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 2 

Abstract 25 
 26 
Seawater desalination has become an important tool to attain global water security and 27 

sustainability. Among available technologies, reverse osmosis (RO) has become the golden 28 

standard for seawater desalination due to its unparalleled energy efficiency. While RO is already 29 

efficient after development for half a century, there remains room for over 50% of further reduction 30 

in energy consumption that can translate to tens of TWh potential annual energy saving. However, 31 

this significant energy saving cannot be achieved under the conventional paradigm of on-ground 32 

RO. In this analysis, we analyze the idea of operating RO with open modules several hundred 33 

meters below the ocean surface (i.e., the mesopelagic zone). This new process, namely of 34 

mesopelagic open reverse osmosis (MORO), can potentially push the energy consumption of 35 

seawater desalination to its theoretical limit. We first describe the concept of MORO, and then 36 

examine both the theoretical potential of energy saving and the practical challenges facing the 37 

implementation of MORO. Our analysis provides a theoretical framework for the future 38 

development of MORO for more sustainable desalination.  39 
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Introduction 40 
 41 
Due to population growth, industrialization, and climate change, freshwater scarcity continues to 42 

be a global challenge that impacts the livelihood of billions of people (1). At the same time, nearly 43 

50% of the global population live within 200 km from the coast and many of the communities 44 

impacted by water scarcity are located in the coast region (2). Therefore, desalination is in principle 45 

a viable avenue to achieve water security for a very large coastal population. Among existing 46 

technological options, reverse osmosis (RO) has evolved to be the most energy-efficient and cost-47 

effective technology for seawater desalination (3). The superior energy efficiency of RO for 48 

seawater desalination is well-grounded with scientific rationales and is unlikely challenged by any 49 

other technology in the near future (3-7). The global capacity of SWRO has increased rapidly (Fig. 50 

1A, left axis), approaching ~70 million m3 day-1 (i.e., ~18.5 billion gallons per day) and comprising 51 

close to 70% of the current global desalination capacity (8).  52 

Thanks to several breakthrough innovations in SWRO, such as the development of high-53 

performance thin-film composite polyamide (TFC-PA) membrane and energy recovery devices 54 

(EDR), the specific energy consumption (SEC), i.e., the energy required to produce a unit volume 55 

of product water, has been reduced by nearly an order of magnitude over the last half century (Fig. 56 

1A, right axis). The current SEC of the state-of-the-art SWRO systems is ~2 kWh m-3 for the RO 57 

separation process alone and can be considerably higher than 3 kWh m-3 for the entire treatment 58 

train (6,7).  The practical minimum of SEC for a water recovery of 50% (which is optimal) is ~1.5 59 

kWh m-3, which is being approached by state-of-the-art SWRO systems (Fig. 1B). Using an ideal 60 

thermodynamically reversible RO process can further reduce the SEC to ~1.1 kWh m3 at the same 61 

water recovery (WR) of 50%. The ultimate limit of SEC (note that SEC has the same dimension 62 

as pressure) for SWRO is essentially the osmotic pressure of seawater if water recovery approaches 63 

zero (~0.75 kWh m-3), which suggests that there is, in theory, room for further cut of SEC by 64 

50~75% from the state-of-the-art SWRO system. Although not practically feasible, if all existing 65 

current SWRO systems approach the ultimate limit of SEC, the annual energy saving is in the 66 

order of tens of terra watt hours.  67 

Approaching this ultimate limit of SEC is practically impossible within the current 68 

technological framework of SWRO due to two major limitations. The first limitation regards the 69 

accumulation of salt and the consequent build-up of osmotic pressure along an RO module (Fig. 70 
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1C). An optimized on-ground SWRO system recovers ~50% of the feed water (6), also see 71 

