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ARTICLE INFO ABSTRACT
Keywords: Powering desalination processes with renewable energy is a promising solution to address the global issue of
Desalination water shortage with minimum carbon footprint and environmental impact. We experimentally investigate a

Wave energy converter
Reverse osmosis

Pilot study

Wave tank test

sustainable reverse osmosis (RO) desalination system directly powered by wave energy. In this system, seawater
is pressurized and pumped to a RO desalination module via a piston pump directly driven by an oscillating surge
wave energy converter (OSWEC). An accumulator is adopted on the feed inlet to mitigate the pressure fluctu-
ations under time-varying ocean conditions. Meanwhile, a needle valve on the brine outlet is used to adjust the
system pressure and water recovery. A 1:10 scaled model was designed, fabricated, and tested in a wave tank
based on the Froude scaling law. The optimal specific water productivity (SWP) obtained in the tank tests with
3.5 g/1 feed salinity was 2.23 m®/kWh, indicating a full-scale specific water productivity of 0.22 m>/kWh for 35
g/L seawater salinity. The influence of needle valve tuning on the specific water productivity was experimentally
investigated and analyzed. Under a specific operational condition, tuning this valve improved specific water
productivity by about 17 % and reduced the system pressure by 24 %, thereby avoiding extreme pressure and
improving the system’s capability. This pilot study demonstrates that ocean wave energy is a promising source to
sustainably power reverse osmosis desalination and provide freshwater water for coastal regions.
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Nomenclature H; Wave height, m
Py, Input power, W
RO Reverse osmosis Fp Piston force, N
WEC Wave energy converter Vp Piston velocity, m/s
OSWEC Oscillating surge wave energy converter Ap Piston pressure, Pa
LCOW  Levelized cost of water, $/m> Ap Piston area, cm?
Swp Specific water productivity, m®/kWh Qr Pumping flow rate, m*s
A Scaling factor Jw Permeate flux, L m~2h~!
i Van’s Hoff’s factor Js Salt flux, g m2h~!
R Ideal gas constant Ay Water permeability coefficient, m®> m=2s~! pa~!
T Temperature, K Bs Salt permeability coefficient, m/s
Arx Osmotic pressure, Pa Cnm Salt concentration in membrane side, g/L
c Molar concentration, mol/L G Salt concentration in permeate, g/L
T Wave period, s

1. Introduction

Over 70 % of the earth’s surface is covered in water, and 80 % of the
world’s population lives in coastal zones [1]. Still, over 97 % of water on
earth is saline, making it unfit for drinking, irrigating crop and most
industrial purposes [2]. According to the estimation by the United Na-
tions (UN), around one kid dies from water-related issues every 9 mins,
and by 2050, over than 2 billion people in around 50 countries will
endure water crisis [3]. In the USA, about one million residents in Cal-
ifornia are exposed to contaminated water every year. Additionally,
there will be a freshwater supply shortfall in around 40 states in the
upcoming decades [4]. To address the challenge of water scarcity and
achieve water security, desalination has been investigated as an alter-
native approach to produce fresh water. Reverse osmosis (RO), a
pressure-driven separation using semipermeable membranes, has been
widely used for seawater desalination due to its high energy efficiency
and technical maturity [5]. Although RO-based seawater desalination is
a reliable solution to the water challenges in coastal regions, nearly all
desalination plants are powered by fossil fuels, which adds a carbon
footprint and is thus not sustainable especially in relation to its impact
on climate change [6].

Achieving sustainable seawater desalination requires the use of
renewable energy. Marine renewable energy has enormous potential
and ocean wave energy in the coastal regions has a high power density of
around 10-20 kW/m of wave front width and can be as 100 kW/m
offshore [7]. In the USA, the amount of technical available wave energy
is equivalent to 34 % of the yearly electricity generation from all re-
sources [8]. Moreover, because marine renewable energy is present
where seawater is, it can be leveraged for sustainable and economic
seawater desalination.

Several designs have been proposed to power RO desalination sys-
tems by using wave energy [9]. An oscillating water column (OWC) was
proposed to convert ocean wave energy to electricity first, and then
power RO desalination [10]. A translational pump driven by a floating
buoy was proposed to directly pressurize the seawater without elec-
tricity [11]. In recent years, bottom-hinged oscillating surge wave en-
ergy converters (OSWECs) have been widely investigated for nearshore
sustainable desalination because of the dominant surge motions in the
nearshore region [12-14]. OSWEC was investigated to transfer seawater
to the desalination plant on shore [15]. Additionally, variants of
OSWECs have been investigated, such as the self-floating configuration
to extend the OSWEC from nearshore region to offshore region, and a
portable configuration for personal use [16,17].

