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Abstract

Pressure Retarded Osmosis (PRO) has been proposed for power generation from a
salinity gradient resource. The process has been promoted as a promising
technology for power generation from renewable resources, but most of the
experimental work was about the laboratory size. To date, PRO optimization and
operation is based on parametric studies performed on a laboratory scale units,
which left a gap in our understanding of its behavior in a full scale modular system. A
computer model has been developed to predict the performance of PRO process and
optimization of key operating parameters. Process modeling process has been
performed on a multi-modules system and impact of key operating parameters on
the process performance has been evaluated.

The results showed that the optimized operating parameters in a laboratory scale
PRO unit are not valid in the full scale module. Many studies have suggested that
power generation in the PRO process reaches an optimum amount when the
hydraulic pressure is equal to AP = Az /2. Furthermore, for a PRO process operating
under constant pressure, the optimum power generation is achieved at the
feed/draw solution fraction in a mixed solution equal to 50%. While these optimum
values are valid in a laboratory scale unit or in the ideal PRO process, they are not
applicable for an ideal PRO process. Simulation results revealed that the optimum
hydraulic pressure in the PRO process depends on the salinity gradient and the
osmotic pressure gradient across the PRO membrane. Also, feed/draw solution
fraction in mixture in entirely dependent on the salinity gradient and the number of
the PRO modules in the pressure vessel. In fact, the optimized PRO process would
operate at a hydraulic pressure less than, hence the characteristics of the PRO
membrane and pump specifications are different to that suggested in previous
studies. The results here demonstrate that the energy output from the optimized
PRO process is up to 54% higher than that in the normal (unoptimized) PRO system.
The results are promising and will encourage further research in the salinity power
plant technology.
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1. Introduction:

Renewable energy resources have been profoundly investigated over time to
provide an alternative source to fossil fuel energy and secure long term increasing
demands on energy. Amongst the emerging renewable energy technologies, salinity
gradient power plant stands out as one of the most promising process [1-5]. Salinity
gradient energy conversion can be achieved by pressure retarded osmosis (PRO) or
reverse electrodialysis (RED) processes [6]. In the RED technology, ions diffuse from
the high to the low salinity solution cell separated by an ion exchange membrane [7,
8]. Stacks of cation and anion exchange membranes are alternately packed between
two electrodes connected to an electrical load. Pressure retarded osmosis operates
in a slightly different way to ERD. The high and low concentration solutions are
separated by a semipermeable membrane that rejects ionic species but allows water
molecules to pass through [8]. The high concentration solution (draw solution) is
pressurized and fed into a PRO membrane for fresh water extraction from the low
salinity (feed solution). Chemical potential converts into hydraulic energy as fresh
water transports from the feed to the draw solution side. Draw solution is
depressurized in a hydroturbine after leaving the PRO membrane for power
generation [figure 1].

Despite the high potential of salinity power plant, PRO technology has not been
commercialized yet. Several pilot plants have been tested worldwide in addition to
the large number of laboratory size experiments. First pilot plant was tested by
Statkraft using seawater and river water as a salinity gradient was less successful to
satisfy the required energy demands [3]. This is, probably, because of the low
osmotic pressure driving force across the PRO membrane [3]. Subsequent pilot plant
test in Mega-ton project, Japan, demonstrated better results with 7.7 W/m? power
density [9], that is greater than recommended threshold of 5.5 W/m? [3]. Toyobo
hollow fiber membrane was used in conjunction with reverse osmosis (RO)-
wastewater salinity gradient for power generation. With Toyobo membrane, a
maximum 30 bar feed pressure can be applied on the draw solution side if the PRO
membrane [10]. However, researchers have developed laboratory scale membranes
with high water flux and can tolerate a wide range of hydraulic pressure that exceeds
30 bar. Henrik et al, carried out PRO experiment at 70 bar using 5M NaCl draw
solution to reach power density in excess of 5.5 W/m?2[11]. Rong et al, reported 4.3
W/m? power density at 12 to 13 bar hydraulic pressure using wastewater RO
retentate and 1M NaCl feed and draw solution, respectively [12]. The research group
used in house developed hollow fiber PRO membrane and experiment was
performed at Forward Osmosis (FO) mode [AL-FS] to eliminate the pretreatment of
feed solution. Shung and co-workers achieved 38 W/m? at 30 bar hydraulic pressure
using thin film composite hollow fiber membrane [13]. The salinity gradient resource
was DI water feed solution and 1.2M NaCl draw solution. In an experiment to
evaluate the structural stability of PRO membrane researchers conducted PRO
experiment over 10 hours on a laboratory fabricated membrane polyamide
membrane [14]. A power density of 12.8 W/m? was achieved at 17.2 bar hydraulic
pressure. Rong et al, performed a laboratory test to evaluate the stability of
polyamide PRO membrane [15]. The research group reported 19.2 W/m? power



