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Abstract 

Wave-driven desalination systems are proposed water treatment systems that involve reverse 

osmosis of seawater powered directly by wave motion. Such a configuration would result in drastic 

feed pressure fluctuations. For a technology conventionally operated with a constant feed 

condition, the effect of these variable pressures on membrane integrity and performance 

is unknown. Experiments were conducted with spiral wound membranes coupled to a system 

capable of producing feed pressure fluctuations of more than 400 psi. Feed composition 

included 5, 20, and 35 g/L NaCl, and a synthetic seawater at normal and 1.5 concentration. 

The variable feed conditions included sine-like pressure waves swings of 200–500 and 500–900 

psi with frequencies of 1.25, 7.5, and 12 waves/min, and a model-generated random waveform. 

Between each wave experiment we performed membrane integrity tests at 650 psi and 25 g/L 

NaCl feed, which showed a 7.4% drop in the membrane’s water permeability coefficient, an 

18.4% flux decline, and more than 99% salt rejection over 1,770 hours of cumulative 

experimental time. Analysis of permeate samples showed high salt rejection. In general, variable 

feed pressure had no significant deleterious effect on membrane integrity or performance. 

Keywords: desalination, reverse osmosis, hydrokinetic energy, wave energy, sustainability 

Highlights 41 

• Impact of large feed pressure variations on membrane integrity were investigated42 

• Permeability showed no substantial decline over 1800 hours of dynamic feed pressure43 

• Permeate water quality did not deviate from expectations under dynamic operation44 

45 
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1. Introduction 47 

 48 

The production of drinking water relies on a consistent energy source to perform the necessary 49 

treatment. Many places lack one or both resources, driving technological innovation to further 50 

enable access to safe drinking water. In coastal areas, desalination can play a role in expanding 51 

access to fresh water. Membrane desalination uses semi-permeable membranes, such as reverse 52 

osmosis (RO) or nanofiltration (NF) membranes, and high hydraulic pressure to separate salt and 53 

other contaminants from seawater and brackish water. Often, desalination is too energy intensive 54 

to implement in developing coastal communities where reliable energy is scarce; desalination 55 

technology can require up to 10 times more energy to treat per cubic meter than surface water [1]. 56 

Thus, there has been much effort into implementing desalination using sustainable and renewable 57 

energy sources and doing so can reduce associated airborne emissions by 85% and lower costs for 58 

the end user [1, 2]. There have been demonstrations and modeling of systems that use renewable 59 

(but intermittent) sources of energy, including wind [3-5], solar [6], and geothermal [2]. 60 

An often-overlooked source of renewable energy in coastal communities is energy harvested 61 

from the motion of ocean waves, or hydrokinetic energy. Waves contain an estimated 8,000–62 

80,000 TWh/year of energy—a huge resource [1]—and many devices exist that can convert wave 63 

motion to usable energy, termed wave energy converters (WECs). Large population centers 64 

located on coastlines, including 14 of the 17 largest cities in the world, have significant potential 65 

hydrokinetic energy resources; the use of hydrokinetic energy for seawater desalination is a natural 66 

next step in the transition toward sustainable development of water resources [7]. Typically, wave 67 

energy is converted to electricity, which is then used to power desalination systems operating at a 68 

constant feed pressure [8]. Several RO systems have been designed and built that use hydrokinetic 69 

energy in different forms [9-11]. Such systems, broadly called wave-driven desalination systems 70 

(WDDS), commonly include a wave-activated body (e.g., a buoy or flapping device) that drives a 71 

fluid (air or water) through a turbine to produce electricity, which then powers a feed pump for an 72 

RO system. However, there is a growing interest in operating seawater desalination systems driven 73 

by hydraulic pressure generated directly by wave energy [12, 13]. 74 

As the growing population increases demand on the limited global freshwater supply, seawater 75 

desalination is an increasingly prominent approach for producing safe drinking water. Research 76 

into new desalination membrane technology has been increasing in recent years, resulting in more 77 
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robust and less expensive membranes that can be tailored to specific applications [14, 15]. 78 

Membranes are made with a variety of organic and inorganic materials and are often first 79 

characterized by their pore size or selectivity, with RO membranes having the highest selectivity 80 

for ions that enable desalination of seawater and brackish water. These membranes are produced 81 

commercially and are typically packaged in a spiral wound module consisting of a flat sheet 82 

membrane wrapped around a central tube for the collection of permeate. 83 

Though modern membranes are robust, their performance and longevity are highly dependent 84 

on the composition of the feed water and the operating conditions of the system. Poor feed water 85 

quality, or lack of pretreatment, can induce chemical and biological fouling, reduce the life of the 86 

membrane, and result in poor quality permeate [16]. Permeate water quality is also affected by 87 

feed pressure and water recovery; commonly, as feed pressure and recovery increase, less salt mass 88 

passes through the membrane and the flow of clean water through the membrane increases. 89 

RO membranes deployed for desalination are conventionally operated with a constant feed 90 

pressure or constant flux to facilitate consistent operating conditions and permeate quality [14]. 91 

Operating an RO system using only wave motion to drive feed pressure (without pressure 92 

dampening) may result in a variable feed pressure that changes with the motion of the waves [17]. 93 

The power (P) stored in a wave is directly related to the height (H) and period (T) of the wave 94 

[10]: 95 

 
𝑃 =

𝜌𝑔2𝐻2𝑇

64𝜋
 (1) 

where g is acceleration due to gravity, and  is the density of water. As waves become longer and 96 

higher, the power available to pressurize water increases. Depending on the location and time of 97 

year, waves can yield between 10 kW and 120 kW per meter of wave height [18]. Clearly, in the 98 

ocean’s dynamic wave system, feed pressure using only a WEC would not be constant. Because 99 

most membranes are designed with constant feed pressure in mind, and because there is no 100 

apparent reason for or advantage to operating with variable feed pressure, the effect of such 101 

variable pressures on membrane integrity and performance is unknown. 102 

Feed pressure is a major contributor to the net driving force in a membrane system, which is 103 

the sum of all the forces responsible for water permeation through the membrane. Feed pressure 104 

impacts both the physical integrity of the membrane and many other performance characteristics 105 

of RO systems, including permeate flow rate, permeate quality, and recovery. Membrane fouling 106 
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mechanisms are different at low and high pressures as well; at higher pressures (and thus higher 107 

water flux), RO membrane scaling due to low-solubility minerals is a major concern [16], while 108 

at low pressures (i.e., below the osmotic pressure of the feed), osmotic backwashing is a useful 109 

method to clean RO and NF membranes [19]. The role that each of these mechanisms play in 110 

systems that operate at variable feed pressure is unknown and should be understood to successfully 111 

operate such systems. 112 

Literature on variable feed pressure with RO is limited to studies conducted on “pulsed” RO 113 

to mitigate concentration polarization effects and improve performance [20-25]. Kennedy et al. 114 