Dynamic modeling of the wave powered desalination system has
been presented in different studies. A transient one-dimensional model
of a wave-powered RO system indicated that the such a system delivers a
larger quantity of permeate per unit energy supplied than conventional
RO [18]. A bottom-hinged OSWEC with a unique adaptive pressure

generator was investigated and the optimum operating pressure was
determined to be around 45 bars, a lower value than the traditional
60-65 bars [14]. Yu and Jenne (2018) showed that a wave energy
converter (WEC) array could be a viable, near-term solution to the
freshwater supply [19]. Meanwhile, simulation results of a direct-drive
wave-powered desalination system indicated that the specific energy
consumption (SEC) could be around 2-4 kWh m~2 in different sea states
[20]. Simulation results showed an ocean wave powered desalination
plant could meet the water needs of almost 1370 residential inhabitants
with a large Pelamis WEC (120 m long by 3.5 m diameter) [21]. Other
simulation results indicated that an accumulator could mitigate pressure
fluctuations under time-varying excitation input and improve the sys-
tem’s performance [19,22].

Other studies considered the techno-economic aspects of ocean wave
powered desalination systems. Modeling results showed that sustaining
a water recovery of about 25 % might eliminate the necessity for
chemical pre-treatment [13]. The levelized cost of water (LCOW) was
determined to be as low as €0.45/m> (value in 2009) based on a techno-
economic analysis of a desalination plant powered by wave energy [23].
The economic feasibility of wave powered desalination systems in the
USA was investigated and the LCOW was estimated to be around $1.79/
m? (value in 2017) with a 100-device array [24].

Wave tank testing of scaled models is an effective way to experi-
mentally evaluate the characteristics and performance of WECs.
Experimental research on two floating OWC devices were conducted in a
wave tank, and mooring loads were measured during survivability
testing [25,26]. A novel mechanical motion rectifier based power take-
off (PTO) was applied to a WEC and evaluated via tank tests [27]. Hy-
drodynamics of a dual-flap floating OSWEC were experimentally eval-
uated via wave tank tests, and numerical modeling could accurately
simulate the response for difference cases [28].Wave tank tests of an
offshore floating moored WEC were discussed and compared to a fixed
design with the same geometry. The experiment results found that the
surge motion of the floating device improves the power extraction ef-
ficiency [29]. A three-dimensional offshore stationary WEC was exper-
imentally evaluated via a 1:50 scaled model and the impacts of scaling
and air compressibility on the system performance were investigated
[30].

Although theoretical investigation in literature has revealed prom-
ising results of ocean wave powered desalination systems. Efforts
devoted to experimentally investigate the performance and character-
istics of integrated wave powered desalination systems have been min-
imal and limited in literature. A 22 kW (30 hp) motor was used to mimic
the variable ocean energy input and laboratory experiments resulted in
10 L/min freshwater production with good permeate quality (total dis-
solved solids less than 500 ppm) [10]. More practical experimental work
could be valuable is recommended in [31], after the analysis of a RO
powered by ocean wave power via a variable DC source emulating the
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response of a renewable energy system. All of these laboratory experi-
ments that are based on motor driven systems to mimic the variable
ocean wave energy provided encouraging results. However, the per-
formance of a system level experiment that integrates a WEC and a RO
module under wave excitation hasn’t been documented well in litera-
ture. In addition, a better understanding of the role of key component
tuning on the system performance under different operation conditions
is important, which will help predict and optimize system’s performance
in real application scenarios.

In this study, we experimentally investigated the characteristics and
performance of the ocean wave powered desalination system to develop
insights into its capabilities, operational opportunities and challenges. A
1:10 scaled model was designed, fabricated and tested in a wave tank.
Specific water productivity was analyzed using the hydraulic perfor-
mance of the piston pump and the RO module outputs (i.e., concentrated
brine and permeate). The influence of the needle valve tuning on the
brine outlet was investigated under different scenarios and the role of
the valve tuning in improving the system performance is quantified. The
contributions and novelties of this study are (1) to introduce a novel
system design for sustainable desalination system directly powered by
wave energy; (2) to experimentally investigate the performance and
characteristics of the proposed system; (3) to evaluate the role of key
component tuning on the system performance under different operating
conditions; and (4) to predict the practical performance and compare to
different application scenarios via pilot experiments.

The rest of this paper is organized as follows. Section 2 introduces the
design concept and working principle of the investigated ocean wave
powered reverse osmosis desalination system. Section 3 discusses the
experimental setup and modeling analysis. Section 4 summarizes and
discusses the wave tank test results. Section 5 provides concluding
remarks.