Supporting Information), meaning that the osmotic pressure of the brine exiting the module is 72 

twice as high as the seawater osmotic pressure (~27 bar). Therefore, an applied pressure higher 73 

than 54 bar (equivalent to ~1.5 kWh m-3) is typically used (Fig. 1D). In addition to this minimum 74 

pressure, an “over pressure” (i.e., the extra hydrostatic pressure) is required to overcome 75 

concentration polarization and the pressure drop along the module, and to provide additional 76 

driving force for water permeation. Together, the practical SEC for the RO separation process 77 

alone with a water recovery of 50% is ~2 kWh m-3 with the state-of-the-art systems (3-7). While 78 

progress has been made to further lower the SEC by applying a lower average driving force via 79 

using either multi-stage (9,10), closed circuit (11-13), or batch RO (14,15), limited energy saving 80 

can only be achieved with lower flux and more complex system design and operation.   81 

 82 
Figure 1. (A) The global capacity (left axis) and SEC (right axis) of SWRO over the past five decades. The 83 
data for global capacity is adopted from ref. 8, whereas the data for SEC is adopted from ref. 3 (blue 84 
diamonds) and ref.7 (red circles). (B) A subset of the SEC data in (A) with several theoretical SEC for 85 
benchmarking: practical minimum (WR=50%), which is the minimum SEC to achieve a WR of 50% with a 86 
constant pressure, one-stage operation; reversible minimum (WR=50%), which is the minimum SEC to 87 
achieve a WR of 50% with a thermodynamically reversible batch RO process; and ultimate limit, which is 88 
the SEC for applying a pressure infinitesimally higher than the osmotic pressure of seawater. (C) Variation 89 
of water salinity and permeate flux along an RO module as more water is recovered and the feedwater 90 
becomes concentrated. (D) Brine osmotic pressure as a function of water recovery (black curve), which 91 
determines the minimum applied pressure at a certain water recovery (red dash line). The applied pressure 92 
is the minimum applied pressure plus the over pressure.  93 
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The second limitation regards the “other energy consumptions” including that for 94 

pretreatment and for compensating the energy loss in high-pressure pumps and in EDR. 95 

Pretreatment is generally required to prevent fouling of the membrane and the spacer, whereas 96 

ERD is used to recover energy embedded in the pressurized brine stream (16). While more detailed 97 

calculation is to be given in the following analysis, these energy consumptions can account for 98 

another ~2kWh m-3, as much as half of the total SEC in a practical on-ground SWRO system 99 

(6,7,17,18). 100 

Herein, we analyze a radically different technological framework to operate RO in with the 101 

potential to reduce the practical SEC by 50~75% from its current state-of-the-art. This approach, 102 

namely mesopelagic open reverse osmosis (MORO), overcomes the inherent limitation of osmotic 103 

pressure build-up in existing RO systems. In the following discussion, we will first introduce the 104 

concept and rationale of MORO. We will then present a simplified analysis on the SEC of MORO 105 

as compared to conventional RO for seawater desalination. Lastly, practical considerations and 106 

technical challenges toward implementing MORO will also be examined. 107 

 108 

The Concept of Mesopelagic Open Reverse Osmosis (MORO) 109 

In MORO, an open RO module with either hollow fiber (HF) or tubular membranes is placed 110 

several hundred meters below the sea level, i.e., in the mesopelagic zone. The active separation 111 

layer of the RO membrane is exposed to seawater with a hydrostatic pressure proportional to the 112 

water depth at which the MORO system is placed. When hydrostatic pressure of the seawater 113 

exceeds its osmotic pressure (~27 bar, equivalent to ~275 m of water), water can permeate through 114 

the RO membrane that rejects the salt (Fig. 2A). The surface of the permeate will rise to ~275 m 115 

below sea level regardless of how deep the permeate tank is placed under the ocean. If we actively 116 

pump the desalinated water up to the ground (i.e., sea level), seawater will continuously permeate 117 

through the RO membrane to replenish the permeate tank. 118 

In practice, the system should be placed at least 300 m below sea level so that the additional 119 

hydrostatic pressure from the extra depth can provide the driving force for water permeation at a 120 

finite rate. To implement MORO for large-scale seawater desalination, we can construct structures 121 