[25] tested a variety of conditions and saw a maximum increase of 70% in permeate flow. Abbas 115 

and Al-Bastaki modified, validated, and improved the model proposed in Kennedy et al. and 116 

demonstrated improved permeate flow and salt rejection afforded by pulsed RO in the form of 117 

square and asymmetrical waveform pressure pulses [20, 23, 24, 26]; these results were attributed 118 

to the reduction in the effect of concentration polarization [27]. However, in these studies, the 119 

focus was on model validation and process optimization, without regard for the impact on 120 

membrane integrity over longer periods of operation. Short experiments (30 minutes) using square 121 

waves were conducted using either sucrose or 10 g/L NaCl. These studies provide no guidance for 122 

potential impacts to membrane integrity that could result from wave-driven variable feed pressure 123 

for desalination of seawater. 124 

There has been some modeling of wave-driven desalination systems that include devices like 125 

WECs, pressure relief valves, and other energy saving and recovering mechanisms [8, 17, 28]. 126 

While these models do consider some of the logistics and economics of implementing such a 127 

system, there is no mention of the impact of the variable feed pressure conditions on membrane 128 

integrity and long-term performance. There has also been no known pilot-scale assessment of these 129 

conditions on RO membranes, even though understanding them is essential to implementing a 130 

WDDS. Typical tests for comparing high performance RO membranes are done with a 32 g/L 131 

NaCl feed solution at 800 psi (5.5 MPa) and 25 °C [29]. However, in a purely wave-driven system, 132 

modeled systems’ feed pressure can range from 290 to 1,740 psi (2.0–12.0 MPa) [28]. It is 133 

impossible to take performance data from a constant feed pressure test and extrapolate it to apply 134 

to such a scenario. Because our water treatment and delivery systems are inherently life-sustaining, 135 

it is paramount that their long-term behavior and performance is predictable to a certain degree. 136 

For an RO system operating in the open ocean under variable conditions, understanding the impact 137 
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on the membrane is germane to performance predictability, particularly if this system is to operate 138 

in a developing community with limited resources. Before further development or implementation 139 

of a purely wave-driven RO system, there must be fundamental research that considers whether 140 

the membrane can handle the dynamics of irregular feed conditions and explores any impact on 141 

permeate quality. To investigate the impact of variations in feed pressure on membrane integrity 142 

and permeate quality, this research presents results from several experiments with different feed 143 

compositions and wave conditions conducted on a commercial RO membrane along with 144 

elemental analysis of the product water. 145 

 146 

2. Materials & methods 147 

 148 

2.1. System construction/flow 149 

 150 

A flowchart of the system used to conduct these experiments is illustrated in Fig. 1. Feed water 151 

from the feed tank flows by gravity to a pump (Hydra-Cell M03; Minneapolis, MN). The feed 152 

water is then pumped through an in-line pressure sensor and heat exchanger to the pressure vessel 153 

containing an RO membrane (Dow Filmtec SW30-2540) with an active area of 2.8 m2. The reject 154 

stream flows back to the feed tank through a back-pressure valve, flow meter, and conductivity 155 

cell. The permeate stream also flows through a flow meter and conductivity cell back to the feed 156 

tank. Feed water temperature is regulated by flowing through a heat exchanger connected to a 157 

chiller. Each of the sensors (pressure, conductivity, flow) are connected to a system control and 158 

data acquisition system (LabJack; Englewood, CO) to provide visual interface with the 159 

experimental setup. The feed pressure sensor was calibrated using an in-line analog pressure gage, 160 

and conductivity probes were calibrated with traceable conductivity standards (Fisher Scientific 161 

International Inc.; Pittsburgh, PA). 162 

 163 
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 164 

Fig. 1. Flow diagram for the experimental system. Note that the system was equipped with a 165 

separate tank to collect permeate, but it was not used for these experiments and permeate was 166 

redirected to the feed tank. 167 

 168 

2.2. Experimental design 169 

 170 

Experiments were of two kinds: wave and integrity. The wave experiments simulated wave 171 

motion and were broken down into three regimes: (1) constant flux (Jw = 15 LMH) for 1 hour at 172 

the beginning of each experiment, (2) waveform for 7 days, and (3) repeat constant flux for 1 hour 173 

at the end. Several experiments were conducted using this basic format with different feed 174 

compositions and wave periods. The feed composition for wave experiments included 5–35 g/L 175 

NaCl and Instant Ocean (Spectrum Brands Holdings Inc.; Madison, WI), a commercial synthetic 176 

seawater blend, with 35 g/L representing seawater salinity. A subset of experiments were 177 

conducted with 1.5 times seawater salinity feed prepared with Instant Ocean salt. Integrity tests 178 

used 25 g/L NaCl feed held at 650 psi (4.5 MPa) for 2 hours. The integrity tests were performed 179 

between wave experiments as a control to monitor any degradation in membrane performance. 180 

Table 1 summarizes all the experiments performed. Throughout the experiments with Instant 181 

Ocean, permeate samples were collected for water analysis. 182 

Sine-like wave motion was simulated by setting the feed pressure range, wave period, and 183 

wave frequency. Guidance on the range of feed pressures was taken from Yu and Jenne [17, 28], 184 

which included simulations of a WDDS. Three wave frequencies were used: 1.25 waves/min (48 185 

s wave period), 7.5 waves/min (8 s wave period), and 12 waves/min (5 s wave period). These wave 186 
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periods span the spectrum of what might reasonably be experienced near a coastline where a 187 

WDDS might operate, and to simulate a system that includes devices such as WECs, pressure 188 

accumulators, and pressure relief valves that have the effect of “smoothing” the feed pressure form, 189 

as have been present in some simulations [8, 17, 28, 30]. In total, we performed 15 experiments 190 

under controlled, sine wave-like conditions. Nine of those were conducted for 7 days, and six were 191 

conducted for 24 hours. The latter were performed using a higher frequency of data collection to 192 

provide higher data resolution on the differences in performance under three different experimental 193 

conditions. Finally, we performed one experiment using feed pressure output from a simulation of 194 

a WDDS, using real wave height data from Yu and Jenne [17, 28]. Researchers have developed a 195 

numerical model from WEC-Sim, a Matlab-powered time-domain, radiation-and-diffraction-196 

based numerical tool, to evaluate the performance and cost of a WDDS in the United States [17, 197 

28]. The modeled system has several forms, and includes a WEC, a hydraulic accumulator, and a 198 

pressure exchanger. Numerically modeled interactions between these components provided feed 199 

pressure output to an RO system based on real wave height data from a buoy in northern California. 200 

The feed pressure in the model was set to be constrained by the upper limit on operational feed 201 

pressure for the modeled membranes, resulting in a waveform with pressure fluctuations between 202 