density at 15.0 bar hydraulic pressure using 1.0 M NaCl and DI water as the draw and
feed solution, respectively. Cath et al, evaluated commercially available membrane
for POR process [16]. The study found that thin film composite (TFC) polyamide
membrane from Hydration Technology Innovations (HTI) is the most stable
membrane with 22.6 W/m? power density at 41 bar hydraulic pressure using 2M
NaCl draw solution. Unfortunately, membrane deformation was detected at 35 bar
hydraulic pressure.

Most of researchers and scientists still recommend optimum values of hydraulic
pressure and feed to draw mixing ratio that obtained from a laboratory scale PRO
process ignoring the difference in the hydrodynamic conditions between laboratory
and full scale membrane [5, 17]. Dilution and concentration of draw and feed
solution in a full scale PRO module affect the osmotic driving force and extractable
energy along the PRO membrane. In the current study, Gray Wolf Optimization
(GWO) algorithms was applied to identify the optimum hydraulic pressure and feed
to draw ration that is required to maximize the energy output from salinity gradient
in the PRO process. The performance of PRO was optimized in a full scale PRO
module using a computer model and GWO algorithms. Different types of salinity
gradients were tested to mimic a number of natural feed and draw solutions that
would have been suggested in the PRO process.
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Figure 1: A schematic diagram of PRO process
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2. Methodology
2.1 PRO model

The computer model was used to calculate water flux in the PRO process taking into
account the impact of concentration polarization and external resistance along the
PRO module. Water flux along the PRO module was calculated from the following
equation [18]:

(NRTM g, ., L+ QD7) /12) exp(_kJW) —(NRTM ¢, (1 — QF7) /12)exp(J, K + EW)

\]Wynx - A\N( Do,nx B d J — JFo,nx f —AP)

1+J—(exp(JWK+k—W)—exp( “3)
f

W—X kd

1)



where, n is number of ions in the solution, R is the gas constant, and T is the
temperature in Kelvin (°C+273). Aw and B were assumed to be 1.23 L/hm?-bar and
2.6 kg/hm? respectively, ks=k=0.18 m/h, and K=31 h/m, Cpjn is the inlet
concentration of the draw solution at the distance X along the membrane, Crinx is the
inlet concentration of the feed solution at the distance X along the membrane, Qpinx
and Qpo,nx are the inlet and outlet flow rate of the draw solution, respectively, and
Qrixn and Qroxn are in the inlet and outlet flow rate of feed solution at distance X
along the membrane, respectively [18]. Equation 1 accounts for concentration
polarization and external resistance in the PRO membrane [9, 21]. Equation 1 is valid
for PRO membrane operating on the PRO mode; i.e. draw solution faces the active
layer. More details on the model derivation can be found on literature [18]. The
fractions of draw and feed volumes, A, and A. respectively, in the mixture solution

were calculated from the following equations:
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where, yp and yr are the volumetric flow rates of draw and feed solution. Specific
energy generation, Es (kWh/m3), was calculated at different operating conditions
using the following expression:

AP*Q, g

Es =
Qp +Qr

where, AP is the hydraulic pressure of the draw solution entering the hydroturbine
(bar) and Qp, Qo and Qr are the permeate, draw and feed solution flow rates,
respectively. In this study, GWO was applied to find the optimum hydraulic pressure
and mixing ratios in the PRO system. Es in the optimized PRO process was compared
with that in the unoptimized PRO process using salinity gradient resource.