with many open HF RO modules installed on water collection pipes that connect to an underwater 122 

pumping station (see Fig. 2B for an example of a branched structure MORO system). Water 123 
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permeates through the RO membrane and flows through the collection pipes toward the pumping 124 

station where it is pumped to the ground for post-treatment and storage.  125 

 126 

 127 
 128 

Figure 2. (A) Illustration of the MORO concept with a single module system. The open RO module is 129 
composed of a bundle of HF RO membranes. Water permeates through the salt-rejecting RO membrane 130 
and the permeate is pumped to the ground. (B) An example for designing a MORO plant with a large 131 
number of open RO modules. (C) SEC in the units of seawater osmotic pressure, π0, energy density, 132 
hydrostatic pressure, and equivalent depth, as a function of WR for the different contributions, including the 133 
minimum SEC for a constant pressure (CP) RO process alone (red curve),  SEC for compensating loss in 134 
energy recovery device, providing over-pressure in RO module, and powering pretreatment (blue curve). 135 
The purple circle represents the optimized WR and the corresponding minimum practical SEC. The 136 
expected SEC for MORO, which operates at zero recovery, is denoted in green. (D) Comparison of the 137 
SEC for on-ground SWRO and two scenarios of MORO. In both cases, the simulations assume a 138 
membrane permeability of A=2 L m-2 h-1 bar-1, a mass transfer coefficient of k= 70 L m-2 h-1, and an osmotic 139 
pressure of 27 bar for seawater. The permeate fluxes for cases 1 and 2 are 10 and 20 L m-2 h-1, respectively.  140 

To a certain extent, the concept of MORO is not completely new, as ideas with different 141 

degrees of similarity have appeared in multiple non-academic articles where they are often referred 142 

to as deep ocean RO. However, it would be misleading to claim that deep ocean RO alone can 143 

save energy because it utilizes the natural hydrostatic pressure of the deep ocean instead of 144 

electrically drive high-pressure pumps. After all, the hydrostatic pressure corresponding to a 145 

certain ocean depth is theoretically the same as the SEC required to pump the water up to the sea 146 
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level. In other words, deep ocean RO alone cannot result in energy saving. Therefore, performing 147 

deep ocean RO using close RO modules as those used on ground (e.g., the conventional spiral-148 

wound modules) cannot save substantial energy because of the inherent limitation of osmotic 149 

pressure build-up in any type of closed module. It is therefore the use of submerged open modules, 150 

not the use of the natural hydrostatic pressure of deep ocean, that leads to energy saving in MORO. 151 

These submerged open RO modules are configurationally similar to the HF membrane 152 

modules used in some membrane bioreactors (19). Using submerged open modules overcomes the 153 

limitation of salt accumulation intrinsic to closed modules and thus substantially reduces the 154 

osmotic pressure to be overcome for driving water permeation through RO membranes. However, 155 

submerged open modules for seawater desalination cannot be used on ground or in shallow water 156 

using vacuum as the driving force as in MBR, because the maximum vacuum (1 atm) is still far 157 

below the osmotic pressure of seawater. Therefore, while deep ocean operation is not the direct 158 

cause of energy saving in MORO, MORO must be operated under deep ocean to provide 159 

sufficiently high hydrostatic pressure to overcome the osmotic pressure. 160 

 161 

Energy Consumption of MORO 162 
 163 
For MORO, the SEC is the mainly energy required to pump the permeate against gravity to the 164 

ground and to overcome the pressure drop along the water pipes. In this section, we will mainly 165 

focus on the first part, i.e., the energy for pumping water against gravity. Placing the MORO 166 

system deeper in the mesopelagic zone creates a larger driving force for water transport and leads 167 

to a higher water flux. However, more energy is required to pump the permeate to the ground when 168 

the permeate is generated deeper in the ocean. Therefore, the SEC of MORO is simply the osmotic 169 

pressure of seawater (𝜋0, ~27 bar or 0.75 kWh m-3) plus an additional over-pressure required to 170 

