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Abstract

We optimized the operating conditions for maximizing power production by the pressure-retarded
osmosis (PRO) process using seawater as the draw solution and river (pure) water as the feed solution
using a simulation algorithm developed in our previous work combined with the Complex optimization
method. The calculated results showed that the maximum power production was 104 W/module, i.e.,
18.7 kW/m?, under the optimum conditions. The optimum hydraulic pressure applied to the draw
solution was slightly higher than half the osmotic pressure difference between the draw solution and
the feed solution, which was derived from the theoretical optimum pressure without concentration
polarization and solute leakage. We also optimized the operating conditions of hypothetical modules
that have improved membrane water permeability (2, 3, 4, and 5 times higher than the current
membrane permeability coefficients). Although the power production increased with increasing water
permeability, the relationship was not linear. The effects of internal and external polarization of the
salt concentration and the solute permeability on the power production became significant with

increasing membrane permeability.
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Pressure-retarded osmosis; Optimized energy production; Cellulose triacetate membrane; Hollow-
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1. Introduction

Pressure-retarded osmosis (PRO) has been proposed for the production of electric power. PRO
works by exploiting the osmotic pressure difference between the two solutions such as seawater (as
the high-salinity solution) and river water (as the low-salinity solution) using a semipermeable
membrane process in which water permeates through the membrane from the low-salinity solution to
the pressurized high-salinity solution. Electric power is then generated by releasing the pressurized
seawater through a hydro-turbine.!™

There are several module types, such as hollow fiber (HF),® spiral,®’ and flat-plate types® for
use in pilot-scale PRO membrane modules. Among them, the HF module has advantages of strong
pressure resistance, comparatively large membrane area per unit volume, and the appropriate flow
patterns in the module.> °-'?

The PRO process using brine produced by reverse osmosis (RO) has been widely
investigated.'® This is because the higher osmotic pressure of a saline solution can produce significant
electric power. In the present study, we tried to estimate the maximum power production with an HF
membrane module using seawater rather than brine as the draw solution and river water without salt
as the feed solution. The investigation was carried out with the aid of numerical simulation and
optimization.

In ideal conditions, the theoretical water flux across a membrane, J,,, can be calculated.'*
J» = A(Am — AP) (1)

where A is the water permeation coefficient of the membrane, Am is the osmotic pressure difference
across the membrane, and AP is the hydrostatic pressure difference across the membrane. If Am and

A are constant, the electric power production, E, generated by the PRO process is given by:'* 13

E = JwAgreaAP = AAgreq (A — AP)AP (2)

where Ageq 1S the membrane area. In ideal conditions, the maximum power production is given by:

Am?

Emax = AAareaT (3)

Thus, the maximum power production is obtained when AP = A;”. It should be noted that the real PRO

process includes salt leakage and concentration polarization in the support layer of the semipermeable
membrane (internal concentration polarization, ICP) and boundary layer on the membrane surface
(external concentration polarization, ECP), which results in a deviation in A from the the osmotic
pressure difference between the bulk draw solution (DS) and the bulk feed solution (FS). Furthermore,

the salt concentration can vary with location in the module because of the mixing of the permeate and
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bulk solution. The pressure drop of the bulk flow inside the HF membrane also reduces power
production. Therefore, we must examine the effects of the operating conditions on the available electric
power to optimize the process.

Shibuya et al. proposed a simple integral calculation model, developed from the friction
concentration polarization (FCP) model,'¢!® to explain and predict HF module performance under
forward osmosis (FO) operation theoretically.” In our previous study, we modified the model to
improve the accuracy of the calculations by combining PRO theory for water flux and salt leakage,
and we experimentally and theoretically investigated the pilot-scale performance of two types of HF
modules under a wide range of PRO operating conditions, and examined the distribution of the
pressure, salt concentration, and permeation flux inside the modules.!?

We have improved the modified model for the optimization of the PRO process in the present
study. The optimization algorithm is based on the Complex method developed by Box et al.,'**! which
was used to estimate the deviation in the HF module performance from the ideal performance given
by Eq. (2) and ideal optimal operating conditions. We have investigated the hurdles that must be

overcome for the commercialization of osmotic power production.
2. Computational algorithms for PRO process optimization
2.1. Simulation of the PRO process

In our previous work, a modified analytical model based on the friction-concentration
polarization (FCP) model, which combines PRO theory with water flux and salt leakage, was proposed
to estimate the PRO process performance when using an HF module.'? The calculated results agreed
well with the experimental data under a wide range of conditions.