575 and 800 psi (4.0–5.5 MPa). 203 

 204 

2.3. Membrane integrity 205 

 206 

The water permeability coefficient A (m s-1 psi-1) was the metric used to evaluate whether the 207 

membrane integrity had diminished as a result of the wave experiments. This parameter was 208 

calculated for each data point according to: 209 

 
𝐴 =

𝐽𝑤

𝑃𝐹 − (
𝜋𝐹 + 𝜋𝑅

2 )
 (2) 

where Jw is water flux (m s-1), PF is feed pressure (psi), πF is osmotic pressure of the feed solution 210 

(psi), and πR is osmotic pressure of the reject (psi). For this calculation, both pressure drop across 211 

the membrane (i.e., pressure drop from the inlet to reject) and permeate hydrostatic and osmotic 212 

pressure were assumed to be negligible (i.e., PF,out = PF,in and Pperm = πperm = 0). The salt 213 

permeability coefficient B (m s-1) was calculated according to: 214 
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𝐵 =

𝐶𝑝𝐽𝑤

(
𝐶𝐹 + 𝐶𝑅

2 ) − 𝐶𝑝

 (3) 

where Cp, CF, and CR are the permeate, feed, and reject stream salt concentration (mg/L), 215 

respectively. These concentrations were determined from regressions of concentration vs. 216 

conductivity developed for the system. Osmotic pressure of the feed was estimated with the 217 

Lenntech web-based calculator, and then πR was calculated assuming it scaled linearly with 218 

conductivity throughout the experiments: 219 

 𝜋𝐹
𝐶𝐹

=
𝜋𝑅
𝐶𝑅

 (4) 

 220 

2.4. Analytical procedures 221 

 222 

Samples were collected from the permeate stream and analyzed for cations using inductively 223 

coupled plasma optical emission spectrometry (PerkinElmer Avio 200 ICP-OES) with an in-house 224 

method that was developed to be similar to Standard Method 3120. Samples were analyzed for 225 

anions using ion chromatography (Dionex ICS-90) with Standard Method 4110B. Instant Ocean 226 

was used as a synthetic seawater; the blend includes B, Ca, K, Mg, Na, and Sr at concentrations 227 

intended to be close to those found in seawater. Samples were collected from the permeate stream 228 

during the start and end constant flux periods, and throughout the wave phase. The samples 229 

collected during the wave phase were collected over the duration of one full wave and were 230 

homogenized before being placed in a sample container and analyzed for major cations (B, K, Na, 231 

Ca, Mg, and Sr) and select anions (Cl, Br, and SO4). The average feed solution composition for 232 

these analytes is summarized in the supporting information in Table SI-1. 233 

 234 

2.5. Data processing procedures 235 

 236 

Data were retrieved from the experimental setup as .csv files, imported into Matlab (version 237 

R2019a, The MathWorks Inc., Natick, MA), and processed using an application developed in-238 

house. The application calculated osmotic pressures from measured feed conductivity, which then 239 

calculated other values such as the salt and water permeability coefficients (Eqs. 2-4). Simple 240 

functions were used to calculate mean and standard deviation values over run time durations that 241 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



 10 

corresponded to either a constant flux period or a wave period. Initial startup and ramp-up portions 242 

of each experiment were not included in these calculations. In some cases, instrument noise caused 243 

calculated value data points (i.e., data points that were not measured but rather calculated a 244 

posteriori, such as the water permeability coefficient) to have significant deviation (> 10x) from 245 

expected values based on the data points immediately before and after. When this was the case, 246 

the Matlab find function was used with logic to exclude these from calculations of descriptive 247 

statistics. 248 

 249 

3. Results & discussion 250 

 251 

3.1. Membrane performance and integrity under wave conditions 252 

 253 

3.1.1. Sine waves 254 

The average and standard deviation for pressure, flux, temperature, permeate conductivity, salt 255 

rejection, water permeability coefficient, salt permeability coefficient (B), and percent recovery 256 

are summarized in Table 1 for the 7-day experiments. These values represent the average of data 257 

points collected every minute for the duration of the experiment. The system was set to maintain 258 

a temperature of 19–20 °C, and the average across all experiments in Table 1 was 19.70.6 °C. 259 

Pressure for each experiment is the average of the high- and low-pressure settings of the sine wave; 260 

for these experiments, the waves were sinusoidal, and the system spent an equal amount of time 261 

ramping up and down to the peak and trough of the regular wave motion. Flux, permeate 262 

conductivity, water permeability coefficient, salt permeability coefficient, and recovery averages 263 

for each experiment changed, as expected, with changes in feed salinity and pressure settings (e.g., 264 

E3 resulted in lower average flux due to higher feed salinity despite otherwise identical operating 265 

conditions to E2) and signal no obvious membrane damage from the waves (differences due to 266 

variations in wave frequency are discussed later). Not surprisingly, the standard deviation on these 267 

performance parameters is larger than those for integrity tests owing to the variation in the feed 268 

pressure.269 
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Table 1. Condition, pressure, flux, temperature, permeate flow, permeate conductivity, salt rejection, water permeability coefficient (A), 270 

salt permeability coefficient (B), and percent recovery for sine wave experiments conducted for 7 days. 271 

Conditions Designation 
Pressure 

(psi) 

Pressure 

(MPa) 

Flux 

(LMH) 

Temp. 

(°C) 

Perm. Flow 
(L min-1) 

Perm. 

Cond. 

(µS cm-1) 

Salt Rej. 

(%) 

A 

(m s-1 psi-1) 

B 

(m s-1) 

Recovery 

(%) 

5 g/L NaCl 

200-500 psi 

7.5 wave/min 

E2 350120 2.410.83 25.610.0 19.30.3 1.10.4 303 99.70.0 2.60.210–8 1.40.710–8 21.05.8 

20 g/L NaCl 

200-500 psi 

7.5 wave/min 

E3 360110 2.480.76 10.17.5 19.10.4 0.50.3 40060 98.90.2 2.60.110–8 2.31.910–8 8.55.5 

35 g/L NaCl 

500-900 psi 

7.5 wave/min 

E4 720150 4.961.03 18.49.3 19.50.3 0.80.4 86575 98.60.1 1.80.410–8 5.93.010–8 12.95.1 

35 g/L NaCl 
500-900 psi 

1.25 wave/min 

E5 710150 4.891.03 18.58.4 20.30.4 0.80.4 55060 99.10.1 1.80.310–8 3.51.810–8 12.54.8 

35 g/L NaCl 

500-900 psi 

12 wave/min 

E6 710140 4.890.97 18.410.1 19.20.1 0.80.5 785105 98.70.2 1.90.610–8 3.72.710–8 11.45.1 

Instant Ocean 

500-900 psi 

7.5 wave/min 

E7 680170 4.691.17 24.311.3 20.20.4 1.10.5 41545 99.10.1 2.60.610–8 4.42.110–8 16.05.4 

Instant Ocean 

500-900 psi 

1.25 wave/min 

E8 700140 4.830.97 24.58.6 20.20.3 1.10.4 25030 99.50.1 2.60.610–8 2.71.110–8 16.63.8 

Instant Ocean 

500-900 psi 

12 wave/min 

E9 700150 4.831.03 23.410.6 20.40.2 1.10.5 30015 99.40.0 2.60.610–8 3.01.310–8 15.85.2 

1.5 Instant Ocean 

500-900 psi 

7.5 wave/min 
 

E12 700150 4.831.03 13.28.9 20.30.5 0.60.4 74095 98.90.1 2.91.710–8 3.12.110–8 8.24.8 

 272 
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Comparing all nine of these experiments to one another is not sensible owing to their different 273 