drive water permeation at a finite flux. Specifically, SEC as a function of flux, 𝐽, can be estimated 171 

as (see Supplementary Information for derivation) 172 

𝑆𝐸𝐶(= 𝛥𝑃) =
𝐽

𝐴
+ 𝜋0exp⁡ (

𝐽

𝑘
) (1) 

where 𝐴 is the water permeability of the RO membrane and 𝑘 is the mass transfer coefficient. The 173 

second term in Eqn.1 accounts for concentration polarization that leads to a slightly higher osmotic 174 

pressure at the membrane surface as compared to that in the bulk. While we use a fixed seawater 175 

osmotic pressure (𝜋0~27 bar) to demonstrate the concept, we note that 𝜋0 is dependent on both 176 
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location and depth. The top layer of the ocean (down to ~200 m) is the mixed layer and typically 177 

has limited temperature change (20). Below the mixed layer is the thermocline where temperature 178 

drops rapidly (the rate of temperature decline is spatiotemporally dependent). Meanwhile, the 179 

salinity also changes with depth along the halocline, with the direction of change dependent on 180 

location. As the van’t Hoff equation suggests that 𝜋0 is proportional to both temperature and 181 

salinity, 𝜋0  is both depth and location dependent. However, 𝜋0  in the depth range of MORO 182 

operation (300-600 m) should not deviate from 𝜋0 of the ocean surface by more than 10%. 183 

We estimate the SEC for MORO and find that to be substantially lower than on-ground 184 

SWRO (Fig. 2C and 2D). For conventional on-ground SWRO, the optimal WR for the minimum 185 

practical SEC is well known to be around 50% (Fig. 2C). Reducing the WR is theoretically 186 

beneficial to energy efficiency because the lower brine osmotic pressure reduces the applied 187 

pressure and thus the SEC of the RO separation process alone (red curve in Fig. 2C). However, as 188 

all feedwater is subject to pretreatment and the unrecovered brine goes through a high-pressure 189 

pump and an energy recovery device that are not perfectly efficient, a very low WR results in a 190 

large practical SEC with major contributions from pretreatment and energy loss in the high-191 

pressure pump and energy recovery device (blue curve in Fig. 2C). Balancing the contributions 192 

from intrinsic energy requirement and from other energy consumptions to the overall SEC results 193 

in an optimal WR ~50% and a practical SEC ~ 3 kWh m-3, which is about four times of the seawater 194 

osmotic pressure (9). 195 

For MORO, the WR is practically zero as the feedwater is the entire ocean and thus the 196 

minimum required pressure in this case is simply 𝜋0. In addition, no extra energy is used in MORO 197 

for pretreatment or supplementing the energy loss in the energy recovery device, because neither 198 

pretreatment nor energy recovery device is or can be employed. Therefore, the overall SEC for 199 

MORO is expected to be less than half of that for an optimized conventional SWRO process. We 200 

estimate the SEC for MORO for two scenarios (i.e., different fluxes) using Eqn.1 with a water 201 

permeability of A = 2 L m-2 h-1 bar-1, which is typical of polyamide-based RO membrane, and k 202 

=70 L m-2 h-1. The choice of mass transfer coefficient, k, which is around half of that in a typical 203 

spiral-wound RO module, is deliberately conservative considering the lack of crossflow in MORO. 204 

With these assumptions, we estimate the over-pressure required for achieving a permeate flux of 205 

10 and 20 L m-2 h-1 to be ~9 and ~19 bar, respectively, which corresponds to extra SEC of 0.25 206 

and 0.53 kWh m-3, respectively (Fig. 2D). Even with a flux of 20 L m-2 h-1, the overall SEC of 207 
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MORO is still lower than the minimum SEC at a WR of 50% for the RO separation process alone 208 

and is less than half of practical SEC for on-ground SWRO. 209 

 210 
Pressure Drop along Water Transport Pipe 211 
 212 
One major technical challenge for implementing MORO is attributable to the unfavorable coastal 213 

topography for connecting to the ground an engineered system placed >300 m deep in the ocean 214 