Figure 1 presents a scheme of the HF module. This figure shows the hollow-fiber module,
which includes the hollow fiber with an active layer and porous support layer. The draw solution and
feed solution flow into the shell side and bore side, respectively, i.e., active layer facing the DS (AL-
DS) mode.
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Fig. 1. Scheme of the modified model for the HF module. (A) PRO HF module with a cross-wound
HF. (B) Cross-section of the HF with the outer active layer and the inner bore side support layer. (C)

The salt concentration across the thin active layer.

We simulated the PRO process using hollow-fiber modules (1) and (2), which were kindly

supplied by Toyobo Co., Ltd. The technical specifications of the modules and installed membranes are
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the same as those in our previous report!? and are summarized in Tables 1 and 2.

Table 1
Specifications of the HF membrane modules.

HF inner HF outer Module  Number  Effective  Packing

diameter diameter length of fibers membrane density

dinner [m] douter [m] [mm] [-] arca [mz] [%0]
Module (1) 85 175 682 220,000 70.5 54.2
Module (2) 117 189 682 165,600 65.6 43.2




Table 2

Intrinsic parameters of the HF membranes in the modules.

Water permeability Salt permeability Structural
coefficient, A coefficient, B parameter, S
[L-m2-h'-bar!] [L-m?2-h!] [wm]
Module (1) 0.27 0.035 1024
Module (2) 0.60 0.072 912

We used the model same as that in our previous work'?. The osmotically driven water flux,
Jw, was expressed by considering the membrane orientation and the internal and external concentration

polarization effects as follows:*?

s
7TDS,bexp(_]TW)_”FS,bexp<D];:ff>

— APps_Fs 4)
ol o)

where A, B, and S are the intrinsic parameters of the membrane, that is, the water permeability

Jw=A4

B
14—
Jw

coefficient, solute permeability coefficient, and structural parameter, respectively. In addition,
Tpsp [bar] and mgg) [bar] are the osmotic pressures in the bulks of the more concentrated (DS) and
less concentrated solutions (FS), respectively. APps_ps [bar] denotes the hydraulic pressure
difference between DS (shell side) and FS (bore side) of the HF membrane; and Dyg;¢f [uL-m -h7']
and k [L-m 2-h!] are the diffusivity and mass transfer coefficient of the draw solute in the boundary
layer on the membrane surface, respectively.

The fibers are wound spirally around a porous core tube. Therefore, the length of hollow fibers
in the segment was calculated based on the precise analytical model proposed by Sekino,!¢ and was
used for the estimation of the effective membrane surface area in the segment.

In our previous study, we developed the following equation to estimate the net power
production of the PRO system, where the efficiencies of the turbine and pressure exchanger were

assumed to be 1:1

E= Q]WPDS,out - (QDS,in(PDS,in - PDS,out) + QFS,inPFS,in) (5)

Here, O is the volumetric flow rate of the permeated water.
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Fig. 2. Schematic view of the segmentation in the module for numerical simulation.

Figure 2 shows the segmentation in the module for the numerical simulation, which is carried
out in cylindrical coordinates because the module is assumed to have cylindrical symmetry. The
stepwise segmental (integral) calculation was performed in almost the same manner as in our previous
work.!? Because the permeate flux, Ju is found on both sides of Eq. (4), J» was determined by least
squares minimization between the estimated Jy value and the calculated result of the right-hand side
of Eq. (4) based on golden-section search.?* The integral calculation was carried out with 50,000
segmental cells (100 and 500 in the radial (r) and axial (z-axis) directions, respectively), and we

confirmed that this number (50,000) was sufficient for accurate calculation in the present study.
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Fig. 3. Scheme for simulation of PRO HF module performance.