2.2. Grey Wolf Optimization (GWO)

The Grey Wolf Optimization (GWO) is a meta-heuristic method proposed by Mirjalili
and Lewis [19]. It mimics the leadership hierarchy and the hunting process of the
grey wolves in nature. The social dominant hierarchy including three different types
of grey wolves in GWO: the leader, namely a, the second level grey wolf, namely B
and the third level grey wolf, namely 6. The grey wolf a is the leader of the
navigation whereas B and 6 are responsible for provide promising solutions. The
hunting and navigating behaviour for every grey wolf is the same. When the hunting
mechanism is introduced in designing the GWO technique, there are three main
characteristics of grey wolves: tracking prey, encircling prey and attacking towards

prey.



In the mathematical GWO model, the prey is considered as the optimum. The above
hunting strategy is simulated as the optimization process. The three-dominant
hierarchy a, B and & are considered as the best solution, the second fittest solution
and the third fittest solution, respectively. The next move of the current search
agent is decided based on the current best solution and the global best three
candidate solutions a, B and 6.

3. Results
3.1 Hydraulic pressure optimization

Previous studies recommended that the optimum hydraulic pressure for the power
density to reach a maximum amount is AP =Ax/2 [4, 5]. The value has been
experimentally validated on a flat sheet PRO unit as well as in a full scale ideal PRO
process; i.e. ignoring the effect of concentration polarization [5]. We performed PRO
optimization for a full scale module taking into account the impact of concentration
polarization and results were compared with that from unoptimized PRO process.
Four salinity gradient resources were evaluated using sodium chloride salt, these are
5M-0.6M, 5M-1.2M, 1.2M-0.02M and 0.6M-0.02M to resemble field situation of
Dead Sea-seawater, Dead Sea-RO brine, RO brine-wastewater, and seawater-
wastewater, respectively.

Results in Figure 2A show hydraulic pressure in optimized and unoptimized PRO
process consists of one full scale module. In general, hydraulic pressure was 5% to
14% lower in the optimized PRO compared to the unoptimized PRO process. The
largest difference was 14% for 0.6M-0.02M salinity gradient followed by 7.5%, 5.5%
and 11% for 5M-0.6M, 5M-1.2M and 1.2M-0.02M salinity gradients, respectively.
Water flux in the POR module is shown in Figure 2B. Optimized PRO processes
exhibited higher water flux than unoptimized PRO processes because of the higher
net driving force across the optimized PRO process. Water flux decreased across the
PRO membrane due to osmotic pressure decrease as a result of the dilution of draw
solution and the concentration of feed solution. Figure 2C shows the net energy
output in the optimized and unoptimized PRO processes. Hydraulic pressure
optimization resulted in none to subtle increase in the energy output in the PRO
process. 5M-0.6M and 5M-1.2M salinity gradients witnessed 0.7% and 0.6% increase
in energy output due to pressure optimization while 1.2M-0.02M and 0.6M-0.02M
salinity gradients showed no improvement in energy output due to optimization.
However, the advantage of optimization was that optimized PRO process requires
less pressure for operation. This would be reflected on the type and characteristics
of PRO membrane and high pressure pump and eventually the capital cost of the
PRO process.

3.2. Optimization of draw solution in mixture

In irreversible PRO process, researchers proposed that the optimum draw solution to
mixtures ratio is 50% at a hydraulic pressure equal to AP = Az /2 so that the energy
output reaches a maximum value [4]. We performed draw solution optimization in
the mixture at AP = Az /2 for a number of salinity gradients [Figure 3]. Apparently,



optimized PRO process required ypless than 0.5 that is recommended in previous
studies [Figure 3A]. The optimum y,was between 0.35, 0.33, 0.31, and 0.26 for 5M-
0.6M, 5M-1.2M and 1.2M-0.02M salinity gradients, respectively. This suggests that
yp decreased with decreasing the osmotic pressure gradient across the membrane
due to the lower permeation flow and hence draw solution effect. Optimization
results in 30% to 48% decrease iny,,.
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Figure 2: Optimization of hydraulic pressure A) optimized and unoptimized PRO
processes hydraulic pressure B) membrane flux C) energy output



