Figure 1). For 
the co-current flow, the calculation is simple 
because the flow of feed and draw solutions 
are in parallel. For the counter-current flow 
orientation, the calculations were 
performed through back-iteration. The 
mass-transport equations in Equations 1-2 
or 3-4 were solved simultaneously for each 
cells, in which the results of one cell become 
the input for solving the following cells. 

Feed 

Draw 

Water transport direction 

Flat-sheet FO membrane 

Figure 1. Schematic diagram of flows and area discretization of FO flat-sheet 
module in the counter-current flow orientation (top) and combined 
flow channel flow arrangement (bottom) 
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2.3 SIMULATION PARAMETERS 

The geometry of module was assumed 
to be 1x1 m stacked in 10 sheets per 
element with the default flow channel 
height of 1.14 mm (equal to the spacer 

thickness). The applied membrane 
properties and operational parameters are 
summarized in Table 1. To study the impact 
of commercial spacer, the spacer properties 
are summarized in Table 2

. 

 
 

Parameters (unit) value 

Membrane parameters  (HTI) 

Pure water permeability coefficient, A (L/m
2
h bar) 1.02  

Salt permeability coefficient, B (L/h) 
Structural parameters, S (µm) 

0.464 
400 

Module dimensions 

Flow channel height (m) 1.14 x 10
-3

 

Net length (m) 1 x 10
-3

 

Net width (m) 1 x 10
-3

 

Membrane sheet 10 

Total module area (m
2
) 10 

Feed and draw solution 

Feed solute (gNaCl/L) 100 

Feed solution flow rate (m
3
/h) 1 

Draw solute (gNaCl/L) 36 

Draw solution flow rate (m
3
/h) 0.34 

 
 

 
 

Commercial brand 

Parameters 

Thickness 
(mm) 

Filament 
thickness 
(mm) 

Mesh 
length 
(mm) Porosity 

Specific 
surface 
(mm

-1
) 

Toray PEC-1000 0.54 0.27 2.3 0.91 14.8 

Naltex 1228 0.75 0.375 3 0.9 10.7 

Desal RO 0.82 0.41 2.7 0.88 9.8 

FilmTec FT30 0.77 0.385 2.8 0.89 10.4 

Desal UF 1.51 0.755 3.1 0.81 5.3 

 
 

Tabel 1. Summary of simulation parameters. All simulations were run 
using parameters below, unless otherwise specified. 

Tabel 2. Summary of commercial feed/permeate spacer properties, 
adapted from (Schock and Miquel 1987). 



 Muhammad Roil Bilad. Module-Scale Simulation of Forward Osmosis Module-Part... | 255 

 

DOI: http://dx.doi.org/10.17509/ijost.v1i2  

p- ISSN 2528-1410 e- ISSN 2527-8045 

The membrane sheet was arranged in 
combined flow mode in which a stream of 
feed is in contact with two membrane 
sheets (Figure 1). The same is applied to the 
stream of the draw. The simulation was only 
performed for the middle sheet in the 10-
sheets module, because the two last 
channels under this module arrangement 
only in contact with one membrane sheet. 

3. RESULTS AND DISCUSSION 

3.1 Effect of flow orientation 
Counter-current flow orientation shows 

slightly higher average flux in comparison to 
the co- and the cross-currents in ALFS-mode 
(Figure 2 and Table 3), which is in line with 
other findings (Jung et al., 2011; Phuntsho et 
al., 2014; Gu et al., 2011). Similar trend is 
also found for the ALDS-mode, with rather 
higher flux magnitudes. The rests two also 
exhibit a larger flux span (difference 
between maximum and minimum flux), 
which is less desirable because spatial flux 

distribution is known to promote membrane 
fouling (Lee et al., 2014). The counter-
current configuration was then applied for 
further simulation processes. 

The large flux-span for the co- and cross 
current originates from the solute 
concentration of contacting feed and draw 
solution (notice arrows for feed and draw in 
Figure 1). For the co-current, the fresh draw 
(highest solute concentration) is in contact 
with the fresh feed (the lowest solute 
concentration) in the module entrance. This 
leads to the creation of the highest possible 
driving forces. Because of draw dilution and 
the feed concentration effects, the driving 
force is reduced toward the outlet of the 
module resulting in the lowest flux nearby 
the module exit. For the cross-current, the 
maximum and minimum osmotic driving 
forces occur at the first inlet of feed/draw 
corner (top left) and the last outlet of 
feed/draw corner (bottom right). 