Figure 3 shows the scheme for the simulation of the PRO HF module performance. First, we
input the initial conditions and operating conditions such as the inlet pressure of the draw solution
(Pps,in), inlet pressure of the feed solution (Prs,in), and inlet volumetric flow rate of the draw solution
(Ops,in). Then, we set the initial value of feed solution volumetric flow rate, Qrs(m,1) with m = 1,100
at the module inlet, which was calculated using Eq. (6):

Orstm, 1) = Fe e ®
where Lyrdenotes the length of the HF.

For each segment, the Jy value was calculated using Eq. (4), and the other variables, e.g.,

Cps, Crs, and Pps were calculated using shell balance equations. After these calculations, the end
pressure of the bore side was checked at the module outlet. If the pressure error, that is, the deviation
in the outlet pressure, Prs(m, 500), from 0 bar was larger than 0.0000001 bar, Q(m, 1) was modified
and returned to the initial step of the simulation. If the pressure deviation became smaller than the
critical value, the simulation was finished. Using this algorithm, we can obtain information about the

hydraulic pressure, salt concentration, and mass flow rate of each segment, and finally obtain the power

8



production defined by Eq. (5) under the given conditions for Pps,in, Prs,in, and QOps,in.
2.2. Optimization algorithm for the PRO process

The simulation procedure described above was combined with the Complex method!! to
optimize the operating conditions and to maximize the production of electric power. The objective is
to maximize the power production, E, expressed by Eq. (5). The operating variables, which should be
optimized by this program, are the inlet pressure of the draw solution (Pps,in), inlet pressure of the feed
solution (Prs,in), and inlet volumetric flow rate of the draw solution (Qps,in). In the optimization, the
initial values of these variables were generated randomly. The basic idea of the algorithm is to replace
the worst point of minimum power production by a new point obtained by reflecting the worst point
through the centroid of the remaining points in the complex as shown in Fig. 4. From the optimization
results, the maximum power production and optimum operating conditions can be obtained.

However, it is possible that there are other optimum points. Therefore, we carried out
simulations to estimate the power production for each point of the operating variables, as shown in
Figs. 5 and 7, and we checked the unimodal shape of the power production plot around the maximum
points relating to the operating variables.



Generate starting points of calculation X; (i=1, - - ,6) whose
components are operative variables, e.g. Ppg in, Prs,in» @ps,in

A 4

Calculate the power productions by the simulation method, of
which algorithm are shown in Fig. 3

v

Identify the worst point of minimum power production by comparing
the power productions for each calculation point X; (i=1, * - ,6)

v

Calculate the centroid of current points of calculation

v
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calculation point
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comparing the power productions
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4

A

Return the new point to the middle point
between the new point and the centroid

A

Output the optimization result, e.g. maximum power production, optimal
Condition of Ppg in, Prs,in, @ps,in

End

Fig. 4. Optimization algorithm for the PRO process with HF modules.

3. Results and Discussion
3.1. Optimum power-maximizing conditions for two hollow-fiber modules

Optimum conditions for maximizing the power production defined by Eq. (5) were calculated
using seawater as a model draw solution and river water as a model feed solution. The draw solution
and feed solution contain of 35 g/L (seawater level) and 0 g/L NaCl, respectively. The operating
variables, which were optimized for maximum power production, are the pressure of the input draw
solution, Ppg ;,, the pressure of the input feed solution, Ppg ;,, and the volumetric inlet flow rate of

the draw solution, Ops,in.
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Table 3

Optimal conditions for maximizing power production using seawater as a draw solution.

Pps,in Prs,in Qps,in E/packed volume
[MPa] [MPa] [m3/S] [kW/m?]
Module (1) 1.45 0.108 0.00099 13.8
Module (2) 1.00 0.146 0.00156 18.7

The optimal conditions for maximizing power production using module (1) are summarized
in Table 3. The optimal Ppg;, was 1.45 MPa and was slightly higher than half the osmotic pressure
difference between the draw and feed solutions (1.37 MPa). The maximum power production per
membrane packed volume using module (1) was 13.8 kW/m®. The optimal conditions for maximizing
the power production using module (2) are also summarized in Table 3. Because the membrane inside
module (2) is soft and the upper limit of the applied pressure is 1.0 MPa for this module, the optimal
pressure is equal to this upper limit pressure of 1.0 MPa. The maximum power production is 18.7
kW/m®. This higher power production is attributable to the higher water permeability of the membrane
inside module (2), as shown in Table 2.