2. Design concept and working principle

The proposed wave powered desalination system consists of an
OSWEC with a piston pump and an onshore RO desalination module
with an accumulator, as schematically shown in Fig. 1. One end of the
piston pump is hinged on the seabed while the other end is attached to
the OSWEC. As such, the rotational motion of the OSWEC can drive the
piston pump bidirectionally. Because the piston pump is driven by the
OSWEC bidirectionally, a double-acting piston pump is adopted to
rectify the bidirectional motion of the piston into unidirectional hy-
draulic flow motion. To regulate the fluctuating feed pressure on the RO
membrane under time-varying wave conditions, a bladder-type
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accumulator is adopted on the feed inlet [19]. The bladder inside the
accumulator can be pre-charged to a certain pressure with inert gas
(usually Nitrogen). When the waves amplitudes are relatively large, the
pump flow rate of the piston pump will increase. As such, the bladder
will be further compressed to store extra pressurized seawater, and the
system pressure will increase. When wave amplitudes are relatively
small, the pump rate of the piston pump will decrease. The pressurized
gas inside the accumulator will cause the bladder to rebound, reducing
the accumulated fluid. Therefore, releasing the pressurized seawater
inside the accumulator can compensate for the reduction in feed flow
rate and system pressure. Because of the pre-charged accumulator on the
feed inlet, the system pressure will be regulated, and the hydraulic
system performance can be improved [19,32]. In addition, a needle
valve on the brine outlet is used to adjust the system pressure and water
recovery under different sea states.

The energy flow and water flow of the integrated system are pre-
sented in Fig. 2. As for the energy flow, hydrokinetic energy of the ocean
waves is captured by the WEC to drive the piston pump as mechanical
energy. The captured mechanical energy pressurizes the seawater in the
form of hydraulic energy. This energy is then applied to the RO mem-
brane to drive the crossflow filtration. As for the water flow, seawater is
pressurized and the applied pressure overcomes the seawater’s osmotic
pressure. The water is allowed to pass to the other side as permeate (i.e.,
freshwater), while the solute is retained on the pressurized side of the
membrane and becomes concentrated brine.

3. Experiment setup and analysis
3.1. Prototype scaling and setup

To evaluate the overall performance of the proposed concept, an
integrated system was fabricated, assembled, and tested in the wave
tank (95.40 m length by 4.90 m width by 1.98 m depth) at the Davidson
Laboratory of Stevens Institute of Technology. A schematic of the
experimental setup is shown in Fig. 3.

Given that a typical OSWEC system will have a width of about 18 m
[19], and considering the capacity of the test facility, the model was
scaled based on the Froude scaling law with a scaling factor of 10 (i.e.,
A = 10), as shown in Table 1 [33]. Thus, the dimensions of the 1:10
scaled OSWEC in this study were 1.8 m (width) by 0.9 m (height) by
0.23 m (thickness).

Since nearly one million Californians are exposed to unsafe drinking
water each year, one specific coastal area in California (Long Beach
Channel, Latitude: 33.70 N & Longitude: —118.20 E) was selected as the

Concentrated
Brine

Fig. 1. Overall schematic of the proposed ocean wave powered desalination system.Seawater is pressurized by the wave energy converter and pumped to the reverse

osmosis desalination module to produce freshwater.
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Fig. 3. Schematic of the experiment setup.

target application region [4]. The measured and recorded wave condi-
tions in the specified location could be found in the Coast Data Infor-
mation Program (CDIP [34]). It should be noted that wave conditions
vary a lot in different locations and different seasons [35]. In this pilot
study, we chose a specific location and several typical wave conditions
as a target application scenario. More wave conditions considering
extreme cases are worth to be investigated in the future, and wave
conditions in other locations should be determined accordingly. Because
the dimensions of the OSWEC and wave conditions were scaled by a
factor of 10, the parameters for RO desalination were also scaled down
with the same factor. The osmotic pressure of the saline water is pro-
portional to the solution concentration, as defined in Equation (1). The

concentration of seawater is typically about 35 g/L [36]. With a scaling
factor of 2 = 10, the scaled feed concentration was 3.50 g/L and the
corresponding osmotic pressure can be calculated as

Arm = icRT (€]

where Az is the osmotic pressure, i is the Van’t Hoff’s factor (a
measure of the effects of a solute on colligative properties), c is the molar
concentration of the solution, R is the ideal gas constant (8.31 J K1
mol ™), and T is the temperature in Kelvin (293 K, i.e., 20 °C, for ideal
ambient temperature).