feed conditions, but for those experiments with identical feed salinity and waveform pressure 274 

ranges (e.g., E4-E6 and E7-E9), we can examine the impact that wave frequency had on 275 

performance. In experiments with the same feed, there is almost no difference between different 276 

wave frequencies with respect to water flux (average of 18.5 LMH for 35 g/L NaCl and 24.1 LMH 277 

for Instant Ocean) or water recovery (average of 12.3% for 35 g/L NaCl and 16.1% for Instant 278 

Ocean). 279 

It is difficult to compare the results of these experiments to the typical operating parameters of 280 

full-scale desalination plants because there are no full-scale plants that use variable feed pressures 281 

at this magnitude and frequency (closed-circuit desalination systems are a possible exception, 282 

though the pressure swings are less dramatic and happen over the course of a few hours rather than 283 

seconds, as in this study [31]). Nevertheless, it is worth comparing these results to what is typical 284 

for seawater desalination plants. The results presented in Table 1 for the wave experiments 285 

compare favorably to the performance of full-scale desalination plants. 286 

Conventional seawater desalination plants that use a single stage and single pass configuration 287 

operate with a flux of 12–17 LMH between 800–1,100 psi (5.5–8.0 MPa) and achieve recoveries 288 

of up to ~ 50% with permeate total dissolved solids (TDS) < 500 mg/L [32, 33]. Desalination 289 

systems using hydrokinetic energy have reported recoveries of 33–37% [9]. Recoveries were lower 290 

in these experiments but would increase with an increased operating pressure range and additional 291 

membrane elements in the array; however, this would also increase the specific energy 292 

consumption of the system and might not be achievable with a purely wave-driven desalination 293 

system [33]. Wave-driven feed pressures as high as 1,800 psi (12.4 MPa) were achieved in 294 

simulations done by Yu and Jenne [28] of a system without hydraulic accumulators or pressure 295 

relief valves, but were confined to 725–870 psi (50–60 MPa) when these components were 296 

included. In a separate analysis, their desalination model targeted 70 ppm TDS permeate quality 297 

with a higher targeted feed pressure of 1,000 psi (6.9 MPa) [17]. However, targeting the higher 298 

recoveries seen in conventional RO plants may not achieve the best results. Folley et al. [8] 299 

simulated a wave-driven RO plant that used a pressure exchanger-intensifier to facilitate a 300 

maximum recovery of 25%. Analysis of the results showed that higher recovery by using more 301 

membranes resulted in lower quality permeate and diminishing returns for recovery while 302 

increasing the specific energy consumption. While these results reflect a special configuration of 303 
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a simulated system, with better understanding of the variable feed pressure on membrane integrity 304 

a deployed system could be optimized to produce conditions that protect the integrity and longevity 305 

of the membrane while also producing high quality permeate. Additionally, achieving higher 306 

pressures and efficiencies in a purely wave-driven system would be highly dependent on local 307 

wave conditions. 308 

Water permeability coefficient, salt permeability coefficient, and permeate conductivity are 309 

shown in Fig. 2 for the beginning and ending constant flux periods of the 7-day experiments. The 310 

approach taken for these experiments was to gradually change experimental conditions, initially 311 

keeping salinity low (5 g/L NaCl) and maintaining the same wave frequency (7.5 wave/min) before 312 

gradually increasing the salinity and wave pressure and varying the wave frequency. As shown in 313 

Fig. 2, there was no significant change in average water permeability during the wave phase of the 314 

experiments. There was a decrease in average water permeability with increasing feed 315 

concentration due to the increased pressure needed to maintain constant flux. Likewise, the salt 316 

permeability and permeate conductivity did not change considerably between the beginning and 317 

end of each 7-day experiment and tracked as expected with changes in feed salinity. An exception 318 

to this is the results from the 7.5 wave/min experiment conducted with 35 g/L NaCl. Permeate 319 

conductivity (and salt permeability coefficient) were observed to increase over the course of the 320 

experiment; this is reflected in the results in Fig. 2. This result is not consistent with the other 321 

results, which show no significant change in these parameters from the beginning to the end of the 322 

experiment. There is no noticeable trend in these parameters with respect to changes in wave speed 323 

from experiment to experiment; the only observed changes occur with a change in feed 324 

composition. 325 

 326 
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 327 

Fig. 2. Water permeability coefficient (A, top frame), salt permeability coefficient (B, middle 328 

frame), and permeate conductivity (bottom frame) for the beginning and ending constant flux 329 

periods for each sine wave (7-day experiment). 330 

 331 

The pressure (top frames, red), flux (middle frames, blue), and permeate conductivity (bottom 332 

frames, green) are shown in Fig. 3 for a representative 0.1 hour of operation for the three wave 333 

conditions. The purple line on the pressure and flux plots represents the average pressure and flux, 334 

respectively, for these experiments. The plots show the variation in permeate quality and flux that 335 

can result from different wave conditions. Waves at 1.25 wave/min produced flux between 10.1–336 

38.1 LMH and permeate conductivity between 330–405 µS/cm; 7.5 wave/min between 7.5–43.3 337 

LMH and 425–440 µS/cm; and 12 wave/min between 6.8–39.7 LMH and 515–530 µS/cm. In each 338 

plot, the observed double hump is the point at which the system restarted the wave cycle. When 339 

the cycle restarted, the system sustained a higher pressure for longer, resulting in the permeate 340 

conductivity dips observed for all three wave conditions. The longest period waves (1.25 341 

wave/min, E5 and E8) produced the lowest conductivity permeate (overall averages from Table 1 342 

of 55060 µS/cm and 25030 µS/cm, respectively) but also the widest fluctuations in permeate 343 
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quality, while shorter waves produced lower quality permeate with smaller fluctuations. For both 344 

feed compositions (Instant Ocean and 35 g/L NaCl), the mid wave frequency of 7.5 wave/min (E4 345 

and E7) resulted in the highest average permeate conductivity (overall averages from Table 1 of 346 

86575 µS/cm and 41545 µS/cm, respectively) within each group. The permeate conductivity 347 

for those experiments with the shortest period (12 wave/min, E6 and E9) fell in between (overall 348 

averages from Table 1 of 785105 µS/cm and 298.815.0 µS/cm, respectively). Based on the 349 

system described by Yu and Jenne and the results of their simulations [15, 25], the pressure profile 350 

from an actual system might be closer to that for the slower waves in these sine-like experiments. 351 

