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Abstract 27 

A facultative hybrid reverse osmosis (RO) – pressure retarded osmosis (PRO) system can 28 

switch its operation between i) RO mode, where high quality water is produced from waste-water 29 

treatment plant effluent and ii) PRO mode, where the salinity difference between seawater 30 

desalination brine and wastewater is converted to energy. This system takes advantage of 31 

fluctuating energy pricing, by consuming low cost energy to produce water and producing high 32 

value energy.  33 

The system was modeled by a local concentration polarization and solution diffusion 34 

model, considering several geometries. The system was optimized and for different ratios of the 35 

economic value of electricity vs water, to find process settings and switch points. A necessary 36 

condition for the feasibility of the facultative hybrid RO-PRO concept is that the permeate value 37 

satisfies: i) low enough, to justify electricity production and ii) high enough, to justify water 38 

production. With a maximum energy price of 0.25 USD/kWh, the first condition translates into 39 

<0.10-0.17 USD/m3 (ALFS) or <0.20-0.28 USD/m3 (ALDS). The facultative hybrid RO-PRO 40 

concept is only feasible as improvement to a PRO system, where there is a limited demand for 41 

purified WWTP-effluent. It is expected that it is usually preferred to produce purified WWTP-42 

effluent. 43 

 44 

Keywords: Water energy nexus; Efficiency; Module configurations; Optimization; Membrane 45 

geometry 46 
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1. Introduction 48 

 49 

Pressure retarded osmosis (PRO) is a technology to generate electricity from a salinity 50 

difference between two water sources, which was firstly introduced by Sidney Loeb in 1976 [1]. 51 

In the last decade, PRO has received increasing attention as a promising candidate to convert 52 

salinity gradient energy into electricity [2-4]. In PRO, low-salinity and high-salinity solutions are 53 

provided as a feed solution and a draw solution, respectively, and hydraulic pressure lower than 54 

osmotic pressure of the draw solution is applied to the draw solution [5]. Thus, water is transported 55 

across the semi-permeable membrane from low-salinity water to high-salinity water due to the 56 

osmotic pressure gradient, which operates a hydro-turbine and hence generates electric energy [6].  57 

By sketching a sizable potential market, by showing a credible development roadmap and 58 

by showing their willingness to invest in both pilot facilities as well as full scale a power plant, the 59 

Norwegian electricity utility Statkraft was probably an important catalyst in a renewed interest in 60 

PRO [7]. In their early investigations, they showed that although there were uncertainties and 61 

improvements in membrane properties would be necessary, the idea of PRO coupling seawater 62 

and river water was at least technologically reasonable [8]. However, after working on PRO over 63 

a decade and operating a pilot scale test facility, they decided to halt further investments in the 64 

technology, for a variety of reasons, including the membrane market outlook and the development 65 

in competing renewable energy sources [9].  66 

It appears that a fundamental issue with the combination of seawater and surface water is 67 

the relatively low amount of net energy per volume that is extractable, due to: thermodynamic 68 

restrictions, system losses and practical requirements such as pretreatment [10-12]. Thus, PRO 69 

may only be feasible when a much higher salinity difference is available [13], which can be 70 

achieved with brine from seawater desalination [14]. When considering seawater desalination 71 

concentrate as a source for the concentrated draw solution, a logical source for the low salinity 72 

water is wastewater treatment plant (WWTP)-effluent [15], as it is unlikely that seawater 73 

desalination occurs near an abundant fresh water source. A seawater reverse osmosis plant 74 

(SWRO) and a pressure retarded osmosis (PRO) plant might each operate as a standalone system, 75 

one consuming electricity and the other producing electricity. The losses that occur in each process 76 

due to the conversion between electrical power and hydraulic power can be reduced by integrating 77 

the systems and clever application of pressure exchangers [16]. There are numerous other 78 
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configurations possible with PRO (or forward osmosis) and RO, in combination with seawater, 79 

wastewater and concentrate [17, 18].  80 

Seawater desalination is relatively expensive and its application implies that fresh water is 81 

scarce. In such a situation, it is likely that WWTP effluent represents a value also, for example 82 

effluent may be used for irrigation or purified effluent may be used as process water [19]. Thus, 83 

the wastewater should only be used for energy generation if the value of the energy exceeds the 84 

value of its alternative use. Generally, the cost of seawater desalination is greater than the cost of 85 

reverse osmosis of WWTP effluent  [20, 21]. Thus, a second necessary condition is that the 86 

economic value of the desalinated seawater exceeds the economic value of purified wastewater. 87 

This occurs, for example, when issues around social acceptance or residual pollutants make the 88 

use of treated wastewater as drinking water impossible [22].  89 

In this paper a facultative hybrid RO-PRO concept is introduced that is able to switch 90 

between energy generation and water production, based on the relative economic valuation of 91 

water vs. energy. We explore the feasibility of the facultative hybrid RO-PRO concept, by the 92 

following approach: We analyze a simplified system that only considers the power density and 93 

productivity at the membrane surface, described by solution-diffusion with concentration 94 

polarization. The system is optimized in PRO-mode to find the combination of operating 95 

parameters and membrane parameters that maximize power generation. It is then assumed that the 96 

optimal PRO membrane is selected for the hybrid system and has to be used during RO-mode. 97 

 98 

2. Facultative hybrid RO-PRO concept 99 

 100 

A situation where the energy production will consist almost exclusively of renewable 101 

sources is considered. It can be expected that the availability of the energy sources, such as sunlight 102 

and wind, will vary strongly [23, 24], according to seasonal variations, day-night cycle and random 103 

weather patterns [25]. The energy producing utilities can counteract this to some extent, by 104 

addition of overcapacity, buffering and diversification. However, strong variations in the price of 105 

electricity may still occur in order to match the consumption to the available power [26]. It is a 106 

possibility that the economic conditions necessary for an economically feasible PRO process occur 107 

only during particular time-frames, for example, at night. 108 
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When strong variations in the value of electricity relative to the value of water occur, a 109 

facultative hybrid RO-PRO can be considered as presented in figure 1. This is a single system that 110 

can switch between two operating modes, namely: first RO, producing permeate from wastewater 111 

and second PRO, recovering energy from seawater desalination concentrate. The PRO aspect of 112 

the process configuration (pressure exchanger, turbine and concentrate pump) is identical to a 113 

typical PRO configuration [27]. The operating mode is chosen based on the current economic 114 

condition with the aim of minimizing cost.  115 

Most of the hybrid RO-PRO systems described in literature are based on a steady-state 116 

situation, where RO and PRO processes are running continuously and simultaneously [15, 17, 28, 117 

29]. The concept of adaptation to energy availability is described by He et al. [30] who studied a 118 

hybrid system that is powered by solar energy during the day and by PRO during the night 119 

However, both aspects of the hybrid have dedicated equipment. A true facultative hybrid is 120 

described by Stover and Pique [31], here the main motivation is a strong seasonal variation in the 121 

availability of fresh water. Thus, the system would operate in PRO mode, mixing seawater and 122 

fresh water, when fresh water is abundant. Conversely, it would operate in RO mode, desalinating 123 

seawater, when the available fresh water is insufficient.  124 

 125 

 126 
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Figure 1: Schematic representation of the hybrid RO-PRO system, in RO-mode (A) and PRO-mode 128 

(B) In RO mode, the feed pump is used to pressurize the feed water and thus produce permeate. In 129 