In the experimental setup, the OSWEC and the piston pump were
submerged, while the RO desalination module was placed above the
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Table 1

Froude scaling law for various quantities [33].
Quantity Unit Scaling
Wave height m A
Wave period s 205
Length m A
Mass kg 23
Density kg m~> A
Linear displacement m A
Angular displacement rad 1
Linear velocity ms! 205
Angular velocity rads~! 2705
Force N 2
Torque Nm 24
Power w 135
Pressure Pa A

A is the geometric scale. When the scaling is 1, the quantity is not affected by
scale.

water. The inlet of the piston pump was connected to the saline water
reservoir and the outlet was connected to the bladder-type accumulator.
The flap was hinged on the base frame with plain bearings with a crank
to drive the piston pump. In such a case, the saline water was pumped
from the reservoir tank via the piston pump and pressurized through the
bladder-type accumulator. Then, the pressurized saline water was
pushed into the RO module. As for the RO module, a spiral-wound RO
membrane was mounted inside a fiber-glass housing with one inlet and
two outlets. One of the outlets (connected with a needle-valve) was used
to collect the concentrated brine. The other outlet was used to collect the
permeate (i.e., freshwater) from the RO membrane under applied
pressure. The overall system pressure and water recovery (permeate
volume over input saline water volume) were controlled by adjusting
the needle valve. Pictures of the fabricated model, integrated set-up and

Brine

Fresh
Water
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measurement connections are presented in Fig. 4.

To keep the OSWEC in the desired position in water, ballast weights
were placed on the supporting platform. Based on numerical simula-
tions, we determined that a top-piercing flap could achieve a larger
power output than totally submerged ones [12]. Because the water
depth in the wave tank was 1.98 m and the total height of the flap with
the truss was around 1.33 m, a supporting platform with 0.71 m height
was adopted. In such a case, the total height of the model was around
2.04 m, with 0.06 m of the flap’s top part piercing the mean water level
(MWL) in the static equilibrium position. The integrated model was
assembled using mostly off-the-shelf components. A commercially
available hydraulic hand pump was modified, as shown in Fig. 4c.
Because the area of the rod is around half of the piston’s area, the
pumping rates of the two strokes (i.e., upward and downward) are the
same. The mass properties and dimensions of the OSWEC are presented
in Table 2.

The components of the RO desalination module were mounted on a
crossing bridge 0.5 m above the water. The bladder of the accumulator
was pre-charged to 3 bars with inert gas (i.e., Nitrogen), which was close
to the osmotic pressure of the saline water [19]. The RO membrane used
in the experiment was from the Applied Membrane Inc (serial number: M-

Table 2
Mass properties and dimensions of the oscillating surge wave energy converter.

Parameters Value (unit)

Flap size 1.80 m (width) by 0.90 m (height) by 0.23 m (thickness).
Flap weight 57.60 kg

Foam density 25.63 kg m 3

Flap truss height 0.43 m

Support platform height ~ 0.71 m

11.46 cm? (diameter 3.82 cm)
5.72 cm? (diameter 2.70 cm)
4.20 cm

Piston area
Rod area
Pump effective stroke

@|Flap -

Piston Pump

(®)|Base frame |@|Support platform

(®|Accumulator |(®)| Pressure sensor

@|RO module Ballast weight

(9)| Needle Valve

Flowmeter

@ Flap truss @ Crank

Fig. 4. Wave tank test set-up (a). Overall assembly of the oscillating surge wave energy converter; (b) Side-view of the overall deployment; (c). Enlarged view of

piston pump and connections.
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S2514A)), and the permeability coefficients were characterized in [37].
The RO membrane was placed inside a fiberglass pressure vessel. To
prepare the saline water with the concentration of 3.5 g/L (1:10 scale),
lab-grade sodium chloride (i.e., NaCl/ ACS reagent over 99.0 % from
Sigma-Aldrich) was dissolved in purified water. Key parameters and
specifications of the RO desalination module are presented in Table 3. A
portable conductivity & total dissolved solids (TDS) meter (Hach
HQ14D) was used for salt concentration measurement during the
experiment. To measure the flow rate, inline turbine-type water flow
sensors were used.

3.2. Modeling and analysis

To investigate the experimental results and characterize system
performance, expressions for analysis are introduced. The input power
P;, from the piston pump into the RO desalination module are calculated
from the piston force Fp and velocity vp, as described in Equation (2).
The piston force Fp is obtained by multiplying the applied pressure Ap
and effective piston area Ap, as described in Equation (3). The pumping
flow rate Q from the double-acting pump is calculated based on the
translational velocity of the piston pump vp, as described in Equation

4.