In other words, an actual system may have longer periods of sustained high and low pressure better 352 

represented by the 1.25 wave/min experiments rather than sharp pressure pulses of the 7.5 and 12 353 

wave/min experiments. This is demonstrated to some degree by the experiments with the more 354 

“random” wave profile shown in Fig. 5 and discussed later (full profile shown in Fig. SI-1). Thus, 355 

while the significant variability in permeate conductivity observed for the slower waves (and to a 356 

lesser extent in the faster waves) is an important phenomenon to consider in future 357 

experimentation, the current dataset presented here is not adequate to explain these variations. 358 

 359 

 360 

Fig. 3. Pressure, flux, and permeate conductivity over 0.1 hr of run time for experiments with 1.25 361 

wave/min (left frames), 7.5 wave/min (middle frames), and 12 wave/min (right frames). 362 

 363 

20 20.05 20.1

500

600

700

800

900

P
re

s
s
u

re

(p
s
i)

1.25 wave/min

35 g/L NaCl

20 20.05 20.1
0

20

40

F
lu

x

(L
M

H
)

20 20.05 20.1

Run Time (hr)

500

600

700

800

P
e

rm
. 

C
o

n
d

u
c
ti
v
it
y

(
S

/c
m

)

20 20.05 20.1

500

600

700

800

900

7.5 wave/min

35 g/L NaCl

20 20.05 20.1
0

20

40

20 20.05 20.1

Run Time (hr)

500

600

700

800

20 20.05 20.1

500

600

700

800

900

12 wave/min

35 g/L NaCl

20 20.05 20.1
0

20

40

20 20.05 20.1

Run Time (hr)

500

600

700

800

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



 16 

These results show the impact that sea conditions could have on permeate water quality and 364 

highlight how low-pressure swings can cause major swings in permeate quality. Lower permeate 365 

conductivity in the longest wave period can be interpreted through the relationship between power 366 

generated per unit wave crest (p), wave height (H), and wave period, as described in the 367 

introduction, and approximated as p = 2H2.5 [34]. Thus, sea conditions with waves with longer 368 

periods may result in more powerful waves that could generate a higher feed pressure for an RO 369 

system. In simulations of wave-driven RO done by Yu and Jenne [28], wave environments with 370 

higher periods and higher significant wave heights yielded higher recoveries and lower permeate 371 

concentrations. In their simulations, hydraulic accumulators and pressure relief valves were 372 

included to modulate the feed pressure between the designed operation range for the membrane 373 

(610–825 psi / 4.2–5.7 MPa). When the pressure exceeded this range, these components had the 374 

effect of holding feed pressure constant at the high end of the range until wave height lowered and 375 

the pressure fell. This high wave energy simulation environment is most akin to the longest waves 376 

modeled in this research (1.25 wave/min, E5 and E8 in Table 1) because those simulations held 377 

the highest pressure constant for an extended period of time. Similarly, the shorter waves (7.5 378 

wave/min and 12 wave/min; E4, E6, E7, and E9 in Table 1) more closely resemble the lower 379 

energy wave environments from those simulations. Each of the wave experiments in this research 380 

produced water with estimated TDS <350 mg/L, but these results, coupled with those in Yu and 381 

Jenne [28], highlight the impact that ocean conditions can have on this type of RO system. Further, 382 

the results shed light on possible complications of trying to deploy a WDDS due to the dependence 383 

on local wave conditions. 384 

 385 

3.1.2. Variable feed composition 386 

The first 24 hours of two separate experiments conducted under identical wave conditions (7.5 387 

wave/min, 500–900 psi / 3.45–6.2 MPa), but different feed compositions, are shown in Fig. 4. 388 

These 24-hour periods include the initial 15 LMH constant flux period followed by the waveform. 389 

The left two panels show the flux and permeate conductivity for a feed with Instant Ocean, with 390 

averages over the wave portion (i.e., t = ~1.5–24 hr) of 25.710.4 LMH and 41545 µS/cm, 391 

respectively. The right two panels show the flux and permeate conductivity for a feed of 1.5 392 

seawater salinity made with Instant Ocean salt, with averages over the wave portion of 13.59.2 393 

LMH and 94090 µS/cm, respectively. For both experiments, coming out of the constant flux 394 
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period causes the permeate conductivity to change with the feed pressure. For the experiment with 395 

1.5 Instant Ocean, this causes an initial rise in permeate conductivity because the pressure needed 396 

to hold 15 LMH at this concentration (74035 psi / 5.10.25 MPa) is higher than at the beginning 397 

of the wave experiment (500 psi / 3.45 MPa). Thus, there is a brief period of osmosis, causing 398 

increased permeate conductivity as the system adjusts to these conditions. During the wave portion 399 

of these experiments, membrane performance parameters stayed consistent. While this is a result 400 

of the operation of this system, it also provides insight into the large changes in permeate quality 401 

that could occur with the large pressure swings that could happen in a deployed system as the feed 402 

pressure varies with sea conditions. For each experiment, there was a period after switching from 403 

constant flux to wave mode where permeate conductivity would adjust to the wave conditions, but 404 

after reaching a steady state point, it did not change dramatically for the remainder of the 405 

experiment. 406 

 407 

 408 
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Fig. 4. Permeate flux and conductivity as a function of time for the first 24 hours of experiments 409 

conducted at 500–900 psi (3.45–6.20 MPa) and 7.5 wave/min with Instant Ocean (left frames) and 410 

1.5 Instant Ocean (right frames). 411 

 412 

The nature of the wave at these higher feed concentrations has a negative effect on permeate 413 

conductivity. The osmotic pressure of the 1.5 Instant Ocean feed is estimated to be 575 psi (4.0 414 

MPa). Because this is larger than the lowest pressure of the wave (500 psi / 3.45 MPa), there is 415 

osmosis of water (i.e., water moving from the permeate to the feed side of the membrane) during 416 

the trough of the wave, causing an increase in permeate conductivity. Conversely, at the highest 417 

pressure of the wave (900 psi / 6.2 MPa), water flux increases, diluting the permeate and bringing 418 

the conductivity down. Dipping into osmosis with lower feed pressures has been recently explored 419 

as a method for membrane backwashing to remove some scale from the membrane surface [35, 420 

36], but the impact of doing this frequently is unknown. In a deployed system, this should be 421 

avoided to improve the quality of the permeate water, as the permeate conductivity is much higher 422 

in the experiment with concentrated seawater. In these controlled wave conditions, permeate 423 

conductivity is somewhat balanced by the peak and trough of the wave, but the more chaotic nature 424 

of actual wave conditions would cause significant variation in permeate quality, as shown in Fig. 425 