(Fig. 3A). Specifically, the very wide (~75 km on average) continental shelf is shallow and 215 

declines very slowly, at an average slope of only ~1.7 m km-1, as it moves away from the coast 216 

(20). Consequently, the working depth of MORO, which is around ~300 m or deeper, cannot be 217 

reached within the continental shelf. Beyond the continental shelf, the continental slope declines 218 

rapidly at a slope of ~70 m km-1. Therefore, MORO should be placed just a few kilometers beyond 219 

the continental shelf. The problem, however, is that the desalinated water needs to be pumped 220 

through a very long pipe before it arrives in the on-ground post-treatment and distribution facility. 221 

Pumping a large volume of water would potentially require a large amount of energy and eradicate 222 

all the energy saving from using MORO. 223 

 224 
Figure 3. (A) Illustration of the coastal topography featuring the continental shelf and continental slope. 225 
The continental shelf is on average 75 km wide but has a small average slope of ~1.7 m km-1. The water 226 
on the continental shelf is in the epipelagic zone. The mesopelagic zone is usually reached in the continental 227 
slope which has an average slope of 70 m km-1. The schematic is not to scale. (B) Pressure drop (in bar), 228 
head loss (in meter), and SEC equivalent (kWh m-3) at different flow rates with cylindrical pipes of different 229 
diameters. The solid lines are obtained based on the smooth-pipe approximation according to equation 3, 230 
whereas the dash and dotted lines are constructed using Moody friction factor with a pipe roughness of 0.2 231 
and 1.0 m, respectively (performed using a pressure drop calculator provided in reference 22).The osmotic 232 
pressure of seawater and the SEC of the state-of-the-art SWRO (RO process alone) are also given as 233 
benchmarks. 234 

The pressure drop (also quantified as the head loss) is strongly dependent on the flow rate, 235 

the pipe diameter, and pipe length, and can be quantified by the Darcy-Weisbach equation (21): 236 
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𝑆𝐸𝐶𝐷 = 𝛥𝑃𝐷 = 𝐿𝜌𝑓𝐷
8

𝜋2

𝑄2

𝐷5
 (2) 

where 𝑆𝐸𝐶𝐷  is the specific energy consumption to compensate pressure drop 𝛥𝑃𝐷 (again, 𝑆𝐸𝐶𝐷  237 

and 𝛥𝑃𝐷 have the same dimension),⁡𝐿 is the pipe length, 𝜌 is the water density, 𝑄 is the volumetric 238 

flow rate, 𝐷 is diameter of the pipe, and 𝑓𝐷  is the Darcy friction factor that is dependent on the 239 

characteristics of the pipe, the fluid, and the flow. The water flow in this application context is 240 

always in the turbulent regime. In our calculations, we use “smooth pipe” assumption to obtain the 241 

lower-bound of 𝑆𝐸𝐶𝐷 , with which 𝑓𝐷  can be quantified using the following phenomenological 242 

equation:  243 
1

√𝑓𝐷
= 1.930⁡𝑙𝑜𝑔10(𝑅𝑒√𝑓𝐷) − 0.537 (3) 

where 𝑅𝑒  is the Reynold number. We also estimate the 𝑆𝐸𝐶𝐷  with medium and high pipe 244 
roughness (0.2 and 1 mm, respectively) using the Moody friction factor (22). 245 

Applying Eqn.2 with the three pipe roughness assumptions to a series of scenarios with a 246 

pipe length of 80 km yields the pressure drop for different flow rates and pipe diameters (Fig. 3B). 247 

Plotting the pressure drop against flow rate in a log10-log10 graph reveals that 𝛥𝑃𝐷 scales with 𝑄 248 

by a power of ~1.8. The results presented in Fig. 3B suggest that the pressure drop along the this 249 

very long (80 km) pipe is negligibly small if the pipe diameter is sufficient large and/or the flow 250 

rate is sufficiently low. For example, with 10 MGD (million gallons per day), the pressure drop is 251 

only ~2.3, 0.3, and less than 0.1 bar with a pipe diameter of 1.0, 1.5, and 2.0 m, respectively (for 252 

reference, seawater osmotic pressure is ~27 bar). Therefore, the extra energy to deliver the 253 

desalinated water to the ground, 𝑆𝐸𝐶𝐷 , is theoretically not an impediment for implementing 254 