We must confirm the unimodal shape of the power production plot with respect to the
operational variables, i.e., Ppsin, Prsin, and Qpg;n, around the optimum conditions. Figure 5(A)

shows the effects of Ppg;, and Pgg;, on the power production around the optimum condition in the

. . . . Prs;
case of module (1). The horizontal and vertical axes are the dimensionless parameters ——"— and
FS,in—opt
PDS i . . .
P—'m, respectively. Ppgin_ope and Ppgin_ope are the respective pressures under optimum
DS,in-opt

conditions. Every point on the z-axis in this figure represents the power production at

Prs,i Pps.i . . . . . . .
the( £ __Dsin ) coordinate, which was calculated using the simulation algorithm shown in
PFS,in—opt PDS,L'n—opt

Fig. 3. The effect of Pps.in on the power production is much larger than that of Prs.in. From Eq.(5),
the power production is directly affected by Ppsout, and decreased sharply with the decrease of Pps;in
under lower Pps;in than Pps in-opt. On the other hand, the osmotically driven water flux, Jw, which was
strongly related to the power production, was significantly affected by Pps.rs, and decreased sharply
with the increase of Pps;in under higer Pps,in than Ppsin-opt. Therefore we need to control the PDS-in
precisely. On the other hand, the power production, E, sharply decreased with the decrease of Prs,in
in the case of extreme low Prs,n,. The decrease comes from the extreme low water permeate flux
caused by the increase in the salt concentration in the feed solution, which comes from the extremely

low velocity of the feed solution inside the hollow fiber.
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Figure 5(B) also presents the effects of Ppg;, and Qps;, on the power production around
the optimum condition. Power production is unimodal, as shown in both Figs. 5(A) and 5(B), and there
is no other optimum point. Ppg;, has a more significant effect than Prg;, and Qpg;n. On the other

hand, the effect of Qpg;, 1s very small in the range of _psin_ -,
DS,in-opt

(A)

(B)

ps,;
QDS'in‘opt [\]

Fig. 5. Effects of Ppgin, Prsin, and Qps;n, onhydraulic power production in the case of module (1):
(A) Effects of Ppg;, and Pgg;, on power production, and (B) effects of Ppg;, and Qps;, on

power production.

12



(A) n}odule inlet modlule outlet
1

1 '
Ups[x 0.01 m/s]
—_ 5.0 . 3.0 ) 1.0
< 100 . 4.0 2.0
@
=
©
L
“ 50
C
Qo g
=
8 0 H | 1 3
o 0 20 40 60 80 100
Position of z-axis [%]
(B)
Crs(g/L]
— 1004 0.2 04 06 1.0 2.0
K%
x
e
S  S0pF
c
.0
=
(%]
O
a 0 I I i N
0 20 40 60 80 100

Position of z-axis [%]

Fig. 6. Distribution of Ugg (A) and Cps (B) within module (1) under optimum conditions.

Figure 6(A) shows the distribution of the linear velocity of the feed solution, ugg, under
optimum conditions. The linear velocity is low at the outlet of the hollow-fiber module. The optimal
inlet pressure of the feed solution Pgg;, should be set to a low level to avoid excess power loss for
pumping the feed solution. However, we need to avoid an extremely low flow rate of the feed solution
because of the increase in the salt concentration in the feed solution, Cgg, near the module outlet, as
shown in Fig. 6(B). The increase in Crg comes from the salt permeate through the membrane, and
results in a reduction in the osmotic pressure difference between the inside and outside of the HF
membrane. Therefore, precise control of the Pgg;, is necessary.
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Fig. 7. Effects of Ppgin, Prsin,and Qps;, onhydraulic power production in the case of module (2).
(A) effects of Ppg;, and Pgg;, on power production, (B) effects of Ppg;, and Prg;, on power
production without the upper limit of the pressure resistance around the optimum condition, and (C)

effects of Ppg;n and Qps;n on power production without the upper limit of the pressure resistance
around the optimum condition.
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Figure 7(A) shows the effects of Ppg;, and Prg;, on power production using module (2)
around the optimum condition. As described above, the pressure resistance of the hollow fiber in
module (2) is low (ca. 1.0 MPa) and, thus, Ppgin_op: Was 1.0 MPa. This figure shows that the
maximum power production was obtained at a Ppg in/Ppsin—op: value of 1, that is, at the limited
pressure. Thus, the pressure resistance of the module is very important for achieving high power
production.