PRO mode, the feed pump operates at near atmospheric pressure, to regulate the crossflow at the 130 

feed side. The permeate is drawn into the pressurized concentrate, which increases in volume. The 131 

added volume is lead through the turbine to generate electricity, whereas the rest is used to 132 

pressurize the incoming concentrate. The system switches between these operating modes to select 133 

the economically most favorable one, where the inactive part of the system is indicated in gray. 134 

 135 

Several aspects of our hybrid concept make this a best-case economic scenario for PRO. 136 

Firstly, the combination of brine and WWTP-effluent offers the highest osmotic pressure 137 

difference that can be found in relative abundance. Secondly, much of the required equipment and 138 

infrastructure can be shared between two processes that each operate under favorable conditions. 139 

Thus, the cost of PRO is justified against relatively high energy prices, whereas the cost of RO is 140 
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justified based on low cost energy.  There are however some additional caveats to this facultative 141 

hybrid concept.  142 

 The facultative hybrid process should only be considered if both modes require similar 143 

membrane properties. For this reason, reverse osmosis of wastewater is considered rather 144 

than seawater desalination, as optimal PRO membranes resemble brackish water RO 145 

membranes more than seawater RO membranes [27]. Nevertheless, it is necessary to find 146 

a compromise for the selection of the membrane elements. 147 

 Being a hybrid, the required system combines the requirements of an RO system and a 148 

PRO system. Thus, the equipment costs exceed the requirements for either a dedicated RO 149 

or PRO system.  Furthermore, the control system is more complex to facilitate the 150 

switching procedure as well as a decision system to choose the appropriate mode. 151 

 Although it is commonly assumed that the draw solution must face the active layer in PRO, 152 

this is not a strict requirement and in this study both orientations are considered. During 153 

PRO operation, the permeate side of the system contains, depending on the orientation, 154 

either RO concentrate or wastewater. This poses a risk of contamination of the RO 155 

permeate during the operation in RO mode and consequently a considerable amount of 156 

energy and water could be lost in the switching procedure between the process modes. 157 

Besides, the orientation influences a propensity of membrane fouling due to the exposure 158 

to wastewater, which hampers the stable operation of the hybrid [32].  159 

 If the feed water is on the same side of the membrane during both RO and PRO mode 160 

(ALFS, as sketched in figure 1), then both sides of the system need to tolerate the operating 161 

pressure. Conversely, if the feedwater switches sides in the transition between RO and 162 

PRO, the membrane should tolerate flow in both directions. Thus, the facultative hybrid 163 

concept may require membrane materials where the active layer is more strongly attached, 164 

and element designs where the membrane is self-supported. From this view it is interesting 165 

to consider the effect of orientation and geometry. 166 

  167 

One of the conditions for the feasibility of the hybrid process is that the transition occurs 168 

at a realistic value of the relative value of energy vs permeate. Otherwise, the hybrid would 169 

continuously operate in a single mode and a dedicated system would be preferable.  This aspect is 170 

investigated by finding the optimal switching points between RO mode and PRO mode.  171 
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 172 

3. Theory 173 

3.1. Solution diffusion with concentration polarization  174 

The family of osmotic membrane processes can be described by the solution diffusion 175 

model with concentration polarization [33]. This requires three basic equations, namely definition 176 

of water permeability (1), definition of solute permeability (2) and the description of diffusion in 177 

the boundary layer and support layer (3) [34]. Our notation is based on the following: 178 

 Both operating modes are described by the same equation and variables. The feed side, 179 

containing the WWTP effluent is taken as reference, so that the filtration flux is positive 180 

during both operating modes and the transmembrane pressure (𝑇𝑀𝑃) is positive during 181 

RO-mode and negative during PRO mode.  182 

 It is assumed that osmotic pressure is linearly related to the concentration. Equations 183 

involving concentration are multiplied by the osmotic coefficient ( 𝜋 ), to obtain an 184 

equivalent equation involving osmotic pressure. For example: 𝐽𝑆 = 𝐵Δ𝐶 is represented as:  185 

𝐽Π = 𝜋𝐽𝑆 = 𝐵ΔΠ . By following this notation, the resulting equations are more easily 186 

related to energy consumption. 187 

Thus, the three main equations are given by: 188 

 189 

𝐽𝑊 = 𝐴 𝑁𝐷𝑃 = 𝐴 (𝑇𝑀𝑃 − (Π𝐹,𝑀 − Π𝑃𝐷,𝑀)) 
(1) 

 190 

and: 191 

 192 

𝐽Π = 𝐵 (Π𝐹,𝑀 − Π𝑃𝐷,𝑀) (2) 

 193 

and: 194 

 195 

𝐽Π = 𝐽𝑊Π(𝑥) − 𝐷
𝑑Π(𝑥)

𝑑𝑥
 

(3) 

 196 

This equation is solved for both sides of the membrane, by integrating it over the thickness 197 

of the boundary layer 𝛿 and the effective diffusion length in the support layer, represented by the 198 
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structural parameter 𝑆. In this description, either or both sides could have a support layer. The 199 

absence of the support layer results in 𝑆 = 0 . The thickness of the boundary layer 𝛿  can be 200 

estimated by the Sherwood relation and the structural parameter 𝑆 is a membrane property. The 201 

osmotic pressure at the membrane surface is given by: 202 

 203 

Π𝑀 =
𝐽Π
𝐽𝑊
+ (Π𝐵 −

𝐽Π
𝐽𝑊
) 𝛽 

(4) 

 204 

Here 𝛽 is the concentration polarization factor, given by: 205 

 206 

𝛽𝐹 = exp (𝐽𝑊
𝛿𝐹 + 𝑆𝐹
𝐷

) 
(5) 

 207 

and: 208 

 209 

𝛽𝑃𝐷 = exp (−𝐽𝑊
𝛿𝑃𝐷 + 𝑆𝑃𝐷

𝐷
) 

(6) 

 210 

In the case of a perfect membrane with complete rejection, eqn. (4) reduces to 𝛽 =211 

Π𝑀/ Π𝐵. Thus, 𝛽 is interpreted as ‘ideal concentration polarization’. The actual ratio between the 212 

bulk and membrane concentration differs from this value due to salt leakage.  213 

In the case of the hybrid system, the bulk concentrations on both sides of the membrane 214 

are a property of the available water sources. During regular reverse osmosis, the bulk 215 

concentration on the permeate side is given by an additional condition instead: 𝐽Π = 𝐽𝑊Π𝑃𝐷,𝐵  and 216 

it follows that 𝛽𝑃𝐷 = 1.  217 

 218 

3.2. Membrane geometry 219 

In this study we compare three different membrane element configurations (figure 2), 220 

namely: 221 

  Spiral wound element (SW). The spiral wound configuration describes an essentially flat 222 

membrane separated by spacers and is not necessarily limited to only spiral wound 223 
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elements. In a membrane element suitable for PRO, the ‘permeate’ spacer and flow 224 

conditions would be similar to the feed side.  225 

 Transverse flow element (T). In this design the fibers are placed in a well-defined structure, 226 

perpendicular to the flow direction, which aims to maximize mass transfer [35]. This 227 

geometry is not available as commercialized product.  228 

 Cross wound element (CW). In this design the aim is also to let the feed water flow 229 

perpendicular over the outside of the fibers. Compared to the transverse design, the fibers 230 

are more closely packed in less well-defined orientation. For this geometry commercially 231 

available products do exist (e.g. Toyobo hollow fiber RO) [36]. 232 

The transverse and cross wound geometries describe the outside of hollow fibers, and the 233 

inside (I) of these fibers is the fourth geometry. These are illustrated in figure 2. The main 234 

dimensions of the elements in this study are summarized in table 1.   235 

The geometry is also related to the mechanical strength. Cylinders (fibers) are intrinsically 236 

stronger than flat surfaces (membrane sheets), however, flat sheets are supported by spacers, 237 

whereas fibers have to rely on only the material properties for their mechanical strength. Compared 238 

to typical spiral wound RO-elements, the hybrid elements would have a ticker, more open and less 239 

supportive permeate spacer. Thus, it is not obvious which geometry would be more advantageous 240 

with respect to mechanical properties.  241 

The membrane geometry defines the description of pressure loss and mass transfer as a 242 

function of crossflow velocity and the membrane dimensions. Particularly for PRO, the energy 243 

lost due to crossflow friction and concentration polarization has a major impact on its efficiency. 244 