MORO, as long as constructing the water transport pipes is economically viable. To minimize 255 

𝑆𝐸𝐶𝐷 , we can either use very large pipe or use more small pipes, whichever is more economically 256 

favorable. For example, if we need to build a MORO system of 100 MGD, which is comparable 257 

to the largest SWRO plant in the world (Sorek at Israel, 120 MGD), we can employ 10 water 258 

transport pipes of a diameter of 1.0 m and spend only an extra ~0.064 kWh to deliver 1 m3 of 259 

desalinated water to the ground.  260 

 261 
Other Considerations for Practical Implementation  262 
 263 
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In addition to the relatively large water transport distance, there remain several major issues to be 264 

addressed toward the practical implementation of MORO which differs from conventional on-265 

ground SWRO process in its operation. The use of open modules in MORO, which is the key to 266 

energy saving, has two major practical implications. On the positive side, MORO does not require 267 

any EDR because only the desalinated water is pumped to the ground. Therefore, the capital cost 268 

for installing EDR and the energy loss due to the inefficiency of such devices are both eliminated. 269 

On the flip side, no active pretreatment can be performed in MORO as in on-ground SWRO 270 

processes due to the open module configuration. For on-ground SWRO, pretreatment is of 271 

paramount importance for protecting the RO unit process and ensure its stable performance (17,18). 272 

The lack of pretreatment will result in organic and biological fouling inside the spiral-wound RO 273 

modules, which can lead to irreversible performance deterioration over time. 274 

There are two distinct characteristics of MORO that may considerably reduce its fouling 275 

potential. First, MORO is operated in the mesopelagic zone that has less than 1% of the solar 276 

irradiance at sea level, a lower temperature, and thus substantially lower microbiological activity 277 

and biomass than the epipelagic zone from which on-ground SWRO systems draw its water (23). 278 

Second, because feed water is not concentrated in MORO, concentration of foulants in on-ground 279 

SWRO, which would aggravate fouling near the exit of the feed stream in a spiral-wound module, 280 

would not occur in MORO. Despite these two advantages of MORO in reducing fouling propensity, 281 

whether organic and biological fouling is an important or even unsurmountable technical challenge 282 

remains uncertain until pilot experiments are performed in real environment of the mesopelagic 283 

zone. 284 

In typical SWRO plants, the operating pressure is progressively increased to overcome the 285 

additional water transport resistance induced by fouling, so that a constant flux can be maintained. 286 

Membrane cleaning will be performed once the operating pressure exceeds a certain limit. If 287 

fouling indeed occurs to MORO, the system can in theory be gradually lowered to a great depth to 288 

gain the extra driving force required to maintain a constant flux. For membrane cleaning, an 289 

innovative approach based on the principle of osmotic backwash may be used. 290 
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 291 

Figure 4. Water flux as a function of net hydraulic pressure. The net hydraulic pressure is the natural 292 
hydrostatic pressure, PHS, in the water production stage, and the difference between PHS and the pressure 293 
applied in the membrane cleaning stage. In the water production stage, PHS exceeds the osmotic pressure 294 
difference across the membrane, Δπ. The forward water flux is proportional to the difference between PHS 295 
and Δπ. A pressure is applied to pump the desalinated water to the ground. In the cleaning stage, a pressure 296 
higher than PHS-Δπ is applied in the opposite direction so that the net hydraulic pressure, PClean, becomes 297 
lower than Δπ but remains positive. The reverse flux is proportional to the driving force which is the 298 
difference between Δπ and PClean. 299 