Water flux in optimized and optimized PRO process is shown in Figure 3B. Results
show a decrease in water flux along the PRO module due to the decrease in osmotic
pressure driving force across the membrane [Figure 3B]. Water flux in the optimized
and unoptimized PRO process was equal for 5M-0.6M salinity gradient. For the rest
salinity gradients, optimized PRO process demonstrated lower water flux than
unoptimized water flux. This was due to the intensive concentration polarization at
the draw solution side because of the lower flow rate compared to unoptimized PRO
process. On the other hand, specific energy output was higher in the optimized PRO
process than in the unoptimized process, this observation holds true for all salinity
gradients. Despite the lower water flux in unoptimized PRO process, specific energy
output was higher because of the lower draw solution flow rate as per Equation 4.
The highest increase in specific energy output was 23% for 0.6M-0.02M salinity
gradient followed by14%, 13% and 10% for 1.2M-0.02M, 5M-1.2M and 5M-0.6M
salinity gradient, respectively. Overall, results show that the optimization of draw
solution flow rate has more impact on improving the specific energy output in the
PRO process. Optimization of feed pressure resulted in a subtle increase of the
specific energy output, <1%, while optimization of draw solution flow rate increased
the specific energy output by 23%.
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Figure 3: Optimization of draw solution flow rate A) optimized and unoptimized draw
solution mixing ratio B) membrane flux C) energy output



3.3. Optimization of feed solution in mixture

Optimization of the feed solution in the mixing solution was carried out for a number
of salinity gradient resources and results were compared with unoptimized PRO
process. All results were obtained at a hydraulic pressure gradient equal
toAP = Az /2. The ratio of feed flow rate in the mixing solution, y, was lower than

the optimum value recommended in previous studies and equal to 50% [5]. The
optimum y.was 0.2, 0.23, 0.09, and 0.09 for 5M-0.6M, 5M-1.2M, 1.2M-0.02M and

0.6M-0.02M salinity gradient, respectively [Figure 4A]. These ratios were even lower
than the optimum . in the PRO process. Water flux, on the other hand, decreased

along the PRO module and was lower in the optimized PRO process than in the
unoptimized processes [Figure 4B]. Difference between optimized and unoptimized
water flux increased with the increase of the osmotic pressure driving force across
the PRO membrane because lower feed flow rate brought about more intense
internal concentration polarization. There was 30% decrease in water flux for both
5M-0.6M and 5M-1.2M salinity gradients, 13% for 1.2M-0.02M salinity gradient and
10% for 0.6M-0.02M salinity gradient. Despite the lower water flux in the optimized
PRO process, specific power generation was higher in the optimized PRO than in
unoptimized PRO process [Figure 4C]. This was because of the higher energy
generation per cubic meter in the optimized PRO process. The highest specific
energy generation was 0.402 kWh/m3 for 5M-0.6M salinity gradient followed by
0.229, 0.123, and 0.037 for 5M-1.2M, 1.2M-0.02M and 0.6M-0.02M salinity gradient
resource, respectively.
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solution mixing ratio B) membrane flux C) energy output

11



As a matter of fact, feed flow optimization resulted in up to 68% increase in the
specific energy generation for 0.6M-0.02M salinity gradient and about 65% increase
in the specific energy generation for 1.2M-0.02M salinity gradient. Results also
indicate that optimization of feed flow rate had the highest impact on the specific
energy generation in the PRO process, followed by draw solution flow rate and
finally the hydraulic pressure. It should be mentioned that although hydraulic
pressure optimization resulted in subtle increase in the specific energy generation, it
also allowed PRO process to operating at lower pressure which may reduce the
capital cost because of the lower high pressure pump and PRO membrane
specifications are required.

4. Conclusion

PRO process was evaluated for power generation from salinity gradient resources
under different operating conditions. Key operating parameters such as the
hydraulic pressure and feed and draw fractions in the mixing solution were
optimized using Grey Wolf Optimization algorithms. The results showed that the
specific energy output in the PRO process could be increased by process
optimization. The impact of the operating parameters on the energy output in the
PRO process varied from a subtle to a tangible. Hydraulic pressure was found to have
a subtle impact on the energy output in the PRO process while the optimization of
draw solution flow rate brought out up to 23% increase in the energy yield. However,
optimization of the feed flow rate demonstrated the highest impact on the energy
yield in the PRO process with up to 68% increase. The study showed the importance
of using computer based algorithms in engineering and renewable energy field.
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