Py, = Fpvp 2
Fp = ApAp 3
Qf = Apvp (4)

As discussed in Section 2, this integrated system produces freshwater
by a continuous single-pass RO module. The proposed ocean wave
powered RO desalination system can continuously produce permeate
over the operation phase once the hydraulic pressure provided by the
piston pump exceeds the osmotic pressure of saline water. The solution-
diffusion model can be used to calculate the permeate production
through the RO membrane [22]. The permeate water flux J, is pro-
portional to the net driving pressure (Ap —Ax) while salt flux J; is pro-
portional to the salinity difference across the membrane (C, —C,) and
are respectively expressed as

J, =A,(Ap — Ar) %)

J.s = Bs(cm - Cp) (6)

where A,, (m®m~2s~'Pa™1) is the water permeability coefficient, B; is
the salt permeability coefficient (m/s), C,, is the salt concentration on
the membrane side, and C, is the salt concentration in the permeate. If
the concentration polarization is neglected, C,, can be treated as equal to
the salt concentration in the bulk saline water supply [39].

The water recovery (WR) is defined as the ratio of permeate flux J,,
and feed flux Jy, i.e.,

Iy

WR =
Jy

7

The salt rejection (SR) is defined as the concentration difference

Table 3
Parameters and specifications of the RO desalination module.

Parameters Value (unit)

0.40 m?
47 x10 2 m®m % 'pa!

Effective RO membrane area

Water permeability coefficient (A,,)

Salt permeability coefficient (B;) 6.9 x 10 8 ms!

Dimension of the fiberglass pressure 8.38 cm outer diameter and 44.45 cm
vessel length

Accumulator volume 473 mL

Accumulator max flow rate 151.42 L min~!

Accumulator pre-charged pressure 3 bars

Saline water concentration 3.50 g/L (1:10 scaled)

Applied Energy 343 (2023) 121194

between feed and permeate over feed salt concentration, i.e.,

,Cm_cp

SR
Cn

(8)

Furthermore, the permeate salt concentration C, is related to the
seawater salt concentration and net driving pressure (i.e., Ap —Ax) ac-
cording to [19].

Cﬂ’l

b vy e )
S (Ap—Am)+1

1%

4. Experimental results and analysis
4.1. Experimental results and validation

Previous analysis showed an optimal water recovery to achieve the
minimal specific energy consumption (SEC), defined as the energy
required to produce a specific volume of product freshwater with the
unit of kWh m 2 [38]. Numerical analysis of a direct-drive ocean wave
powered SWRO desalination showed that the optimal water recovery for
RO is about 25 %. Furthermore, maintaining this water recovery ratio
could eliminate the need for chemical pre-treatment [19,13]. As such,
we pre-selected this water recovery ratio of 25 % as the baseline water
recovery. Based on this ratio, the following procedure for the tank test
was adopted. First, for a certain wave height (baseline) in each wave
period, we adjusted the needle valve on the brine outlet to ensure a
water recovery of about 25 %. Second, with the adjusted needle valve,
we considered the pre-selected wave height, i.e., the baseline wave
height in Step-1, as the central wave height and tested performance
under different wave heights. Finally, upon completing testing under
one wave period with different wave heights, we adjusted the needle
valve again and repeated the above tests for other wave periods. Because
wave power flux is proportional to the wave period and wave height, the
baseline wave height was set to 9 cm, 8 cm and 7 cm for 4 s, 4.25 s and 5
s, respectively, based on the capacity of the wavemaker in the wave
tank.

The data acquisition system switched off at the start of each test case
and switched on once the system was deemed to be stabilized based on
the observation of pressure profile. Due to the capacity of the data
acquisition system, each run was recorded over 2 min of stable status.
After each test, we measured the salt concentration in the brine and the
permeate using a portable conductivity meter (Hach HQ14D). In order to
evaluate the response repeatability, the three auxiliary tests were per-
formed for each test case [40].

The measured feed flux and pressure and the brine concentration
under different wave conditions are presented in Fig. 5. The plots show
that the feed flux and pressure increased with the wave period and wave
height (Fig. 5 A & B). The minimum and maximum feed fluxes obtained
in the tank tests were 16.65 Lm 2h ™! at H,; = 7ecm&T; = 4s and 42.75
Lm%h! at Hy = 9cm&T, = 5s, respectively. The minimum and
maximum feed pressures obtained in the experiment were 4.68 bars at
H; = 7cm&T; = 4s and 9.10 bars at H;, = 12cm&T; = 4s, respectively.
Additionally, brine concentration increased with the wave height at
each wave period (Fig. 5C). Meanwhile, the brine concentration
depended on the wave period at a specified wave height. The minimum
and maximum brine concentrations obtained from the experiment were
4.63 gL’1 at H; = 7cm/T; = 4s and 7.17 gL’l at H; = 12cm&Ts = 4s,
respectively.