We also investigated the power production of a hypothetical module (2) that has no upper
limit of the pressure resistance, but the other specifications are the same as those of model (2). Figure
7(B) shows the effects of Ppg;, and Prs;, on power production using module (2) without an upper
limit on the pressure resistance. Figure 7(C) shows the effects of Ppg;, and Qpg;n using module (2)
without an upper limit on the pressure resistance. From these calculated results, the power production
schemes are unimodal, and there is no other optimum point. Thus, Ppg;, is a much more sensitive
variable than the other operational variables.

The optimum Qpg;, is small because this avoids excess pumping power losses, as shown in
Table 3. However, the influence of Qpg;, is small compared with those of Ppg;,, and Prg;p, as
shown in Figs. 5(B) and 7(C). The inlet pressure of the feed solution, Prg ;,, should be set to a low
level to prevent excess power loss for pumping the feed solution. In previous work, the distribution of
water flux within the modules has been presented.!? It was found that some areas inside module cannot
be effectively utilized because of the low water permeation in these areas of the module. The feed
solution should be supplied smoothly to all the module area by feeding pump. However, energy loss
on pumping the feed solution through the very narrow space inside the thin hollow fiber must be
avoided, which means the pressure drop is not negligible. Therefore, Prs,i» should be optimized
precisely. In the case of module (1), Prs,in-ops Was determined to be 0.115 MPa as shown in Table 3, and
the energy loss for pumping the feed solution is 1.56 kW/m?, which is not negligible compared with
the power production, 13.8 kW/m>. Pgsin-op: of module (2) is 0.151 MPa, and the energy loss for
pumping the feed solution is 2.18 kW/m?, which also is not negligible compared with the power
production, 18.7 kW/m?.

3.2. Effect of the membrane water permeability

Figure 8 shows the effect of water permeability, 4, on power production. The values of 4 were
changed in the simulation, ignoring the real values, as shown in this figure. The power production
under optimum conditions was estimated based on a combination of the simulation method and
Complex method shown in Figs. 3 and 4. In the real modules, power production by module (2) is
greater than that by module (1) because of the higher water permeability, as shown in Table 3. However,
module (2) has a disadvantage of low pressure resistance, that is, we cannot operate module (2) at more
than 10 bar. The increase in the power production of the module (2) decreased in the high 4 region

because of pressure limitations, and power production by module (1) becomes larger than that of
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module (2) with the same 4. Even if the pressure resistance is improved and there is no pressure
limitation, the salt leakage shown in Table 2 affects power production in module (2), which leads to

still lower power production than that of module (1) with the same 4.

I
60.0F Theoretical ’,' / Theoretical (module (2))
(module (1)) ,/
/4

l,’ I,' Module (1)
,'I ,'I Module (2) without
;7 upper pressure limit

400 B [l’ VA
Module (2)

20.0

Power production [kW/m3]

0.0 1.0 2.0 3.0
A [L‘m2-h1/bar]

0.0

Fig. 8. Optimization of the maximum power production with the increase in water permeability

coefficient, A, of module (1), module (2), and module (2) without an upper pressure limit.

The broken lines marked theoretical (module (1)) and theoretical (module (2)) in Fig. 8
represent the theoretical maximum power production calculated using Eq. (3) assuming ideal
conditions, i.e., no salt leakage, unlimited pressure resistance, and no concentration polarization.
Comparing between Eq. (1) and Eq. (4), it should be noticed that the deviation of Jw value, which
calculated by Eq. (4), from Jw value in ideal condition, which calculated by Eq. (1), increases with the
increase of Jw value. Therefore, the larger deviation of the power production by the actual module (2)
from the theoretical power production compared with that by module (1) came from the larger Jw value
of the module (2). We investigated these effects quantitatively in the case of module (2). If the pressure
resistance was sufficiently high for optimum operation, the power production would increase to 15.6%.
In the case of no upper limit of pressure resistance, the improvement by introducing the ideal
conditions was estimated as follows. If the B value, which represents salt leakage through the
membrane, is zero, power production can increase to 15.2%. If the mass transfer coefficient in the