3 and in the simulations done by Folley et al. [8] and Yu and Jenne [28]. 426 

The experimental conditions depicted in Fig. 4 are an approximation of conditions in a 427 

multistage configuration for a WDDS. Assuming a multistage single-pass configuration, and 428 

assuming that feed pressures are the same in each stage due to wave motion, then as the feed 429 

pressure goes below the osmotic pressure of the feed solution, there will be a detriment to permeate 430 

quality. Further complicating this multistage scenario, the osmotic pressure of the feed for any 431 

stage after the first will not be constant, because like the permeate salinity, reject salinity varies 432 

with wave motion. This is in contrast to conventional multistage configurations operating under 433 

constant pressure, where the feed for the second stage would be predictable and constant. In theory, 434 

it is possible to amplify applied wave pressure in subsequent stages to avoid this effect, but it might 435 

require more sophisticated equipment to implement, thus increasing cost, operating difficulty, and 436 

system size, and detracting from the potential of a WDDS to be deployed in coastal developing 437 

communities. Previously mentioned models [8, 28] that simulate a similar system assume single-438 

pass configurations; thus, it is unclear how a multi-pass configuration might affect system design 439 

and operational efficiency. 440 
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One reason often given for including multiple stages is that it will increase recovery, thus 441 

reducing the volume of brine that needs to be disposed and reducing disposal costs [33], which 442 

can account for 5–33% of the total cost of the process [37]. Brine streams contain high 443 

concentrations of dissolved solids and pretreatment chemicals, if they are used, and there are 444 

negative environmental effects associated with each brine disposal method [37]. Most likely, a 445 

WDDS would be situated near the WEC (e.g., on the seabed), so the most suitable method for 446 

brine disposal would be to discharge directly in the surrounding ocean. Much of the cost associated 447 

with brine disposal is transport to the disposal site, typically from a distant location [37]. In this 448 

regard, the cost of brine disposal for a WDDS would be limited to the nominal cost of piping 449 

infrastructure needed to carry the brine a sufficient distance from the RO intake. The cost of the 450 

brine disposal approach should be weighed against the cost of adding membrane elements and 451 

other system components necessary to increase recovery. Provided that the permeate is of 452 

sufficient quality, it is possible that this cost will be higher than the additional brine disposal 453 

associated with lower recovery and a less complicated system overall. 454 

A critical aspect to consider in potentially deploying a WDDS is the cost of pretreatment. Poor 455 

influent water quality can cause membrane fouling and scaling, leading to a shorter membrane 456 

lifetime, high maintenance costs, and deteriorating system performance [38]. The synthetic feed 457 

solutions in these experiments were prepared with only sea salts and lab-grade deionized water, so 458 

the results reflect operation with high feed water quality. Because the entirety of the influent flow 459 

is pretreated but only a fraction is recovered, some of the cost of pretreatment is wasted along with 460 

the brine stream. The results presented here are encouraging for the capacity of membranes to 461 

handle the stress of oscillating pressure, but the economic viability of a full-scale WDDS, 462 

including pretreatment, is unclear. Further, a better understanding of the dynamics of membrane 463 

fouling and scaling in a WDDS would need to be more fully understood before making such a 464 

value judgement. 465 

 466 

3.1.3. Random wave conditions 467 

The feed pressure, flux, and permeate conductivity for one cycle of a randomly generated 468 

waveform are shown in Fig. 5. A plot of the targeted waveform obtained from NREL is shown in 469 

the supporting information in Fig. SI-1. Further details of the modeled system are available in Yu 470 

and Jenne’s publication [28]. The feed pressure output from the model used in this experiment was 471 
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a total of 50 minutes that was looped over itself continuously for 14 days. Dotted lines on each 472 

plot represent the average value for the entire experiment. Average flux was 21.73.1 LMH, 473 

pressure was 73060 psi (5.00.4 MPa), and permeate conductivity was 46030 µS/cm—similar 474 

to the values for the sine-like wave experiments (see Table 1). The water permeability constant 475 

was 2.10.310-8 m s-1 psi-1 (again, similar to that of the sine-like wave experiments), while 476 

recovery and salt rejection were 24.12.4% and 99.00.1%, respectively. 477 

Despite the slightly lower average water permeability constant, recovery in this experiment 478 

was markedly higher than in the previous experiments conducted with Instant Ocean. This is likely 479 

due to changes in system backpressure valve settings, which resulted in different feed flow rates 480 

in the experimental system that aided the system in more accurately reproducing the higher degree 481 

of randomness in this waveform (compared to the simple sine wave from previous experiments). 482 

Permeate conductivity shows a similar relationship to feed pressure, as we saw in the longest sine-483 

like waves (1.25 wave/min), and was much more variable than what was seen with longer waves 484 

(7.5 and 12 wave/min; see Fig. 3). During times of higher pressure (e.g., around t = 100.1 hr in 485 

Fig. 5), we see higher flux and thus higher permeate flow, causing permeate conductivity to 486 

decline. When the system experiences the sudden drop in pressure seen around this time, permeate 487 

conductivity rises as permeate flow decreases. In this plot, permeate conductivity swings by 488 

approximately 100 µS/cm, which corresponds to a change in TDS of ~80 mg/L. These permeate 489 

quality results are consistent with simulations done by Folley et al. [8] and Yu and Jenne [28], thus 490 

providing some experimental validation to these model results. Folley et al. presented a model 491 

with product water salinity of 200–400 ppm and feed pressure of 550–800 psi (3.8–5.5 MPa), very 492 

similar to the experiments conducted here (though their model was for a system with 165 493 

membranes). Yu and Jenne used a pressure range of 610–810 psi (4.2–5.7 MPa) in their model 494 

with 183 membranes, producing water with 120–380 ppm salinity (depending on sea state). In 495 

these models, researchers assigned a maximum pressure at which to engage the pressure relief 496 

valve on their modeled systems. 497 

 498 
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 499 

Fig. 5. Pressure (red line, top frame), flux (blue line, middle frame), and permeate conductivity 500 

(green line, bottom frame) for one cycle (approximately 50 minutes) of a randomly generated 501 

waveform. 502 

 503 

While many membranes are assigned a maximum operating pressure, this is assumed to be for 504 

continuous, not intermittent, operation. The commercial membrane used in our experiments (Dow 505 

Filmtec SW30-2540) has a maximum operating pressure of 1,000 psi (6.9 MPa). However, several 506 

experiments were cut short when the system caused a pressure spike to > 1,100 psi, with no 507 

apparent damage to the membrane. It would be useful to better understand the upper limits of 508 

pressure that membranes can acutely sustain, as this could produce a product water with lower 509 

salinity. Higher feed pressures typically result in higher quality permeate, so allowing for times 510 

with higher peak pressure during system operation could balance out the times when the sea state 511 

is calmer and producing lower feed pressures and saltier permeate. 512 

 513 

 514 

 515 
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3.2. Membrane integrity 516 