To validate the experimental results with theoretical results, we
compare experimental data with the theoretical calculation of the
permeate flux (Equation (5) in Section 2) and permeate concentration
(Equation (6) in Section 2), as shown in Fig. 6. In the calculations, the
water permeability coefficient A, and salt permeability coefficient B
were assumed equal to 4.7 x 102 m®m 25! Pa 'and 6.9 x 10 ¥ ms !,
respectively. The theoretical values are in good agreement with the
experimental measurement in most cases. The minimum and maximum
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permeate fluxes obtained from the experiment were 2.54 Lm 2h~! at
H; = 6cm&Ts = 4.25s and 11.81 Lm~2h! at H; 12cm&T; = 4s,
respectively. The maximum and minimum permeate concentration ob-
tained from the experiments were 0.18 gL’1 at Hy = 9cm& T = 4s and
0.08 gL ! at H;, = 10cm&T, = 4.25s, respectively.

With the measured feed and permeate flux, water recovery and salt
rejection are calculated accordingly and plotted in Fig. 7. The water
recoveries were around 25 % for the baseline wave heights (9 cm for 4 s,
8 cm for 4.25 s and 7 cm for 5 s) and increased with the wave height.
Meanwhile, the minimum salt rejection was around 94.71 % at H;
9cm & Ty = 4s, and the maximum salt rejection was around 97.74 % at
H;, =10cm & T; = 4.25s.

Wave Height [cm]
9

7 8

Water Recovery [%]

10Ff O Ts=4s-Experiment — -Ts=4s-Fitting -
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Fig. 7. Experiment results with fitted models at different sea states (A) Water
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4.2. Specific water productivity

The specific energy consumption (SEC), i.e., the energy consumption
to produce a unit volume of freshwater in the unit of kWh per m?, is one
of the crucial metrics used to assess the performance of the desalination
process or system [20]. The inverse of SEC, defined as the specific water
productivity (SWP) with a unit of m® per kWh (volume of freshwater
produced under a unit energy input), can also be used as a metric to
evaluate the system performance [41]. For sustainable energy powered
desalination system, especially solar-powered desalination, researchers
tend to use SWP to evaluate the system performance since this metric
represents how efficiently the energy captured from sustainable energy
resource is used to desalinate water [42,43]. To analyze the energy-
water nexus for this sustainable system, we use SWP in this study to
evaluate the desalination economy with the captured ocean wave
energy.

The maximum SWP obtained was 2.23 m°kWh™! at H, = 10cm &
Ts = 4s and the minimum SWP was 1.41 m® kWh! at Hy=6cm&T; =
4.25s, as noted from the plots presented in Fig. 8A. Meanwhile, the SWP
increased first and then decreased as the wave height increased. The
increase in the wave height (i.e., input energy) could adversely affect the
economic benefit of desalination beyond a specific wave height. The
relationship between the SWP and water recovery is shown in Fig. 8B.
There is an optimum water recovery for each wave period, as can be
observed in Fig. 8B, which may explain the trend in Fig. 8A. Once the
needle valve is settled, the water recovery will increase as the wave
height increase for a certain wave period. That means the SWP will reach
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Fig. 8. Specific water productivity analysis of the 1:10 scaled tests. (A) Specific
water productivity versus wave height (B) Specific water productivity versus
water recovery.
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to a peak value at the optimal water recovery and decrease once the
water recovery is off the optimal value. Furthermore, a larger wave
period yielded a smaller optimum water recovery as well as optimum
SWP. The optimal SWPs plotted in Fig. 8B for wave periods 4 s, 4.25 s,
and 5 s were 2.10 m® kWh ™, 1.97 m® kWh ™' and 1.83 m® kWh™! with
the corresponding optimal water recovery of 30 %, 25 %, and 21 %,
respectively. A summary of the average experiment results is shown in
Table 4.

4.3. Effects of key component tuning

As observed in Fig. 8, the SWP decreased significantly outside the
range of optimal water recovery. Moreover, the system pressure
increased as the wave height increased (Fig. 5A), which might exceed
the desired pressure range of the RO desalination module and the piston
pump at the full scale. To solve these issues, a needle valve on the brine
outlet was adopted to adjust the system pressure and water recovery.
Beside technical benefits, needle valve tuning for maintaining an
optimal water recovery range may also enhance the economics and cost
effectiveness of ocean wave powered desalination, as discussed in [20].
Similar operation issues were found in the system-level techno-eco-
nomic analysis of an autonomous wave-driven desalination system, and
there was an optimum load factor in achieving the lowest LCOW [23].
Thus, the needle valve should be tuned appropriately to avoid extreme
system pressure under large wave heights while maintaining a good
SWP, which will be discussed in this section.