Therefore, the studied geometries include the current state of the art (SW and CW) as well as a 245 

theoretically highly efficient, but commercially unavailable, geometry (T). The pressure drop over 246 

a membrane element is commonly described in terms of the Darcy friction factor [34]: 247 

 248 

Δ𝑝 = 𝑓 ∙  
1

2
𝜌𝑣2  

𝐿

𝑑
 

(7) 

 249 

And the mass transfer coefficient is commonly described by the Sherwood relation [34]; 250 

 251 
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𝑆ℎ =
𝑘𝑑

𝐷
 

(8) 

 252 

Table 2 gives the relations that define the considered geometries. These relations make use 253 

of a characteristic distance (𝑑) and characteristic velocity (𝑣). In more complex geometries there 254 

are multiple reasonable ways to define a characteristic length (e.g. inner/outer diameter, channel 255 

height, hydraulic diameter, and minimum distance) and velocity (e.g. superficial, mean, maximum) 256 

and indeed, the available relations are based on different definitions. We chose the hydraulic 257 

diameter and average velocity of the empty channel (without spacers) to represent the results in a 258 

uniform way. The table also shows the conversion factor to the velocity or characteristic length 259 

used by the references. 260 

For a section of the membrane element, with a wetted volume of 𝑉 and wetted area 𝐴𝑊, 261 

the characteristic velocity and length are given by: 262 

 263 

𝑑 =
4𝑉

𝐴𝑊
 

(9) 

 264 

and: 265 

 266 

𝑣 = 𝑄
4𝐿

𝑑𝐴𝑊
 

(10) 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 
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Table 1: Main dimensions for the applied membrane configurations; d equals inner diameter, 277 

outer diameter or twice the channel height respectively. The structural parameter was 0.5 mm for 278 

all geometries. The parameters for the crosswound and spiral wound elements are based on the 279 

dimensions of available commercial products. The dimensions for the transverse element are 280 

estimated from design sketches from Futselaar [37]. 281 

  Transverse Crosswound Spiral wound 

  inside outside inside outside both sides 

𝐿 m 0.2 1.5 1.0 0.10 1.0 

𝑑 mm 0.7 1.2 0.077 0.16 1.4 

𝜖 - - 0.5 - 0.5 0.9 

 282 

 283 

SW CW T

I

I

Flow directionSpacer

Membrane sheet Hollow fiber

284 

 285 

Figure 2: Different geometries considered in this study: SW: Spiral wound or flat sheet with 286 

spacers. CW: crosswound, T: transverse, I: inside of hollow fiber 287 

 288 
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Table 2: Pressure loss relations for different geometries. SW: Spiral Wound, CW: Cross Wound, I: inside of fiber: T: Transverse 289 

 Characteristic relations Characteristic velocity Characteristic length Ref 
SW 𝑓𝑚ℎ = 6.23 𝑅𝑒𝑚ℎ

−0.3 
 

 

mean 

 
𝑣

𝜖
 

 

hydraulic diameter 

 
𝜖𝑑

1 + (1 − 𝜖)
𝑑
𝑑𝐻𝑡𝑝

 

 

[38] 

𝑆ℎ𝑚ℎ = 0.065 𝑅𝑒𝑚ℎ
−0.875𝑆𝑐0.25 

CW 
Δ𝑝𝐿 = 𝐿 (

150(1 − 𝜖)2𝜇

𝜖3𝑑𝑃
2 𝑣 +

1.75(1 − 𝜖)𝜌

𝜖3𝑑𝑃
𝑣𝑆
2) 

superficial  

 

𝑣𝜖 
 

outer diameter x1.5 

 

1.5𝑑
1 − 𝜖

𝜖
 

  

[36] 

𝑆ℎ𝑚ℎ = 0.048 𝑅𝑒𝑠𝑜
0.6𝑆𝑐0.33 Outer diameter 

𝑑
1 − 𝜖

𝜖
 

[36] 

I 
𝑓 =

64

𝑅𝑒
 

𝑣 𝑑 [35] 

𝑆ℎ = 3.66 + 1.61𝑅𝑒0.33𝑆𝑐0.33 (
𝑑

𝐿
)
0.33

 

T 
𝑓𝑛𝑜 =

1

𝑏
(
𝑓1
𝑅𝑒𝑛𝑜

+
𝑓𝑡

𝑅𝑒𝑛𝑜
0.25

(1 − exp (−
𝑅𝑒𝑛𝑜 + 200

1000
))) 

𝑓1 =

{
 
 

 
 280𝜋((𝑏

0.5 − 0.6)2 + 0.75)

(4𝑎𝑏 − 𝜋)𝑎1.6
𝑓𝑜𝑟 𝑏 ≥

1

2
√2𝑎 + 1

280𝜋((𝑏0.5 − 0.6)2 + 0.75)

(4𝑎𝑏 − 𝜋)𝑐1.6
𝑓𝑜𝑟 𝑏 <

1

2
√2𝑎 + 1

 

 

𝑓𝑡 = 2.5 +
12

(𝑎 − 0.85)1.08
+ 0.4 (

𝑏

𝑎
− 1)

3

− 0.01 (
𝑎

𝑏
− 1)

3

 

 

maximum  

 

𝑣𝜖
𝑎

𝑎−1
  if 𝑏 ≥ 𝑎 +

1

2
 

 

𝑣𝜖
𝑎

2(𝑐−1)
 otherwise 

 

 

 

Outer diameter, 

 

𝑑
1 − 𝜖

𝜖
 

 

[35] 

𝑆ℎ = {
1.778𝑅𝑒0.331𝑆𝑐0.33𝑏0.789 𝑓𝑜𝑟 𝑅𝑒 ≥ 20

1.113𝑅𝑒0.488𝑆𝑐0.33𝑏0.904 𝑓𝑜𝑟 𝑅𝑒 < 20
 

mean 

𝑣 
 

hydraulic diameter 

𝑑 

 290 
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3.3. Power density 291 

The power density is the result of several interacting different phenomena. To provide 292 

some insight into the most important trade-offs and to identify areas of improvement, we divide 293 

the equation for the energy density in several different terms. This way, the net power density 294 

consists of the thermodynamic maximum and power density loss terms, which are categorized 295 

based on the cause of the energy loss, namely, crossflow friction, concentration polarization, 296 

permeation and salt leakage. 297 

The power density is the sum of the net power density and the crossflow friction on 298 

both sides of the membrane. Note that the power density is written as ‘cost’, thus a positive 299 

value corresponds to energy consumption and a negative value corresponds to energy 300 

production.  301 

 302 

𝑃 = 𝐽𝑊𝑇𝑀𝑃 + 𝑃𝐹,𝐶𝐹 + 𝑃𝑃𝐷,𝐶𝐹 (11) 

