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Highlights: 

 

1. Desalination power consumption of RO alone increased with increasing Re. 

2. Power consumption was dependent on Re when pretreatment energy is added. 

3. High pressure pump (Epp) was responsible for 57-68% of total power consumption. 

4. Epp was higher for RO with 95% ERD efficiency followed by 80% & 65% efficiency. 

 

Abstract 

The energy requirements for reverse osmosis (RO) seawater desalination continue to be a 

major matter of debate. Previous studies have shown the dependence of optimum RO 

desalination energy on the RO recovery rate. However, they overlooked including the effect 

of Energy Recovery Device (ERD) and pretreatment on the power consumption. In this work, 

a computer model was used to analyze the energy requirements for RO desalination, taking 

into account the effect of ERD efficiencies and pretreatment. The specific power 

consumption (SPC) of the RO was found to increase with the increase of RO recovery rate 

when the ERD system was included. The optimum SPC became more dependent on the RO 

recovery rate when the pretreatment energy was added. The recovery for optimum 

desalination energy was 46%, 44%, and 40% for the RO system coupled with an ERD of 

65%, 80%, and 95% efficiency, respectively. The results showed that RO process could be 

operated at lower recovery rate and still meet the projected desalination capacity by 

increasing the feed flow rate and coupling with high-efficiency ERD. A trivial decrease of the 

total desalination energy was achieved when the feed flow rate increased from 7 m
3
/h to 

8 m
3
/h and recovery rate decreased from 46% to 44% by coupling the RO with an ERD of 

95% efficiency. This suggests that the RO–ERD system can be operated at a high feed flow 

rate and low recovery rate without affecting the plant capacity.  

 

Keywords: Reverse Osmosis; Desalination; Energy; Energy Recovery Device; Seawater; 

Specific Power Consumption 

 

1. Introduction 

Reverse Osmosis (RO) has been used successfully for seawater desalination for several 

decades to recover drinking water from seawater over a wide range of feed salinities [1-6]. 

Modern RO membranes typically exhibit greater than 99% rejection of monovalent ions and 

relatively high-water permeability, which makes them compatible with saline water treatment 

[7-8].  In comparison with the Multi-Stage Flash (MSF) and Multi-Effect Distillation (MED) 

technologies, the RO process is more energy efficient and provides higher water recovery 

rates [9].  MSF and MED recovery rates are ca. 30%, whereas RO recovery rates can reach 

50% for 35 g/L salinity seawater. Commercial 8-inch (0.2 m) diameter RO membranes are 

characterized by a recovery rate between 10 and 30% per element; hence, several RO 

modules are packed in series inside each pressure vessel to achieve the desirable RO total 
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water recovery rate. Water permeation results in an increase of feed concentration from the 

lead to the tail RO element in the pressure vessel, whereas the recovery rate decreases. The 

flow rate of brine concentrate in the RO vessel should meet a certain minimum value to 

prevent RO fouling due to the precipitation of sparingly soluble salts [10]. 

Electricity requirements have often been cited as potential drawbacks for implementation of 

RO processes [9].  However, RO power consumption has been reduced since the invention of 

ERD [2, 11]. Without ERD, the energy requirement for desalinating seawater at standard 

salinity of 35 g/L is approximately 4 kWh/m
3
 [2, 11-12]. With an ERD, the energy 

requirement for standard seawater desalination is about 2 kWh/m
3 

[12, 13]. Hydraulic feed 

pressure is the main driving force for fresh water production from seawater in the RO process 

is responsible for most of the energy consumption [5]. However, minor energy consumption 

has incurred due to the pretreatment of seawater and should be added to the desalination 

power consumption [2, 14].  Karabelas and coworkers performed an energy analysis of a RO 

system using 40 g/L seawater salinity and an ERD efficiency of 95% [15]; 7 RO elements 

were packed in the pressure vessel system [15-17] and specific energy consumption was 

calculated.  Their study showed that 50% of the SPC was due to the osmotic pressure of the 

seawater and incurred by the high-pressure pump.  The impact of recovery rate on the 

performance of RO has been reported [16]; operation at a low recovery rate was found to 

decrease the membrane scale fouling because of the lower feed concentration to the RO 

membrane.  As such, for a fixed permeate flow rate, the recovery rate of RO can be 

potentially decreased by increasing the feed flow rate. 