 517 

The water permeability coefficient, flux, and salt rejection, averaged over the last hour of each 518 

integrity test and plotted against the total wave time at each point, are shown in Fig. 6. The total 519 

wave time is the total number of hours that the membrane was subject to wave-like conditions up 520 

until that integrity test. These experiments were conducted between wave tests to evaluate 521 

membrane integrity under identical conditions. Data was collected once every 60 seconds during 522 

these integrity tests, so each point in Fig. 6 represents the average and standard deviation of 3,600 523 

data points. The membrane was subject to a total of 1,770 hours of wave action, and the water 524 

permeability coefficient showed no appreciable change after membrane compaction in each 525 

integrity test. The water permeability coefficient was initially 2.110-80.110-8 m s-1 psi-1 for 526 

compaction and dropped 7.4% to 2.010-80.210-8 m s-1 psi-1 by the last integrity test. There was 527 

a more significant drop in flux, with compaction at 28.3 0.9 LMH and a drop of 18.4% to a low 528 

of 23.00.8 LMH. Salt rejection stayed > 99% for all integrity tests except one, in which it dropped 529 

to 98.9%. 530 

A decline in flux over time has been previously associated with membrane fouling [39-41] in 531 

experiments with constant feed pressure. While the results in Fig. 6 are from experiments at 532 

constant pressure, the wave experiments conducted under similar feed and wave conditions show 533 

no significant decline in average flux (see Table 1). Instead, this flux decline could be attributable 534 

to continuing membrane compaction after the initial compaction procedure, as feed compositions 535 

and feed pressures increased with each experiment. Indeed, we see a large dip in flux for the first 536 

three integrity tests, after which it is more consistent between each consecutive integrity test. These 537 

results present further evidence that membrane integrity and performance were not impacted to a 538 

large degree by the variable feed pressure experiments described in section 3.1.1 and 3.1.3. 539 

 540 
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 541 

Fig. 6. Water permeability coefficient (A, top frame), flux (middle frame), and salt rejection 542 

(bottom frame) for integrity tests conducted between each wave experiment. 543 

 544 

Deteriorating water flux is typically associated with some form of membrane fouling, be it 545 

biological, organic, inorganic, or particulate/colloidal in nature [41]. The degree to which 546 

concentration polarization impacts these results is also unclear. Concentration polarization occurs 547 

under steady operating conditions when the concentration of solutes is higher in the immediate 548 

vicinity of the membrane surface in the feed channel. This causes precipitation of solutes on the 549 

membrane surface, inducing fouling, reducing water flux, and lowering the permeate quality [41]. 550 

This phenomenon is typically observed under steady operating conditions, but has never been 551 

studied under the variable flow conditions described in these experiments. It is possible that the 552 

constant variations in cross-flow velocity due to variable feed pressure cause sufficient mixing in 553 

the feed channel to mitigate some of the deleterious effects of concentration polarization. Ramakul 554 

et al. [42] found reduced concentration polarization in experiments with pulsed flow periodic 555 

operation of hollow fiber-supported liquid membranes for the separation of lanthanide metal. The 556 

proposed mechanism was a disturbance in the boundary layer between the feed solution and 557 

membrane by variations in flow. Similar results and rationale were published by Kennedy et al. 558 
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[25] who observed increased permeation rates with pulsed flow over non-pulsed flow; this effect 559 

was stronger with a higher frequency of pulses. Comparable results have been obtained and 560 

modeled by others as well [20, 21, 23, 24, 26]. Therefore, it is possible that varying pressure in 561 

this manner reduces the fouling effects of concentration polarization. Though this is not a primary 562 

objective of wave-driven RO, it is a valuable side effect that warrants additional examination in 563 

later experiments. 564 

 565 

3.3. Cation and anion rejection in permeate 566 

 567 

The rejection efficiencies for cations are shown in Fig. 7 for the three wave periods studied 568 

with Instant Ocean, and the rejection efficiencies for Cl and Br are shown in Fig. 8 for the same 569 

sets of experiments. Cation and anion rejection results for the experiment using the NREL 570 

waveform (section 3.1.3) are presented in the SI as Figs. SI-2 and SI-3. These results are not 571 

markedly different from those presented in Figs. 7 and 8, highlighting the ability of a WDDS to 572 

achieve high rejections under varied conditions. Of the nine experiments conducted for 7 days, 573 

four were conducted with Instant Ocean. Boron was rejected at a lower rate than other cations. The 574 

average rejection during the constant flux periods was 85.82.5% and 88.40.6% for the wave 575 

periods. The higher average rejection during the wave phase can be explained by the higher 576 

pressures experienced during these periods, as boron rejection is higher at higher pressures [43, 577 

44]. No significant decreases in boron rejection were observed between the starting and ending 578 

constant flux periods. The largest observed difference was a 2.6% increase during the constant 579 

flux periods for the 7.5 wave/min experiment, reflecting a permeate boron concentration decrease 580 

of 0.1 mg/L. Boron rejection was also not markedly different as a result of wave frequency. The 581 

average of the three wave samples for the 7.5, 1.25, and 12 wave/min experiments was 88.50.7%, 582 

88.10.8%, and 88.70.3%, respectively. 583 

 584 
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 585 

Fig. 7. Rejection efficiencies for B, Ca, K, Mg, Na, and Sr for experiments conducted with Instant 586 

Ocean. 587 

 588 

 589 

Fig. 8. Rejection efficiencies for Cl and Br for experiments conducted with Instant Ocean. 590 
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each experiment. These results show that the variable feed pressure due to the simulated waves 595 

was not a detriment to membrane performance and that the membrane performed as might be 596 

expected under constant feed pressure conditions. Cl and Br rejection were high, as would be 597 

expected under a constant pressure operating condition. Average rejection for Cl was 99.5% and 598 

for Br was 99.1%. Tables SI-2 and SI-3 in the supplemental information contain the average 599 

concentration for each of these elements for both the constant flux phase and the wave phase, as 600 

well as the WHO guideline concentrations for drinking and irrigation water, where available. The 601 

permeate concentrations for each element for all experiments with Instant Ocean met these 602 

guidelines, but the experiment with concentrated Instant Ocean exceeded the drinking water 603 

guidelines for boron and sodium. 604 

The cation rejections for the experiment conducted with 1.5 Instant Ocean are shown in Fig. 605 

9, and anion rejections are shown in Fig. 10. Cation and anion rejection were consistent throughout 606 

the experiment. The trend is similar to those experiments conducted with normal concentration: 607 

boron had the lowest rejection (81.51.1%) followed by the monovalent cations (K and Na > 608 

98.7%) and then the divalent cations (Ca, Mg, and Sr > 99.2%). Br rejection averaged 98.5% and 609 

Cl rejection averaged 98.9%. Lower rejections overall can be attributed to the higher salinity feed 610 

used for this experiment. The lower rejection observed for all elements for the t = 0 d wave sample 611 