 303 

The net power density is given by the product of the flux and the transmembrane 304 

pressure. By multiplying eqn. (1) with the flux, substitution of (4) to (6) and rearrangement we 305 

obtain an expression for power density that we write as a sum of individual contributions: 306 

 307 

𝐽𝑊𝑇𝑀𝑃 = 𝑃𝑇𝐷𝑅 + 𝑃𝐴 + 𝑃𝐹,𝐶𝑃 + 𝑃𝑃𝐷,𝐶𝑃 + 𝑃𝑆𝐿 (12) 

 308 

The thermodynamic reference 𝑃𝑇𝐷𝑅  is the theoretical minimum energy consumption 309 

(Π𝐹 > Π𝑃𝐷) or maximum energy production (Π𝐹 < Π𝑃𝐷), according to the difference in bulk 310 

osmotic pressure between the solutions, under the assumption of 100% rejection: 311 

 312 

𝑃𝑇𝐷𝑅 = 𝐽𝑊(Π𝐹,𝐵 − Π𝑃𝐷,𝐵) (13) 

 313 

The permeation power density 𝑃𝐴 is associated with the net-driving pressure. Since the 314 

value is non-negative, this term always gives an energy loss.  315 

 316 

𝑃𝐴 = 𝐽𝑊𝑁𝐷𝑃 =
𝐽𝑊
2

𝐴
 

(14) 

 317 
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The power density associated with concentration polarization is defined here as the 318 

additional energy requirement due to the concentration difference between the bulk and 319 

membrane surface, caused by ‘ideal concentration polarization’. It is given by eqns. (15) and 320 

(16). Note that concentration polarization always results in a loss, because if the filtration flux 321 

is positive, 𝛽𝐹 > 1, 𝛽𝑃𝐷 < 1 and vice versa. 322 

 323 

𝑃𝐹,𝐶𝑃 = 𝐽𝑊Π𝐹,𝐵(𝛽𝐹 − 1) (15) 

 324 

and: 325 

 326 

𝑃𝑃𝐷,𝐶𝑃 = −𝐽𝑊Π𝑃𝐷,𝐵(𝛽𝑃𝐷 − 1) (16) 

 327 

The power density that can be associated to salt leakage 𝑃𝑆𝐿, can also be seen as a 328 

correction on the ‘ideal concentration polarization’. It reduces the membrane concentration in 329 

concentrative concentration polarization and increases the membrane concentration in dilutive 330 

concentration polarization. Thus, it is an energy gain if the water flux and salt flux are in the 331 

same direction (RO) and an energy loss when they are in opposite direction (PRO). It is given 332 

by: 333 

 334 

𝑃𝑆𝐿 = 𝐽Π(𝛽𝑃𝐷 − 𝛽𝐹) (17) 

 335 

The power density related to the salt leakage can be made an explicit function of the 336 

filtration flux by substituting: 337 

 338 

𝐽Π = 𝐵
Π𝐹𝛽𝐹 − Π𝑃𝐷𝛽𝑃𝐷

1 −
𝐵
𝐽𝑊
(𝛽𝐹 − 𝛽𝑃𝐷)

 
(18) 

 339 

Finally, the power density corresponding to the crossflow friction follows from the 340 

pressure drop relation eqn. (7) and the definition of characteristic velocity eqn. (10). The 341 

friction loss occurs on both sides of the membrane: 342 

 343 

𝑃𝐶𝐹 =
𝑄Δ𝑝

𝐴𝑀
=
1

8
𝜌𝑣3 𝑓

𝐴𝑊
𝐴𝑀

 
(19) 
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 344 

 345 

3.4. Membrane properties 346 

The model requires three membrane parameters that describe the properties of the 347 

active layer (𝐴, 𝐵) and the properties of the support-layer (𝑆).  348 

The trade-off between permeability and selectivity is a central theme in the 349 

development of membranes and a relation between them can be established for desalination 350 

membranes [39]. We estimated the 𝐴  and 𝐵  values for several commercially available 351 

membranes from pressure, flow and rejection predicted by projection software provided by two 352 

membrane manufacturers, namely: Dow ROSA 9.1 and Toray Design System 2.0. This resulted 353 

in an empirical relation to describe the relation between 𝐴 and 𝐵: 354 

 355 

𝐵 = 0.0435 𝐴2.25  (20) 

 356 

Thus, in the model, the 𝐴-value can be chosen freely, and the corresponding 𝐵-value is 357 

implied. 358 

 359 

Figure 3: empirical relation between water and salt permeability estimated from pressure, flow 360 

and rejection predicted by commercial projection software (Dow ROSA 9.1 and Toray Design 361 

System 2.0). 362 

 363 
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In a paper evaluating the potential for PRO, the importance of the structural parameter 364 

for PRO was recognized [8, 40, 41]. Lower structural parameter leads to higher power density 365 

[40] and the structure of the support layer also significantly influences the structural parameter 366 

[41].  367 

The assumed values for the permeability could be based on the properties of 368 

commercially available membranes. Unfortunately, this is not possible for the structural 369 

parameter, due to the fact that minimization of the structural parameter is not an objective when 370 

manufacturing RO membranes. On the other hand, membranes developed specifically for PRO, 371 

that do aim to minimize the structural parameter, have not yet been mass produced and 372 

challenged by multiple years of exposure to the working pressure and cleaning regimes. 373 

Furthermore, the structural parameter is difficult to determine [42]. In summary, it is difficult 374 

to obtain a robust estimate of a suitable value of the structural parameter. 375 

Thorsen et al. [8] provided estimates for structural parameters of: 0.3-0.8 mm for the 376 

best available experimental PRO-membranes, 1.8-2.8 mm for regular good CA RO-membranes 377 

and >2.8 mm for TFC RO-membranes. Since the membrane needs to tolerate the working 378 

pressure without bursting, a certain minimum amount of support material is needed, which 379 

depends on the pressure. If it is assumed that the required structural parameter scales linearly 380 

with the working pressure (20-25 bar for PRO, compared to 70 bar for RO), then a required 381 

structural parameter of 0.5-1.0mm can be inferred from the commercially available RO 382 

membranes.  Furthermore, Thorsen et al. [8] estimated that the structural parameter should be 383 

less than 0.5 mm for successful development of PRO as technology – and we will adopt this 384 

value of 0.5 mm. PRO membranes proposed recently show a large bandwidth, including much 385 

lower structural parameters (e.g., 0.24 ~ 0.34 mm [43] and 0.15 mm [44] for flat-sheet 386 

membranes and 1.15 ~ 1.73 mm [45], 0.48 ~ 1.47 mm [46] and 0.21 mm [47] for hollow-fiber 387 

membranes). 388 

 389 

3.5. Optimization 390 

 391 

Power density is a useful concept for evaluation of PRO. For the facultative hybrid 392 

system, the value of produced permeate also has to be taken into account. To extend the concept 393 

of power density, the value of the permeate and energy have to be compared on equal basis. To 394 

keep the same dimension (W/m2), the value of the permeate is expressed as an amount of 395 

energy that represents the same economic value. We define the cost factor as the ratio of the 396 

value of permeate (USD/m3) and electricity (USD/kWh). Although the resulting parameter has 397 
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dimension kWh/m3, it does not represent specific energy consumption. For example, if the 398 

energy costs 0.10 USD/kWh and permeate costs -0.25 USD/m3 (note that the value of permeate 399 

is represented as a negative cost), then the cost factor would be -2.5 kWh/m3. This results in a 400 

cost function that can be minimized to attain an optimal usage of the available system 401 