 

Unfortunately, neither the impact of feed flow rate nor the efficiency of an ERD upon the 

SPC of multi-element RO systems has been investigated yet. Therefore, there is a gap in the 

general understanding of these aforementioned parameters on the power consumption of a 

RO system.  Furthermore, the SPC of seawater pretreatment should be added to the SPC of 

the RO membrane since pretreatment is an essential stage in the RO process to avoid fouling 

of membranes and equipment [9, 14]. Therefore, the aim of this study was to calculate the 

SPC of a RO process at different feed flow rates for 65, 80, and 95% ERD efficiencies. The 

performance of seawater RO membrane system was investigated using a developed computer 

program which was validated with experimental data [17] and Reverse Osmosis System 

Analysis (ROSA 9.1) software.  Outcomes of this study would be helpful in designing a RO–

ERD system based on 8-inch RO modules. This study also provides an insight into the SPC 

and distribution in a multi-element pressure vessel. 

 

2. Theoretical Background of RO-SPC 

The SPC of a RO desalination process depends on a number of key operating and 

environmental parameters [5, 17].  The mathematical formula that has been suggested for 

calculating the SPC of the RO membrane without ERD system is as shown in equation 1 [5, 

17]: 

 

.

*

p

ff

s
Q

QP
E               [1] 

where Es is the SPC for RO desalination (kWh/m
3
); Pf is the RO feed pressure (bar); Qf and 

Qp are the feed and permeate flow rates, respectively (m
3
/h); ɳ is a constant representing the 

pump efficiency (0.8). Including the ERD system and adding the power consumption by the 

booster pump, the SPC of the RO membrane with ERD system Es-RO for desalination is 

calculated from equation 2:   
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where Ppp and Pb are the pressure of high-pressure pump and booster pump (bar), 

respectively; Qc is the concentrate flow rate (m
3
/h), which is equal to the difference between 

feed and permeate flow rates; this flow is recycled to the ERD system (figure 1).  It was 

assumed that the efficiencies of the high-pressure pump and booster pump were equal to 0.8 

[17].  Salt leakage in the ERD system has been detected and varied from one system to 

another [4].  Brine mixing with seawater, slightly, increases the salinity and osmotic pressure 

of feed solution in the RO stage [2]. The increase in feed salinity requires extra 2 bar feed 

pressure; equation (3) roughly estimates the increase in the seawater feed salinity, (SI) [2]: 

 

             [3] 

 

where Re is the recovery rate of the RO system. 

 

 
Figure 1: Schematic diagram of RO system with ERD 

 

Pretreatment energy included the energy requirements for seawater pumping from the intake 

system, pretreatment energy, and supply pump energy.  Additionally, energy for brine 

discharge should be included when the total desalination energy is calculated.  As such, the 

total desalination energy included energies consumed by the high-pressure booster pumps, 

pretreatment energy, and brine discharge energy as in equations 4a & 4b: 
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where Est is the total SPC of desalination (kWh/m
3
); Epp, Esb, Espret, and Esdis are the SPC of 

high-pressure pump, booster pump, pretreatment pumps, and brine discharge pump 

(kWh/m
3
), respectively; Ppret is the pressure required for seawater including intake, 

pretreatment, and supply pumps (bar); Pdis is the pressure required for brine discharge (bar); 

Qf is the feed flow rate (m
3
/h). The pressure required for seawater pretreatment was 

approximately estimated as follows: 4 bar for intake system; 2 bar for pretreatment supply 

pump; 4 bar for pretreatment process and supply pump to the RO system [2, 22].  Brine 

disposal required 2 bar for pumping and discharge to sea [22]. Est was analyzed here 

according to equation (4) taking into account the impact of feed flow rate.  At fixed permeate 

flow rate, Espret and Esdic increase as the feed flow rate increases while the impact of Epp and 

Esb varies depending on the efficiency of ERD (figure 1).  

 

3. Results and Discussion 

3.1 Impact of ERD Efficiency 

Applying equation (1) to calculate the SPC of RO showed that the minimum power 

consumption for 35 g/L seawater salinity occurred at 50% recovery rate (figure 1). These 

calculations were only valid for RO system without an ERD or without taking into account 

the energy requirements for pretreatment and brine discharge. The RO module SW30HRLE-

440 was used in the simulation because of its high rejection rate to NaCl [16].  This result 

was in harmony with the view that optimum SPC for seawater desalination is directly related 

to the RO recovery rate [5, 19].  Previous studies have shown that the SPC of RO 

desalination tends to increase at low and high recovery rates but reaches an optimum amount 

in between as shown in figure 2 [5, 19]. Therefore, the SPC for RO desalination should be 

optimized based on the system recovery rate [5, 19].   