 
 
 

 
 
 

 
 
 
 

Figure 2. Effect of flow orientation on spatial flux distribution. The simulations were 
run using the following parameters: A=1.02 LMH/atm, B=0.464 m/s L/h, 
S=400 µm, FO-mode, Draw solution: 100 g/L NaCl, Feed solution: 36 g/L, 
draw flow rate: 1 m3/h, feed flow rate: 0.34 m3/h. 
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    Flux (LMH) 

Flow orientation Recovery Average Stdev Range %-range 

Co-current 28.87 8.97 0.43 1.336 14.89 

Counter-current 28.98 8.98 0.03 0.095 1.06 

Cross-current 28.86 8.97 0.3 1.312 14.63 

 
Despite significant difference on the flux 

range (≈1% for counter-current and ≈15% 
for co- and cross-current), the average 
fluxes of different flow orientations are 
relatively close, unlike the one reported 
elsewhere (Phuntsho et al., 2014). The 
deviation on the finding with the aforecited 
literature is due to the size of the simulated 
module dimension. This study only applies 
10 m2 membrane area, while Phuntsho et al. 
2014 simulated up to 170 m2 membrane 
area in a module. Their plot between 
module are and the flux also shows no 
significant different on flux at membrane 
area of 10 m2. The smaller the module is the 
lesser the effect of flow orientation. For the 
large membrane area, the effects of 
concentration and dilution are more 
pronounced because the total mass of water 
transported across the membrane is larger. 

3.2 Effect of membrane parameters 

 Among the three FO membrane 
parameters, A and S play major roles in 
determining transport performances (Figure 
3).  The results on the effects of B is not 
shown because it was insignificant. For 
simulating the effect of A, other parameters 
were maintained constant according to the 
values given in Table 1, and the same role 
was applied when simulating the effect of S. 
The simulations were run in ALDS-mode to 
achieve higher fluxes and clearer trend. 
Module scale simulation takes into account 
the effect of draw dilution and feed 

concentration, which are normally ignored 
in a lab-scale study because of the small size 
of the membrane coupon.  

 Significant flux improvements were only 
obvious when increasing the water 
permeability parameters up to 2 LMH/atm, 
by maintaining S at 400 µm. Up to that 
value, the average flux increases almost 
exponentially. Above that value, increasing 
A-value only slightly increases average 
fluxes. This phenomenon can be explained 
by depicting the contribution of ICP and 
ECPs. The latter is very small and does not 
clearly visible in Figure 3 (top-right). 
However, the former seems to evolve as a 
function of the A-values. As the A-values 
increases, the contribution of ICP increases 
too, and its effect is more dominant when 
the A-values is high. 

 Average module flux increased as the S-
parameters decreases (Figure 3, bottom). 
The trend is somewhat similar to the effect 
of A. Lowering the S-values from 500 to 250 
µm, almost proportionally increases the 
average module flux. However, further 
reduction of S-values leads to exponential 
increase in fluxes.  This trend can be 
explained by the contribution of ICP in the 
mass-transport. At high S-values (>250 µm), 
small changes of S only change the ICP 
slightly. However, as the S-values decreases 
further below 200 µm, the contribution of 
ICP shrinks, which leads to significant 

Tabel 3. Summary of module performances showing that counter-
current flow orientation features the lowest spatial flux ranges 
and offers the highest average flux. 
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increase in the effective mass-transport 
driving forces. 

Overall findings on the impact of A and 
S parameters suggest that for FO membrane 
development, both parameters have to be 
developed simultaneously. As shown from 
the impact of A, increasing A-values only 
effective up to certain value because 
beyond that value the contribution of A on 

the mass transport is underwhelmed by the 
contribution of S in the ICP.  From the effect 
of S data, for a given A-value of 1 LMH/atm, 
flux can significantly be improved when 
having S-values of less than 200 µm, under 
which the effect of ICP is suppressed. 
Increasing A-values only effective in 
improving flux when S-value is low.

 

 

 
 
3.3 Effect of spacer properties 

The use of spacer in large scale 
membrane module is inevitable to support 
flow-channel integrity. Spacer-free flow 
channel only applicable in a small-scale flow 
channel in the lab-scale filtration cells. 