(Fig. 9, red bar) can be attributed to the surge in permeate conductivity observed after the system 612 

was switched from constant flux mode to wave mode (see bottom right panel, Fig. 4). This sample 613 

was collected for each experiment within minutes of making the switch from constant flux to wave 614 

mode, so it was likely collected during that period the permeate conductivity surged. There was 615 

no ending constant flux period due to experimental system failure (not membrane failure), so we 616 

cannot make any comparison, though there is no clear decline in rejection for either cations or 617 

anions over the course of the experiment. 618 
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 619 

Fig. 9. Rejection efficiencies for B, Ca, K, Mg, Na, and Sr for experiments conducted with 1.5 620 

Instant Ocean. 621 

 622 

 623 

Fig. 10. Rejection efficiencies for Cl and Br for experiments conducted with 1.5 Instant Ocean. 624 

 625 

For each of these experiments, the feed pressure was variable, resulting in variable flux over 626 

the spectrum of feed pressures. The concentrations of major cations over the spectrum of fluxes in 627 

each of the experiments are shown in Fig. 11, and the concentrations of Cl and Br are shown in 628 

Fig. 12. The gray line on each plot represents the average concentration for each element for all 629 
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experiments with Instant Ocean. These results show that at lower fluxes, the concentration of some 630 

of these elements may produce water that is either unsafe or unpalatable. For example, the average 631 

boron concentration in three experiments was 0.58 mg/L, which is slightly above the WHO 632 

guideline of 0.50 mg/L, for flux of approximately 14–35 LMH. These samples were composite 633 

samples, so were intended to reflect what the concentration might be for the end user after going 634 

into water storage and/or to the distribution system. However, these were very controlled 635 

experiments that virtually guaranteed those conditions; in a deployed system, the permeate quality 636 

will be entirely dependent on the sea state. Thus, if the system is producing water with acceptable 637 

boron content at typical conditions of 14–35 LMH, the quality of water may decline for a less 638 

energetic sea condition that produced flux of, for example, 10–25 LMH. The same can be said for 639 

other ions and the impact on palatability. In a taste test, panelists found water with > 800 mg/L 640 

TDS to be the least palatable, and it was particularly influenced by high concentrations of Na, K, 641 

and Cl [45]. Perhaps the biggest risk in operating a system that runs on variable feed pressure is 642 

not the impact to the membrane but planning for variable sea conditions. If the system is in a 643 

location where low flux and feed pressure is a possibility, the system should be designed with that 644 

in mind and possibly with a method for ensuring a minimum flux condition. 645 

 646 

 647 
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Fig. 11. The concentration of B, Ca, K, Mg, Na, and Sr in permeate water spanning the fluxes seen 648 

in each experiment. The gray lines represent the average permeate concentration in all experiments 649 

with Instant Ocean. 650 

 651 

 652 

Fig. 12. The concentration of Cl and Br in permeate water spanning the fluxes seen in each 653 

experiment. The gray lines represent the average permeate concentration in all experiments with 654 

Instant Ocean. 655 

 656 

4. Conclusion 657 

This research presents the results of RO experiments conducted with feed pressure swings up 658 

to 400 psi (2.75 MPa) using feed compositions of NaCl and synthetic seawater. The experiments 659 

provide a baseline understanding of the impacts of consistent large pressure swings on membrane 660 

integrity and permeate quality that are needed for further development of WDDS. Membrane 661 

integrity was not shown to be impacted significantly by variable feed pressure experiments, as 662 

evidenced by the minimal changes in critical performance parameters such as the water 663 

permeability coefficient that was calculated during constant flux periods and between each 664 

experiment. In addition, though permeate conductivity varied as expected with increasing and 665 

decreasing feed pressure, cation and anion rejections and concentrations in product water fell 666 

within expected and acceptable ranges. Wave conditions also impacted permeate quality, with 667 

longer waves yielding lower salinity permeate, suggesting that a WDDS could benefit from the 668 

inclusion of technology capable of smoothing the power output from smaller wave periods if they 669 

are present. These results present no indication that further development in membrane technology 670 
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is needed to continue research in this area. This is a welcome result of experiments for which more 671 

membrane deterioration could be hypothesized; the membrane behaved as might be expected if 672 

the experiments were run under typical constant feed conditions. Experimentation built on this 673 

work should include multi-element configurations, longer term trials with different membrane 674 

modules, and further experimentation with more realistic waveforms than simple sine waves. 675 

A WDDS has many potential applications and can be part of the broader technological leap 676 

needed to bring safe drinking water to more people while reducing greenhouse gas emissions. It 677 

also has other potential applications, including for quick deployment to coastal areas impacted by 678 

natural disasters and military installations. Because energy consumption accounts for the bulk of 679 

desalination operating costs, systems coupled with a large sustainable energy resource could 680 

reduce the specific energy consumption and, therefore, the unit cost of water delivered. Further, 681 

using wave energy directly to pressure feed water eliminates the need for some components 682 

typically found in current systems, such as a turbine, electrical generator, electric motor, and 683 

hydraulic pump, likely resulting in more efficient energy use. There are also potential cost savings 684 

associated with brine disposal for a WDDS because the system would be located in, or in very 685 

close proximity to, its brine disposal point (the ocean). Thus, the possible energy and cost savings 686 

from a fully realized WDDS warrant continued research and development, and the results from 687 

this work invite many more research questions. 688 

Research toward the development of wave-driven RO systems is still in the beginning stages. 689 

This research represents the first step toward not only fabricating and deploying a WDDS, but also 690 

understanding the membrane processes and phenomena in play. However, more fundamental 691 

research should be conducted before engaging in system design. Much of what is understood about 692 

membrane processes assumes a constant feed condition, but when that condition changes, 693 

established concepts need to be reevaluated. Research is needed on the fouling and scaling 694 

tendencies of a membrane subject to wide pressure variations because fouling and scaling are 695 

significant considerations for engineering membrane treatment systems and can impact feed 696 

pressure itself. Similarly, concentration polarization results from constant feed pressure and flow 697 

should be better understood when operating under variable feed conditions. Further understanding 698 

and experimentation of larger design concepts, like membrane element configuration and process 699 

flow, will help build on the results presented here. Efforts to understand these phenomena under 700 

potential WDDS conditions will aid in system design, membrane technology development, and 701 
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modeling efforts. Aside from technology fundamentals, deploying a WDDS presents a new 702 

paradigm for membrane technology scientists and engineers. Like any other RO system, feed water 703 

in a WDDS needs to undergo some type of pretreatment. This presents unique challenges for a 704 

system that could exist entirely underwater and for a pretreatment technology that would be subject 705 

to variable feed conditions itself. There are similar challenges presented for system maintenance, 706 

product water distribution and delivery, and other aspects of water treatment engineering beyond 707 

pretreatment. 708 
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