boundary layer on the active layer of the membrane increases by 100 times, that is, the concentration
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polarization in the layer (ECP) is negligible, the power production can increase to 8.6%. If salt transfer
by diffusion in the support layer of the membrane is very large, that is, the concentration polarization
in the support layer of the membrane (ICP) is negligible, the power production can increase to 10.2%.
In extreme conditions (i.e., 4 is 5 times the real value), the increase in power production achieved by
removing the barriers, i.e., the upper limit of pressure resistance, the salt leakage, ECP, and ICP, were
calculated to be 45.5%, 42.2%, 16.3%, and 22.5%, respectively. Thus, these additional factors, as well
as A, must be addressed to increase power production by improving the membrane and module
structures.

Figure 9 presents the optimum inlet pressure, Ppg i, of the draw solution for maximum power
production. In module (1), Ppg;, is higher than the theoretical value of Am/2 arising from salt
leakage and concentration polarization. This deviation from the theoretical value increases with
increasing A because the effects of salt leakage and ICP become more significant at high J,.. The
optimum pressure of module (2) is lower than Am/2 and the same as the pressure resistance (1.0
MPa). In the calculations involving module (2) without an upper pressure limit, Ppg;, was also higher

than Am/2 and increased with increasing 4.

2.0
§ 1 O Module (1)
= A Module (2)

3 1.5F .

2 O Module (2) without
g upper pressure limit
Q.Q Aﬂ/ pp p

2
1.0f A—A A A—AN\
| 1
0.0 1.0 2.0 3.0

A [L:m2-h1/bar]

Fig. 9. Effect of 4 on Ppgin—op for maximum power production.

4. Conclusion

The performance of the PRO process using two types of four-inch HF modules was
investigated by numerical simulation. The calculation results showed that the power production was
13.8 kW/m? for module (1) and 18.7 kW/m? for module (2) under optimum conditions. The optimum
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pressure of the draw solution is slightly higher than half the osmotic pressure difference between the
draw solution and feed solution, which is the theoretical optimum pressure for maximizing electric
power production. From the calculated results of the distribution of the flow rate of the feed solution
in HF, it was noticed that the optimum flow rate of feed solution must be precisely regulated to avoid
energy loss for the pumping feed solution and to supply the feed solution to every area of the module.
The effect of the water permeability (4) of the membrane on the power production was calculated.
Although increasing 4 improved power production, the power production became saturated at high 4
because of salt leakage and concentration polarization. In addition to the enhancement of 4 value, these
factors must be considered to increase power production.

In the present study, we assumed that the energy recovery efficiency from the high-pressure
output draw solution is 100%. However, if the efficiency is lower, the energy loss might become non-
negligible. Furthermore, we must consider the effects of HF membrane fouling, that is, if the draw
solution or feed water contained the organic, inorganic and microbial foulants, a fouling problem
would occur, and the permeate flux in the module would decline significantly. 2*° The optimization
of PRO process considering with the fouling phenomena on the surface of membrane should be carried
out for the practical use in future, even though the modeling of the fouling phenomena could not be

carried out easily.

Nomenclature

A water permeability coefficient [L-m™-h™!-bar]

Agrea effective membrane area [m?]

B solute permeability coefficient [L-m 2-h!]

C concentration [g/L]

D inner diameter of shell [m]

d hollow-fiber diameter [m]

Dgirs mutual diffusion coefficient [uL-m™2-h™']

E maximum power production [W]

E' maximum power production per membrane packed volume [W/m?]
FN number of fibers [-]

Js solute flux [mol-m™-h™']

Jw water flux [L-m™-h!]

k mass transfer coefficient [L-m2-h!]

L length [m]

P hydrostatic pressure [Pa]

APps.Fs hydrostatic pressure difference between DS and FS [bar]
0 volumetric flow rate [L/h]

R gas constant [bar-L-mol!-K™!]
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