 

An ERD is an essential component in modern RO plants for reducing the power consumption 

of seawater desalination and its effect should be included in the calculations of desalination 

energy [2, 20].  Three ERD efficiencies, 65% for turbo charger; 80% for Pelton wheel; 95% 

for pressure exchanger [2, 10, 21], were considered and the SPC was calculated for feed flow 

rates between 7 and 13 m
3
/d (figure 3). For RO coupled with a 65% efficiency ERD system, 

the SPC increased gradually with the increase of recovery rate (figure 3 (a)).  A similar trend 

was found for the RO membrane coupled with an ERD of 80 and 95% efficiency (figures 3 

(b) and (c)).  RO with ERD was more energy efficient than a RO system; for example, at 

7 m
3
/h feed flow rate, the SPC for the RO process without an ERD system reached an 

optimum value of 3.8 kWh/m
3
 at 50% recovery rate (figure 2),  whereas the corresponding 

values for RO with 65, 80, and 95% efficiency ERD were 2.58, 2.3, and 1.97 kWh/m
3
, 

respectively (figure 3).  Notably, almost 50% reduction in the desalination power 

consumption was achieved when the RO was coupled with ERD of 95% efficiency. 

Furthermore, the SPC was higher at higher feed flow rate because of the greater energy 

required for feed water pumping. 
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Figure 2: Impact of flow rate on the SPC of RO desalination at different recovery rates. The 

results are for SW30HRLE-440 RO module using a pressure vessel of 8 elements, feed 

temperature 25
o
C, and seawater salinity 35 g/L. 

 

Although coupling RO with an ERD resulted in a decrease of the desalination energy, the 

SPC increased with the increase of recovery rate which disagreed with the findings of 

previous studies [5].  It is suggested that this was because ignoring the impact of an ERD 

system led to misinterpretation of the correlation between the SPC and RO recovery rate 

(which is illustrated in figure 2).   

 

Es-RO was further analyzed by consideration of the SPC of high-pressure and booster pumps 

to better understand the impact of ERD efficiency on the performance of RO.  According to 

equation (2), Es-RO can be also be expressed in terms of the SPC of the high-pressure and 

booster pumps as in equation 5:  
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        [5] 

 

The first term in equation (5), Epp, represents the energy exerted by the high-pressure pump to 

raise seawater pressure to the feed pressure (line 1, Figure 1).  The second term in equation 

(5), Esb, is equal to the energy incurred by the booster pump to raise the pressure of seawater 

exiting the ERD to the feed pressure (line 5, figure 1). 
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Figure 3: SPC of the RO membrane with an ERD system: (a) for RO with 65% ERD 

efficiency; (b) for RO with 80% ERD efficiency: (c) for RO with 95% ERD efficiency. 

Seawater salinity 35 g/L and feed temperature 25
o
C. 

 

Figure 4 shows the SPC by the high-pressure pump, Epp, for 7 m
3
/h feed flow rate and 65, 80, 

and 95% ERD efficiencies.  The results indicate that the impact of recovery rate on Epp was 

independent of the ERD efficiency and relied mainly on the feed pressure. Epp increased 

gradually with the increase of the RO recovery rate due to the high feed flow rate (figure 3) 

and the SPC by the high-pressure pump (line 1, figure 1). As the main contributor to the SPC 

of the desalination process, Epp was responsible for 60 to 96% of Es-RO in equation (5).  At 

36% recovery rate and 7 m
3
/h feed flow rate, Epp was responsible for 60, 71, and 87% of Es-RO 

of RO coupled with 65, 80, and 95% ERD efficiency, respectively.  The results suggested 

that Epp was responsible for most of Es-RO even at low recovery rates and this contribution 

increased with the recovery rate of RO process. 
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Figure 4: Energy requirements for seawater desalination by the high-pressure pump and 

booster pumps at 65, 80, and 95% ERD efficiencies; feed flow rate 7 m
3
/h. 

 

Interestingly, Epp contribution to Es-RO increased with the increase of ERD efficiency while 

Esb contribution to Es-RO decreased with the increase of ERD efficiency. Esb represented the 

energy exerted by the booster pump for seawater desalination, which was directly affected by 

the concentrate flow rate (line 7, figure 1).  Opposite to Epp, Esb decreased with the increase 

of RO recovery rate because of the lower concentrate flow rate to the booster pump.  