(membrane area). 402 

 403 

𝐶 = {
𝑃 𝑃𝑅𝑂 𝑚𝑜𝑑𝑒

𝑃 + 𝑐𝑓 ∙ 𝐽𝑊 𝑅𝑂 𝑚𝑜𝑑𝑒
 

(21) 

 404 

 405 

The cost function is minimized by searching for the optimal values of the membrane 406 

parameter, flux and crossflow velocity. Since in PRO mode the cost function does not depend 407 

on the relative valuation of energy vs water, this mode always aims to maximize energy 408 

production, resulting in a single set of operational parameters. The membrane parameter found 409 

to be optimal for PRO mode is applied to RO-mode. In RO-mode, an optimal trade-off between 410 

energy consumption and productivity has to be found, which does depend on the relative 411 

valuation of water vs energy. For each value of the cost ratio, the operating mode with the 412 

lowest cost is selected. The optimization scheme is summarized in figure 4. 413 

  414 
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 415 

 416 

Figure 4: Optimization procedure for hybrid RO-PRO. The PRO aspect of the process is 417 

optimized to find optimal flux, crossflow velocity and membrane parameter. The membrane 418 

parameter that is optimal for PRO is given as condition to the RO system. The RO aspect of 419 

the system is optimized, finding an optimal flux and crossflow velocity as a function of the 420 

relative valuation of water vs. energy. The operating mode is selected to minimize the cost.  421 

 422 

 423 

4. Results & discussion 424 

In this study, there are four variables that can be manipulated to influence the cost 425 

function, namely: filtration flux (𝐽𝑊), crossflow velocity (𝑣𝐹,𝑣𝑃𝐷) and membrane permeability 426 

(𝐴), which are shown in table 3 with their lower bound, upper bound and reference value. 427 

Membrane configurations considered in this study are summarized in table 4. For every 428 

simulation, the osmotic pressure of the RO concentrate was 50 bar (ca 70g/L TDS) and the 429 

osmotic pressure of the wastewater was 1 bar (ca 1.4 g/L TDS).  430 

  431 

PRO
Optimizer

RO
Optimizer

CPRO

JW
vFS
vDS

CRO
JW
vFS

cW/cE

A

JW
vFS
vDS

C Mode

Selector
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 432 

Table 3: Optimization variables, with their lower bounds, upper bounds and reference values. 433 

These values provide an initial guess and bounds for the optimization procedure.  434 

  Lower 

bound 

Reference 

value 

Upper 

bound 

𝐴  L/m2hbar 1 2 10 

𝐽𝑊 L/m2h 1 10 50 

𝑣𝐹 m/s 0.005 0.05 1 

𝑣𝑃𝐷 (PRO mode) m/s 0.005 0.05 1 

 435 

Table 4: Configurations (geometries: T: outside fiber, transverse flow element, CW: outside 436 

fiber, cross wound element, SW: spiral wound element, I: inside fiber, Orientations: AL: active 437 

layer, SL: support layer) 438 

RO mode PRO mode  Transition at 

max energy 

price* 

Feed side Feed side  Draw solution side Max. P Optimal A 

      W/m2 L/m2hbar USD/m3  

T AL T AL I SL 4.8 3.8 0.10 

CW AL CW AL I SL 3.9 2.8 0.17 

SW AL SW AL SW SL 4.7 3.6 0.10 

T AL I SL T AL 18.8 2.9 0.22 

CW AL I SL CW AL 8.1 2.8 0.25 

SW AL SW SL SW AL 16.0 2.9 0.21 

I AL T SL I AL 16.0 3.1 0.20 

I AL CW SL I AL 10.6 2.6 0.28 

I AL I AL T SL 5.2 3.8 0.11 

I AL I AL CW SL 3.3 2.9 0.16 

         

* This indicates the water price that results in a transition between RO and PRO at the assumed 439 

maximum energy price of 0.25USD/kWh. If the water price exceeds this value, a facultative 440 

hybrid would always operate in RO-mode. 441 

 442 

4.1. Energy density loss due to concentration polarization 443 

Energy lost due to concentration polarization plays an important role in the operation 444 

and the viability of PRO. The main design and operational parameters to help mitigate 445 

concentration polarization are the crossflow velocity and the membrane geometry [40, 48].  446 

The optimal choice for these parameters has to take other effects into account as well. However, 447 

it is illustrative to consider the tradeoff between energy spent to mitigate concentration 448 

polarization in the form of crossflow friction (eqn. (19)) versus the energy lost due to ‘ideal’ 449 
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concentration polarization (eqns. (15) and (16)). This is shown in figure 5 and figure 6, where 450 

the power density is plotted against the crossflow velocity. 451 

Energy lost to concentration polarization increases exponentially as the crossflow 452 

velocity decreases, whereas the energy lost to friction decreases approximately quadratically. 453 

The sum of these contributions has a minimum that gives a lower bound on the energy lost due 454 

the tradeoff between concentration polarization and its mitigation. The location of the 455 

minimum gives a reasonable estimate for the optimal crossflow velocity. 456 

It is well known that for maximum energy production in PRO, the concentrated solution 457 

should face the active layer (ALDS) [49]. For example, this corresponds to selecting the green 458 

line from figure 5-A (minimum: 1.4 W/m2) and the blue line from figure 5-B (minimum: 0.4 459 

W/m2).  It can be seen that in this case the inverse configuration would cost an additional 6.2 460 

W/m2.  461 

In the application that we consider here, there are compelling practical reasons to 462 

choose the suboptimal (ALFS) configuration [32]. When the active layer faces the draw 463 

solution, the feed solution is filtered through the support layer. This can result in severe fouling 464 

of the membrane. In particular, since we consider a hybrid process, there is a risk of 465 

contaminating the RO permeate when foulants accumulated during PRO mode, are released 466 

from the support layer during RO mode. In addition, for system design, it is preferable if the 467 

waste water is on the same side of the membrane, regardless of process mode. 468 

On the support side of the membrane the power density lost to concentration 469 

polarization reaches a plateau at higher values of the velocity, since the internal concentration 470 

polarization is not affected by crossflow. Thus the plateau value can be attributed to the support 471 

layer, and the additional energy loss can be attributed to external concentration polarization. 472 

Although the total amount of energy lost is dominated by internal concentration polarization, 473 

it is still vital to mitigate external concentration polarization, by choosing an appropriate value 474 

of the crossflow velocity.  475 

 476 
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 477 

Figure 5: Tradeoff between power density loss due to concentration polarization and crossflow 478 

friction, for a spiral wound element. A corresponds the side facing the active layer, whereas B 479 

corresponds to the side facing the support layer. The green lines indicate the energy loss with 480 

concentrate and the blue lines indicate the loss with WWTP-effluent.  The ALDS configuration 481 

combines the green line from A with the blue line from B (vice versa for the ALFS 482 

configuration). 483 

 484 

 485 

Figure 6: Tradeoff between power density loss due to concentration polarization and crossflow 486 

friction for a transverse element. Since the inside and outside of the fibers have different 487 

geometry, there are four combinations of geometry and orientation: outer selective fibers (A 488 

& B), inner selective fibers (C & D), outside of the fiber (A & C) and inside of the fiber (B & 489 