In this approach as illustrated in Fig. 4, we will reduce the pump pressure (of the same 300 

pump for delivering water to the ground) and reverse its direction to push water through the HF 301 

membranes from inside out.  In the water production stage, water permeates from the exterior into 302 

the HF membranes (i.e., forward flux) because the hydrostatic pressure of the mesopelagic zone, 303 

𝑃𝐻𝑆, exceeds the osmotic pressure difference, 𝛥𝜋. A pump pressure that is equal to 𝑃𝐻𝑆 plus the 304 

pressure drop along the pipe is applied to deliver the desalinated water to the ground. In the 305 

cleaning stage, the pumping direction is reversed, and the pressure is reduced, so that the net 306 

pressure, 𝑃𝐶𝑙𝑒𝑎𝑛 , (i.e., 𝑃𝐻𝑆 minus the applied pressure) is lower than 𝛥𝜋. Under this condition, the 307 

desalinated water will permeate through the HF membranes from inside out and wash the foulants 308 

away. Such a cleaning scheme is in principle similar to, but different from, the osmotic backwash 309 

as we know it (24, 25).  310 

The same cleaning method does not work for on-ground SWRO with TFC-PA membranes, 311 

because the large backpressure would potentially destroy the membrane by delaminating the 312 

polyamide layer from the polyether-sulfone support. Thus, the applied pressure is only reduced, 313 
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not reversed (in direction), in the osmotic backwash process for on-ground SWRO. In MORO, 314 

however, osmotic backwash is modified with a tweak to take advantage of the particular operating 315 

conditions of MORO in which the backpressure is countered by the hydrostatic pressure of the 316 

ocean. Because the total hydraulic pressure always exerts on the polyamide layer against the 317 

support layer, pointing into the HF, the HF membrane is not in risk of delamination.   318 

 Finally, the impacts of MORO on local ecosystem also differs from that of on-ground 319 

SWRO. While MORO occupies a much larger volume of undersea space, no brine will be 320 

generated and discharged from MORO. MORO would only create a very small salinity gradient 321 

near the modules instead of generating a salinity shock as in conventional SWRO brine discharge. 322 

Moreover, the mesopelagic zone where MORO is installed has a vastly different ecology as 323 

compared to the that of the epipelagic zone where water intake and brine discharge of on-ground 324 

SWRO occur.   325 

 326 

Prospect and Research Needs 327 
 328 
While RO has transformed the industry of seawater desalination over the last half century, MORO 329 

has the potential to again transform SWRO in the coming decades by enabling a substantial energy 330 

saving or even toward the ultimate limit of energy consumption for seawater desalination. With a 331 

60% reduction of the current SEC for SWRO, which appears to be practically feasible with MORO, 332 

an enormous annual electricity saving close to 90 TWh may be achieved based on the projected 333 

global SWRO capacity of ~101 million m3 per day in 2030 (26). Being a radically new approach, 334 

MORO requires drastically different infrastructure that does not exist as of today and will face 335 

various practical challenges that need to be addressed before it can be widely adopted.  336 

As the first step, we need to develop open RO modules suitable for the operating conditions 337 

of MORO. This would require re-designing RO membrane modules using hollow fibers without 338 

enclosure, similar to those used in membrane bioreactors. We will also need to investigate the 339 

potential of organic and biological fouling in MORO when operated in the mesopelagic zone or 340 

an experimental setting with similar environmental and operating conditions and test the strategies 341 

for fouling mitigation and membrane cleaning. Once MORO is proven technically feasible, in-342 

depth technoeconomic analysis is in need to evaluate whether the substantial theoretical potential 343 

for energy saving can indeed be harnessed after various practical considerations, and whether 344 
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MORO can become economically more favorable as compared with conventional SWRO on-345 

ground. Lastly, the potential impact of installing large MORO systems on ecosystem of the 346 

mesopelagic zone also needs to be studied to ensure ecological compatibility of MORO. Despite 347 

all these practical challenges and uncertainties, MORO is worthy of future research and 348 

development because the reward of its success can potentially be very substantial. 349 
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