Nevertheless, spacer selection can be seen 
as a way to improve module performance 
(Schwinge et al., 2004; Schock & Miquel, 
1987). In addition for its use to maintain 
flow channel integrity, spacers has long 
been used as turbulence promoter. The 
presence of spacer in the flow channel can 

Figure 3. Effect of water permeability and structural parameters showing 
the trend (left) and explanation with respect to contribution of 
concentration polarizations. 
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help to break boundary layer, and thus help 
to reduce the impact of concentration 
polarization to lower membrane flux 
(Schwinge et al., 2004).  

The impact of spacer in enhancing 
average module flux is only moderate (up to 
2% in comparison to the spacer-free flow 
channel). When comparing the effect of 
each spacer, the flow channel depth was 
also changed according to the spacer 
thickness. There is also no significant 
different between available commercial 
spacers, despite they feature different 
characteristics (range from 0.83 to 2.04% 
improvement). This finding deviates largely 
to the ones reported earlier (Schock & 
Miquel, 1987; Schwinge et al., 2004), in 
which flux increase significantly in the 
presence of spacer. The lab-scale test of FO 
filtration in a different study also showed a 
flux increment of at least 10%, even at very 
low cross-flow velocities (data not shown). 

The large deviations between our 
results and other references is because this 
study does not consider the role of spacer 
on the mass-transfer coefficient. Spacer 
changes the flow pattern and thus flow 
regime, which results in improving mass-
transfer coefficient (Schock & Miquel, 1987). 
The impact of spacer on the mass-transfer 
coefficient will be included in the future 
study. In this study, spacer is only 
considered to change the cross-flow velocity 
and hydraulic diameter, in which spacer 
porosity plays the most crucial role in 
comparison to spacer surface area and 
spacer thickness. Increasing specific surface 
area slightly increases average flux, while 
reducing spacer thickness will reduce 

average flux. Spacer porosity directly 
correlates with linear velocity. Spacer with 
low porosity, occupy larger volume and thus 
lowering the cross-section area of the flow 
channel and lowering the hydraulic 
diameter. The less porous the spacer, the 
channel space occupied by the spacer is 
higher, thus promote an increase in cross-
flow velocity that beneficial for improving 
mass-transfer coefficient. 

 
3.4 Effect of operational parameters 

Feed flow rate, draw and feed solute 
concentrations significantly affect average 
module flux (Figure 5). Increasing the feed 
flow rate increases mass-transfer coefficient 
and reduces the impact of ECPs. Increasing 
draw solute or decreasing feed solute 
concentrations directly corresponds to an 
increase in effective driving force of the 
osmotic process (Equation 1-4), and thus 
the water flux. As also shown in Figure 4, 
only minimum impact of spacer was 
observed by manipulating operational 
parameters.  

Operational parameters are the last 
aspects that can be optimized to improve FO 
module performances, after a module has 
been build-up. Normally, their impacts are 
explored after optimizations of membrane 
(A, B, and S values) and module (spacer, 
module type, etc.) have been done. The 
freedom for operation is, however, also 
constrained by the process objectives. For 
instance, when the process is aimed for 
certain water recovery, all parameters have 
to be adjusted to meet that objective before 
additional engineering optimization can be 
done.
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Figure 4. Effect of spacer types and spacer properties on average module flux in ALFS-mode. 

Figure 5. Effect of operational parameters. The full-lines show the performance 
of spacer filled channel, while the dashed-lines show the performance 
of spacer free channel. The simulations were performed using following 
parameters: A: 2 LMH/atm, S: 100 µm, ALFS-mode, counter-current 
flow orientation, spacer thickness 1 mm. 
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4. CONCLUSIONS 

This study explore the impact of flow 
orientation, membrane properties, spacer 
properties and operational parameters on 
the performance of plate-and-frame FO 
module. Counter-current flow orientation 
offers higher flux and minimum spatial flux 
distribution. The later is very important, in 
particular, to distribute filtration load and 
thus minimizes its consequence on 
membrane fouling. Module performance 
can surely be improved by either lowering 
structural parameter or increasing water 
permeability. It is worth mentioning that 
both parameters are inter-dependent: 
increasing A-value will offer minimum 
impact without reducing S-value, and vice 
versa. Inclusion of spacer in the flow 
channel increases the flux, but its impact 
was poorly simulated. Moreover, module 
performance can be increased by increasing 

feed flow rate, lowering solute in the feed 
and increasing solute in the draw solution. 
Further study on different type of module 
(i.e., spiral wound) should be done to 
explore possible method to improve FO 
performance in a module-scale level. 
Application of more appropriate mass-
transfer model is required to capture the 
effect of spacer accurately.  
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