D). For example: ALDS configuration with outer selective fibers combines the green lines from 490 

A and the blue lines from B. 491 



Page 24 of 39 

 

For the spiral wound element considered in this study, the friction and mass transfer 492 

relations on both sides of the membrane are the same. For hollow fibers this is obviously not 493 

the case and both the friction losses and mass transfer relations differ greatly between the inside 494 

and the outside of the fibers. Consequently, for both transverse and cross wound elements there 495 

are 4 configurations that can be considered (see table 4), as illustrated in figure 6. Here the 496 

combination with the lowest energy loss is the active layer on the outside of the fibers, facing 497 

the concentrated solution. 498 

The different membrane geometries can be summarized by the relation between the 499 

crossflow energy and the concentration polarization energy. This is shown in figure 7. It should 500 

be noted that the scaling on y-axis depends on the flux and the osmotic pressure. The 501 

comparison can be made independent of these parameters, by comparing the mass transfer 502 

(figure 8).  503 

In this study we compare several examples of geometries with dimensions that we 504 

consider to be reasonable. It would be interesting to optimize the dimensions and to consider 505 

additional novel geometries.  In the mass transfer and friction relations it can be seen that with 506 

decreasing length and/or diameter, both the pressure loss and the mass transfer improve. Thus, 507 

in a simplified approach, the result would tend towards zero diameter and length. To find 508 

optimal dimensions, additional complications, such as fouling potential and element 509 

construction costs would have to be taken into account carefully.  510 

 511 

 512 

Figure 7: Comparison of different geometries based on the relation between crossflow friction 513 

power density and concentration polarization losses, for ALDS orientation. T=outside of fibers 514 

in transverse flow element, CW = cross wound element, SW = spiral wound element, I=inside 515 

of fibers. 516 
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 517 

 518 

Figure 8: Comparison of several geometries based on the relation between crossflow energy 519 

and mass transfer rate, for ALDS orientation. T=outside of fibers in transverse flow element, 520 

CW = outside of fibers in cross wound element, SW = spiral wound element, I=inside of fibers. 521 

 522 

 523 

Figure 9: Comparison of mass transfer vs crossflow power between transverse and cross 524 

wound geometry in ALDS orientation, based on equal diameter and length. T = outside of 525 

fibers in transverse flow element, CW = outside of fibers in cross wound element. 526 

In figure 8, it can be seen that of the geometries considered, the outside of hollow fibers 527 

in a transverse element offers the most efficient trade-off between power density loss to 528 

concentration polarization and crossflow friction, whereas the outside of fibers in a cross 529 

wound element is the least efficient. This is surprising as at first glance these geometries are 530 
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quite similar. To further investigate this, we compare in figure 9 the mass transfer of a 531 

transverse element with the dimensions of the cross wound reference element and a cross 532 

wound element with the dimensions of the reference transverse element. It can be seen that the 533 

mass transfer in both geometries is higher with a smaller diameter. Thus, the difference is 534 

attributed to the geometry, rather than the difference in dimensions. We suspect that due to 535 

practical limitations in element construction, the fiber stacking and flow distribution in the 536 

cross wound element is less than ideal.  537 

 538 

4.2. Operational optimization 539 

 540 

Operational optimization deals with an existing installation and should therefore only 541 

involve the variables that can be dynamically adapted, namely: flux and crossflow velocity. 542 

This, in principle, excludes the membrane permeability. The membrane parameter is chosen to 543 

maximize the energy production during PRO mode. Since in PRO mode the value of the cost 544 

function does not depend on the cost-factor, there is a single optimum point and a single value 545 

of the membrane permeability that is optimal.  546 

The resulting optimization procedure is as follows: Given the osmotic pressure of 547 

SWRO concentrate (50 bar) and of WWTP effluent (1 bar), for each combination of geometry 548 

and orientation,  549 

a) find the combination of filtration flux (𝐽𝑊), crossflow velocity (𝑣𝐹,𝑣𝑃𝐷) and membrane 550 

permeability (𝐴) that maximizes the net power density in PRO mode.  551 

b) given the membrane permeability from a), find in RO-mode, the combination of 552 

filtration flux (𝐽𝑊) and crossflow velocity (𝑣𝐹) that minimizes the cost function, for 553 

each value of the cost factor. 554 

The optimization was done with Matlabs Fmincon function. 555 

 556 

4.2.1. Optimal membrane for PRO (A/B tradeoff) 557 

The membrane selection is mostly determined by the trade-off between the energy that 558 

is lost due to salt leakage and the energy that is required to transport water through the 559 

membrane. With increasing permeability, salt leakage increases, whereas the power used for 560 

permeation decreases, and the sum of these two contributions has a minimum. Figure 10 shows 561 

an example of the power density losses associated with salt leakage and permeation, for the 562 

spiral wound element in ALFS orientation. For each value of the permeability, the operational 563 
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variables were chosen to maximize the power density. The minimum of the sum of the 564 

permeation and salt leakage losses occurs at 2.9 L/m2hbar. Figure 11 shows the corresponding 565 

minimum value of the cost function. The minimum in this figure (3.6 L/m2h)   indicates the 566 

optimal membrane for PRO in this geometry and orientation. Since the optimum membrane 567 

selection also takes other phenomena into account, it differs slightly from the optimal trade-off 568 

between salt-leakage and permeation. 569 

In this study, we select the membrane that maximizes energy production during PRO 570 

mode and assume that the same membrane is also suitable for RO mode. Certainly, the selected 571 

membrane is not precisely optimal for production of RO permeate. The selection of an overall 572 

optimal membrane requires additional assumptions regarding the distribution of energy and 573 

permeate prices and the required permeate quality. A membrane that is based on a compromise 574 

between RO mode and PRO mode, would result in less profitable PRO operation.  Thus, it 575 

should be noted that the feasibility of the PRO aspect of the hybrid process is somewhat 576 

overestimated due to this approach. 577 

 578 

 579 

 580 

Figure 10: Power density loss in the A/B-tradeoff, due to permeation and salt leakage, for a 581 

spiral wound element, in ALFS orientation. The operational variables were chosen to maximize 582 

power density. This figure illustrates the tradeoff between salt-leakage and permeation. The 583 

location of the minimum trade-off is close to the optimal value for A (figure 11), which takes 584 

all loss terms into consideration.  585 
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 586 

Figure 11:.Optimal value of the cost function in PRO mode as a function of the membrane 587 

permeability. In PRO mode the cost function corresponds to the power density, where the ‘cost’ 588 

of electricity production is negative. The graph indicates the best power density that can be 589 

achieved for each permeabiltiy value. The optimal membrane is found at the minimum of this 590 

curve. 591 

 592 

4.2.2. Comparison of PRO configurations 593 

For each configuration, the optimal power density during PRO mode was found by 594 

choosing an optimal value for the crossflow velocity on both sides, the filtration flux and the 595 

membrane permeability. The resulting power densities are shown in figure 12. From the 596 

viewpoint of power generated in PRO mode, the optimal configuration is an outer selective 597 

fiber, in a transverse flow geometry, with the draw solution facing the active layer, resulting in 598 

a power density of 18.8 W/m2. 599 

If, in consideration of fouling and contamination of the ‘permeate; side, the wastewater 600 

must always face the active layer, the optimal configuration is an inner selective fiber, in a 601 

transverse flow geometry, with the draw solution facing the support layer, resulting in a power 602 

density of 5.2 W/m2. For RO mode, the optimal configuration is an outer selective fiber, in a 603 

transverse flow geometry, with the feed solution facing the active layer, in PRO mode this 604 

configuration would result in a power density of 4.8 W/m2. 605 

In figure 13 the loss terms are categorized for each configuration. For all the ALFS 606 

configurations, the largest loss occurs due to internal concentration polarization. For these 607 

applications, minimization of the structural parameter is by far the most important objective. 608 