The pre-selected baseline water recovery was 25 % and reached to
around 35 % when the wave height reached H; = 11cm for wave period
Ts; = 4.5s and H; = 12cm for wave period T; = 4s, as shown in Fig. 9B-1.
Therefore, we tuned the needle valve to increase the brine flowrate and
reduce the system pressure by adjusting the needle valve at these points
(i.e. H; = 11cmatT; = 4.5s and H; = 12cmatT; = 4s), as shown in Fig. 9
A-2. The average feed pressure dropped at the same wave condition
when the needle valve was tuned, as shown in Fig. 9 A-2. The feed
pressure reached to 11.80 bars at T; = 4.5s & H; = 11cm, and decreased
by 24 % once the valve was tuned. Since the feed pressure dropped, the
reaction force on the piston decreased as defined in Equation (2).
Therefore, feed flux slightly increased once the needle valve was tuned
at the same wave condition, as shown in Fig. 9A-1. With decreased feed
pressure and increased feed flux, the brine concentration decreased
(Fig. 9 B-2) while the permeate concentration slightly increased (Fig. 9
C-2).

A plot of the SWP versus wave height before and after valve tuning is
presented in Fig. 10. For the wave period T; = 4.5s, the SWP decreased
when the needle valve was tuned. Based on the prediction of the fitted
model, tuning the needle valve improved the SWP by about 17 % in
comparison with its value without tuning (from 1.34 m® kWh ™! to 1.57
m® kWh™1) at wave height of H; = 12 cm. However, the SWP decreased
after valve tuning at wave height H; = 12 cm for wave period T; = 4s.
Based on the prediction of the fitted model, tuning the needle valve may
improve SWP if wave height H; is larger than 14 cm for wave period T; =
4s. That means different wave periods may have different optimum
valve tuning parameters.

A plot of the SWP versus water recovery before and after needle valve
tuning is presented in Fig. 11. The optimal water recovery was around
32 % for the wave period T; = 4s (Fig. 11A), while around 25 % for the
wave period T; = 4.5s (Fig. 11B). Since the needle valve was tuned once
the water recovery reached around 35 %, the valve tuning improved
SWP for the wave period T; = 4.5s while underperforming for wave
period T; = 4s. Based on these two valve tuning cases, the needle valve
should be tuned appropriately for each wave period to keep the system
pressure within the desired range to achieve improved performance and
good desalination economy. It should be noted that the effect of needle
valve tuning is limited, especially under extreme wave conditions. Thus,
a pressure-relief valve can be adopted to keep the system pressure within
the desired pressure range and a proportion of the captured wave energy
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Table 4
Summary of the average experiment results.
Wave Wave Height Feed Pressure Feed Flux Permeate Flux Permeate Concentration Water Recovery Salt Rejection SWP (m®
Period (s) (cm) (bar) (Lm~%h™) (Lm~2h™h) (gL ™ (%) (%) kwh™h)
4 7 4.83 17.07 2.81 0.15 16.46 95.71 1.72
8 5.77 21.04 4.39 0.14 20.87 96.00 1.92
9 6.36 22.28 5.63 0.15 25.27 95.71 1.99
10 7.38 26.49 8.54 0.11 32.23 96.86 2.18
11 8.45 29.90 10.35 0.13 34.61 96.29 2.07
12 9.03 33.44 11.71 0.12 35.02 96.57 1.97
4.25 6 5.10 17.42 2.75 0.12 15.79 96.57 1.52
7 5.48 22.15 4.24 0.10 19.14 97.14 2.04
8 6.39 26.04 6.23 0.13 23.92 96.29 1.96
9 7.45 29.54 7.94 0.12 26.88 96.57 1.83
10 7.58 30.71 9.03 0.08 29.40 97.71 1.96
11 8.21 33.66 9.91 0.10 29.44 97.14 1.88
5 5 4.83 21.22 3.15 0.18 14.84 94.86 1.52
6 5.65 25.74 5.33 0.16 20.71 95.43 1.92
7 7.10 31.50 7.65 0.17 24.29 95.14 1.74
8 7.52 35.55 9.44 0.12 26.55 96.57 1.72
9 8.62 42.22 10.89 0.11 25.79 96.86 1.52
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Average feed pressure; (B-1) Water Recovery; (B-2). Average brine concentration; (C-1) Average permeate flux; (C-2) Average permeate concentration.

is discarded under large wave conditions due to the limitations of the
key components [13,24].