For the ALDS configurations, the majority of the energy is lost in the A/B tradeoff, in the form 609 

of net driving pressure and salt leakage. For these applications, it makes sense to develop new 610 

membranes that improve on the current selectivity and permeability.  611 
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 612 

Figure 12: Minimum cost function during PRO mode, for different configurations. The cost 613 

function corresponds here to the power density, where the ‘cost’ of energy production is 614 

negative. (T=transverse flow element, SW = spiral wound element, CW = cross wound element, 615 

IO = filtration direction from inside to outside of fiber, OI= filtration direction from outside to 616 

inside of fiber, X=filtration direct not defined, ALFS=active layer facing feed solution, 617 

ALDS=active layer facing draw solution). 618 

 619 

 620 

Figure 13: Contribution of loss terms. The configurations are sorted from high to low power 621 

density. (T=transverse flow element, SW = spiral wound element, CW = cross wound element, 622 

IO = filtration direction from inside to outside of fiber, OI= filtration direction from outside to 623 

inside of fiber, X=filtration direct not defined, ALFS=active layer facing feed solution, 624 

ALDS=active layer facing draw solution). 625 
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 626 

4.2.3. Optimal operating parameters 627 

The optimal operating settings are plotted in figure 14 and the value of the cost function 628 

is plotted in figure 15. The cost factor (see 3.5) represents the ratio of energy price and water 629 

price, where a small negative value corresponds to expensive energy and a large negative value 630 

corresponds to cheap energy. The operation in RO mode was optimized for each value of the 631 

cost factor. The operating mode and corresponding process settings were selected based on the 632 

lower of the RO costs and PRO costs.  633 

The transition between RO mode and PRO mode is most clearly visible in figure 14B, 634 

where the transmembrane pressure changes from a positive to a negative value. Since the cost 635 

function for the PRO mode consists only of power density, there is one optimal set of operating 636 

conditions and one value of the cost, regardless of the energy price. Thus, the operating settings 637 

are invariant in the PRO region. However, in RO mode, a tradeoff between energy consumption 638 

and productivity has to be made. It can be seen that when energy becomes relatively less 639 

expensive, the production rate is increased, until a maximum production rate is reached. 640 

Furthermore, the crossflow velocity is also increased to compensate for the effect of the 641 

filtration flux on concentration polarization.  642 

The difference in energy density between the ALDS and ALFS configurations is 643 

roughly a factor 3. However, the cross-over point is only a factor two lower. The reason is that 644 

due to the lower relative energy cost at the cross-over point, the competing RO system will 645 

operate at a higher productivity.  646 

The optimal cost value (see 3.5) for both operating modes is plotted in figure 15. In 647 

PRO mode, the cost function represents minus power density, whereas in RO mode, it 648 

represents the power-density that would generate the same net value as permeate production. 649 

In this graph the transitions points are found where the two cost functions cross. In the 650 

neighborhood of the transition point, one operating mode is marginally more profitable than 651 

the other. 652 

 653 
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654 

655 

 656 

 657 

Figure 14: Optimal flux (A), transmembrane pressure (B) and crossflow velocity (C) as a 658 

function of the cost factor, for two configurations of the transverse system. The cost factor 659 

represents the relative cost of electricity vs water (note that the ‘cost’ of permeate is negative).    660 
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 661 

Figure 15: Minimal cost value as a function of the cost factor, transverse configuration. The 662 

cost factor represents the relative cost of electricity vs water (note that the ‘cost’ of permeate 663 

is negative). The cost function represents the power density during PRO mode (energy 664 

production has a negative ‘cost) and during RO mode, it represents the power density that 665 

corresponds in economic value to the permeate production. 666 

 667 

4.3. Feasibility discussion 668 

The analysis presented in this work describes a power density or value density at the 669 

membrane surface on a single point in a system. This does not take additional losses into 670 

account that occur due to fouling, dilution of the draw solution, concentration of the feed 671 

solution, pretreatment requirement, efficiency of pumps, pressure exchangers and the turbine. 672 

The optimization was performed from the viewpoint of an existing system with the capability 673 

to switch operating modes. In this context switching to PRO mode is attractive whenever the 674 

value of power generation marginally exceeds the value of water production. For operational 675 

optimization, the capital costs play no role. Furthermore, the costs of pretreatment are not 676 

relevant for the question which operating mode is more attractive, as both RO and PRO make 677 

use of the same pretreated feed-water. However, from the viewpoint of technology selection of 678 

a plant that is not yet realized, the additional capital costs to add PRO functionality would have 679 

to be justified. Similarly, the cost of pretreatment may in this perspective be inhibitive. This 680 

requires that with some regularity power generation is substantially more attractive than water 681 

production. Thus, it should be noted that the result presented here, gives an optimistic 682 

impression of the feasibility of the facultative RO-PRO hybrid. 683 

The economic feasibility of the RO-PRO hybrid process depends on a seemingly 684 

paradoxical condition: on the one hand, the value of permeate should be high enough to justify 685 
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the RO aspect of the system, on the other hand, the value of permeate should be low enough, 686 

so that it is regularly more attractive to produce electricity.  687 

A detailed analysis of the intricacies of electricity cost variations in a fully renewable 688 

power grid is well beyond the scope and intent of this study. We make the following rough 689 

estimations: The average cost for fully renewable electricity is estimated to be 0.10$/kWh [50]. 690 

One issue with renewable energy production is a strongly varying production rate, due to 691 

variability in for example, wind and sunlight.  This can be solved by buffering the produced 692 

electricity in battery packs. In a recent project in Australia, 129MWh storage capacity was 693 

realized at 50M$ [51], this corresponds to ca 385$ for 1kWh of storage capacity. We assume a 694 

lifespan of 10 years and neglect other operational costs. Fully charging and emptying the 695 

battery each day, following the production cycle of solar cells, corresponds to ca 0.11$/kWh. 696 

In addition, we take into account: overcapacity (ca 30%), production costs (0.10 $/kWh), losses 697 

(ca. 10%), to estimate that a maximum electricity price of 0.25$/kWh may occur with some 698 

regularity. Conversely, the price of electricity may become negligible, when peak production 699 

exceeds the consumption and storage capacity.  700 

Using the estimated maximum electricity price, the corresponding price of RO 701 

permeate at the transition point was determined (table 4).  Thus, a switch to PRO mode would 702 

occur, when the electricity price is near 0.25 USD/kWh and the value of the permeate that 703 

could be produced instead is less than 0.10-0.17 USD/m3 for ALFS orientation and 0.20-0.28 704 

USD/m3 for ALDS orientation. If the price of permeate exceeds these values it will always be 705 

more attractive to purify the WWTP effluent. This scenario appears probable, as the presence 706 

of seawater desalination implies that there is demand for high quality water at a price of 0.5-707 

1.0 USD/m3 [21, 52]. Thus, the facultative hybrid RO-PRO concept may be applied as an 708 

improvement to a PRO system, when the perceived difference in quality, or regulations limit 709 

the applications of purified WWTP effluent and there is limited demand for purified WWTP 710 

effluent which does not exhaust the available feed volume.  711 

 712 

5. Conclusion 713 

A facultative RO-PRO hybrid was described, that can take advantage of fluctuating 714 

energy prices, by producing high quality water from WWTP effluent when energy is cheap and 715 

generation of electricity from the salinity difference between brine and WWTP effluent when 716 

energy is expensive, with a single system. The switching points between these operating modes 717 

depend on the relative value of energy vs permeate and are a function of the optimal choice of 718 

the membrane properties and operational settings. The switching points were found by 719 
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optimization, considering several different configurations and orientations. Several important 720 

tradeoffs were discussed, showing that a certain minimum energy is lost due to the combination 721 

of crossflow power and concentration polarization, and the combination of salt leakage and 722 

permeation energy. Comparing the geometries and orientations, it was found that a transverse 723 

module design, with a well-defined spacing between fibers is promising. 724 

The economic viability of this concept was evaluated under several optimistic 725 

assumptions. It requires that the value of the permeate is in a range where it is valuable enough 726 

to justify the existence of the RO aspect, and cheap enough to justify switching to electricity 727 

production. It was estimated that to satisfy the latter condition, the value of the permeate should 728 

be substantially below 0.10-0.17$/m3 (ALFS) or 0.20-0.28 $/m3 (ALDS). Due to the higher 729 

cost of seawater desalination, it is expected that purification of the effluent is usually preferred. 730 

Thus, the facultative hybrid RO-PRO concept is only feasible as an improvement to a PRO 731 

system, where there is a limited demand for purified WWTP-effluent and in this capacity it 732 

would face similar challenges as a dedicated PRO concept. 733 

  734 
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 735 

6. Nomenclature 736 

   

𝐴 L/m2hbar 

m/sPa 

Membrane permeability for water 

𝐴𝑊 m2 Wetted area (membrane, or outer surface of support layer) 

𝐴𝑀 m2 Membrane area 

𝑎 - Longitudinal pitch ratio 

𝐵 L/m2h 

m/s 

Membrane permeability for salt 

𝑏 - Transverse pitch ratio 

𝑐 - Diagonal pitch ratio 

𝑐𝑓 kWh/m3 Cost factor (water price divided by energy price) 

𝐶 W/m2 Cost function 

Δ𝐶 g/L Concentration difference 

𝑑 m Characteristic length (hydraulic diameter of empty channel) 

𝑑𝐻𝑡𝑝 m Hydraulic diameter of a spacer 

𝐷 m/s Diffusion constant 

𝑓 - Darcy friction factor 

𝐽𝑊 L/m2h 

m/s 

Water flux (from feed to permeate/draw) 

𝐽S g /m2h Solute flux  in terms of concentration 

𝐽Π bar L/m2h 

W/m2 

Solute flux in terms of osmotic pressure 

𝑘 L/m2h 

m/s 

Mass transport coefficient 

𝐿 m Length 

𝑁𝐷𝑃 bar 

Pa 

Net driving pressure 

Δ𝑝 bar 

Pa 

pressure loss in length direction 

𝑃 W/m2 Power density 

𝑃𝐹,𝐶𝐹 W/m2 Power density loss to crossflow friction of feed side 

𝑃𝑃𝐷,𝐶𝐹 W/m2 Power density loss to crossflow friction on permeate/draw solution 

side 

𝑃𝑇𝐷𝑅 W/m2 Thermodynamic reference for power density 

𝑃𝐴 W/m2 Power density for permeation 

𝑃𝐹,𝐶𝑃 W/m2 Power density loss to concentration polarization on feed side 

𝑃𝑃𝐷.𝐶𝑃 W/m2 Power density loss to concentration polarization on permeate/draw 

solution side 

𝑃𝑆𝐿 W/m2 Power density loss/gain due to salt leakage 

𝑄 m3/h 

m3/s 

Flowrate 

𝑅𝑒 - Reynolds number 

𝑆 mm 

m 

Membrane structural parameter 

𝑇𝑀𝑃 Bar 

Pa 

Trans membrane pressure (feed pressure minus permeate/draw 

pressure) 
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𝑣 m/s crossflow velocity 

𝑉 m3 volume 

𝑆𝑐 - Schmidt number 

𝑆ℎ - Sherwood number 

   

𝛽 - Concentration polarization factor 

𝛿 m Boundary layer thickness 

𝜖 - volume fraction occupied by water 

𝜋 barL/g 

PaL/g 

Osmotic coefficient 

Π bar  

Pa 

Osmotic pressure 

𝜌 kg/m3 density 

   

Indices 

M At the membrane surface 

B In the bulk 

F Feed side 

PD Permeate / Draw solution side 

m mean velocity 

h hydraulic diameter 

n maximum velocity 

o Outer diameter 

  

Abbreviations 

T Transverse 

CW Cross-Wound 

SW Spiral Wound 

I Inside of hollow fiber 

IO Filtration direction from inside of fiber to outside 

OI Filtration direction from outside to inside of fiber 

X Filtration direction not relevant (SW geometry) 

ALDS Active layer facing draw solution 

ALFS Active layer facing feed solution 

  

 737 

 738 

 739 

 740 

  741 
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8. Appendix 859 

 860 

8.1. A/B Estimation 861 

 862 

The estimates follow from 𝐴 = 𝐽𝑊/𝑁𝐷𝑃 and 𝐵 = 𝐽𝑊𝑝/(1 − 𝑝). The estimates were 863 

not corrected for concentration polarization, so, the actual 𝐵 may be slightly lower and the 864 

actual 𝐴 may be slightly higher. Reduce the impact of concentration polarization, a relatively 865 

high feed flow (while avoiding warnings from the software) and moderate permeate flow were 866 

chosen.  867 

 868 

 869 

Table 5: Estimation of A and B values of commercial membranes 870 

Element QF 

(m3/h) 

QP 

(m3/h) 

NDP (bar) TDS 

(mg/L) 

A 

(L/m2hbar) 

B (L/m2h) 

SW30XHR-440i 15 0.5 12.94 118 0.94 0.04 

SW30HRLE-440i 15 0.5 10.28 162 1.19 0.06 

SW30XLE-440i 15 0.5 8.51 191 1.44 0.07 

SW30ULE-440i 15 0.5 7.06 343 1.73 0.12 

ECO440i 15 0.5 4.46 1165 2.74 0.41 

BW30HR-440i 15 0.5 5.89 1332 2.07 0.48 

HRLE-440i 15 0.5 4.48 834 2.73 0.29 

XLE-440 15 0.5 3.87 2646 3.15 0.98 

BW30-440i 15 0.5 6.43 548 1.90 0.19 

LE-440i 15 0.5 4.51 916 2.71 0.32 

NF90-400 15 0.45 2.98 4704 4.06 1.85 

NF270-400 15 0.45 2.04 16694 5.94 10.86 

TM820M-440 10 0.5 12.02 157 1.02 0.05 

TM820V-440 10 0.5 9.57 200 1.28 0.07 

TMG20-440C 10 0.5 2.63 2203 4.64 0.80 

TMG20D-440 10 0.5 3.23 1266 3.78 0.45 

TMH20A-440C 10 0.5 1.64 3514 7.45 1.33 

TM720C-440 10 0.5 5.00 2043 2.44 0.74 

TM720D-440 10 0.5 5.78 459 2.11 0.16 

TM720L-440 10 0.5 4.48 829 2.72 0.29 

 871 