4.4. Comparison and discussion

The practical SWP of traditional on-ground RO desalination plant

(the yellow region in Fig. 12) is around 0.17-0.32 m® kWh™! based on
the database [5,44]. The reported practical RO desalination units pow-
ered by solar photovoltaic (PV) is around 0.13-0.26 m? kWh! (the
shade region in Fig. 12) based on the summary between 2007 and 2017
[45]. Simulation results of a single ocean wave powered RO system
(green region in Fig. 12) indicated around 0.24-0.31 m® kWh™! SWP
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Fig. 10. Specific water productivity versus wave height before and after needle
valve tuning.

under different sea states. This means a wave powered RO desalination
system is competitive compared to on-ground RO desalination plant
powered by fossil fuel [20]. In addition, simulation results of a large
wave farm with a 100-device array (blue dotted line) indicated a
promising SWP of 0.36 m® kWh !, which is better than the on-ground
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RO desalination plant powered by fossil fuel. The performance of an
ocean wave powered desalination system was experimentally investi-
gated in a 1:10 scaled model in this study. To estimate the prototype
performance and compare with other scenarios, the experimental results
of the scaled tank test in Section 4.2 were converted to full scale based
on the Froude scaling law (as shown in Table 1) [33]. The prediction
after conversion based on this 1:10 scaled pilot experimental results
under different sea states is noted as a red line in Fig. 12. The fitted red
line in Fig. 12 set in the lower part of the on-ground RO desalination
plant performance (yellow region). That means this pilot study revealed
experimentally that the proposed ocean wave powered desalination is
promising compared with traditional technologies using fossil fuel and
solar PV. This pilot study reveals the similar findings that ocean wave
powered RO is promising for large scale scenarios considering the en-
ergy consumption and the LCOW, as stated in [45]. However, ocean
wave powered RO is still mainly in the basic research level but PV-
powered RO has already been adopted in the application level [45]. It
should be noted that, experimental prediction based on this study is
related to water recovery, but the relationship between SWP and water
recovery are unknown for other scenarios (simulation and practical)
from literature. Therefore, only the experiment prediction in this study
is shown with the relationship to water recovery (red line in Fig. 12)
while all the other cases just represent their reported SWP and not
related to water recovery.
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Fig. 12. Comparison of the full-scale practical specific water productivity.
Solar PV-powered RO is based on the survey between 2007 and 2017 in [45].
On-ground RO is based on the practical database [5,44]. The simulation results
of a single WEC ocean wave powered RO are based on different wave conditions
[20]. The simulation result of a 100-device array is based on the utility-scale
modeling in the U.S [24]. Experiment prediction is based on the 1:10 scaled
pilot experiment results in Section 4.2 and converted to full-scale in real
application based on the Froude Scaling Law [33].

In the future, energy saving technologies, such as energy recovery
devices (ERDs) and batch-mode operation [20,46], could be imple-
mented into the proposed system to enhance the system’s performance
further. Meanwhile, techno-economic analysis should be performed to
investigate the economic benefits of the proposed system [23,24].
Additionally, system level optimization and critical components sizing,
such as the accumulator and needle valve, are worth further in-
vestigations to improve the system performance. It should be noted that
system level optimization under time-varying wave conditions is very
complicated, which requires powerful methods. In solar-powered
desalination system, approaches using machine learning have been
discussed and found it can effectively improve the system performance
[47,48]. Similar approaches using machine learning or other powerful
methods are worth to be investigated in the future.

5. Conclusions

We experimentally investigated and analyzed a wave powered
reverse osmosis (RO) desalination system via scaled system demon-
stration in a wave tank. A double-acting piston pump was driven by an
oscillating surge wave energy converter (OSWEC) and used to directly
pressurize saline water. A bladder-type accumulator was used to miti-
gate the pressure fluctuations under time-varying wave conditions. To
keep the system pressure within the desired range and maintain a good
operation economy, the brine outlet was regulated by a needle valve.
Because of the wave tank capacity, the physical model was scaled down
by 10 times based on the Froude scaling law with the flap length of 1.8 m
and feed salinity of 3.5 g L™!. Experimental results revealed that the
maximum permeate flux and salt rejection obtained were 11.81
Lm~2h~! and 97.74 %, respectively. To evaluate the energy consump-
tion effectiveness, specific water productivity (SWP) with the unit of m3
per kWh of input power was introduced. The needle valve on the brine
outlet was tuned to evaluate the influence on system pressure and SWP.
The maximum SWP of the scaled system demonstration was 2.23 m°
kWh ! with the corresponding optimum water recovery of 32 % and the
SWP descended once the water recovery was off the optimal water re-
covery. In a specific case, tuning of the needle valve resulted in 17 %
improvement of SWP and 24 % reduction of the system pressure,
pointing to the possibility of avoiding abnormal system pressure under
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extreme wave conditions while maintaining a good energy consumption
effectiveness. Prediction of the full-scale scenarios from this pilot study
indicated that this integrated wave powered RO desalination is prom-
ising compared to the on-ground RO desalination plant powered by
fossil fuel and solar PV, and system optimization as well as energy re-
covery technologies are worth further investigating to improve the
system’s performance.
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