Technically, lower Esb can be achieved at high recovery rate and/or high ERD efficiency. In 

general, the contribution of Esb to Es-RO was less than 40% at 36% recovery rate and 

decreased to less than 20% at 60% recovery rate.  The results also showed that the impact of 

Esb on Es-RO was more significant in the case of RO coupled with 65% ERD efficiency or 

when the RO was operating at low recovery rates.  For example, increasing the recovery rate 

from 36 to 60% resulted in 0.1 kWh/m
3
 increase of Esb for RO with 95% ERD efficiency, 

indicating that the insignificant impact of Esb on Es-RO when RO was coupled with a high-

efficiency ERD.  On the other hand, the impact of Esb became more significant at low 

recovery rate and/or ERD efficiency.  From these results, it is recommended that RO be 

coupled with an ERD of high-efficiency (95%) when it is operated at low recovery rate.  

However, the SPC due to seawater pretreatment and brine discharge should be included to 

confirm these results.  

 

3.2 Desalination Energy including Pretreatment and Brine Discharge  

The energy requirements for seawater pretreatment and brine discharge were now included in 

calculations since they are essential parts of the RO process.  According to equation (4b), Est 

is equal to the SPC of high-pressure pump (Epp), booster pump (Esb), pretreatment (Espret), and 

brine discharge (Esdis).  At any feed flow rate, Espret, Esdis, and Epp are not affected by the 

efficiency of ERD, whereas Esb value varies with the ERD efficiency. Est was calculated for 

RO with an ERD of 65, 80, and 95% efficiencies and for feed flow rates between 7 and 

13 m
3
/h (figure 5). The results show that Est was higher at higher RO recovery rate and feed 

flow rates. Furthermore, the optimum value of Est was relatively dependent on the RO 

recovery rate, although it was highly affected by the efficiency of ERD system.  This 
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optimum value occurred at a recovery rate of 48% for ERD of 65% efficiency and feed flow 

rates between 7 and 13 m
3
/h. Taking an RO feed flow rate of 7 m

3
/h as an example, for the 

RO coupled with a 65% efficiency ERD system, Est decreased at low and high recovery rates 

and reached an optimum value of 3.34 kWh/m
3
 at 48% recovery rate (figure 5 (a)).  In effect, 

Est increased between 6 and 7% over the optimum amount at 36 and 60% recovery rates, 

respectively. Operating the RO system at 50% recovery rate required Est of 3.35 kWh/m
3
 

which was only 0.02% more than the optimum Est value; that is, the increase of Est was 

insignificant.  Although membrane fouling was out of the scope of this study, it should be 

noted that operating the RO at high recovery rates would increase the potential of membrane 

scaling especially on the last RO element in the pressure vessel which usually experiences 

high feed salinity [24-26].  
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Figure 5: Impact of the RO recovery rate on the total desalination energy: (a) 65% ERD 

efficiency; (b) 80% ERD efficiency; (c) 95% ERD efficiency. 
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5 (b)).  The optimum Est was even lower than that for the RO with 65% efficiency ERD and 

reached an optimum value at 46% recovery rate for all feed flow rates.  For feed flow rate of 

7 m
3
/h and 46% recovery rate, Est was 3.05 kWh/m

3
 but increased to 3.17 kWh/m

3
 and 

3.33 kWh/m
3
 at 36% and 60% recovery rates, respectively.  To operate the RO at 50% 

recovery rate, Est had to increase to 3.07 kWh/m
3
 which was 0.8% higher than the optimum 

Est at 46% recovery rate. For the RO coupled with 95% ERD system, Est increased with the 

increase of recovery rate (figure 5 (c)).  The optimum value of Est occurred at 42% recovery 

rate for all feed flow rates.  The required Est for desalination at 7 m
3
/h flow rate and 36% 

recovery rate was 2.78 kWh/m
3
, which decreased to 2.73 kWh/m

3
 at 42% recovery rate and 

reached 3.10 kWh/m
3
 at 60% recovery rate. The results revealed that the optimum value of 

Est decreased as the efficiency of ERD increased from 65 to 95%. The optimum value of Est 

at feed flow rate of 7 m
3
/h was 3.34 kWh/m

3
 and 3.05 kWh/m

3
 for 65 and 80% ERD 

efficiencies, respectively; the corresponding recovery rates were 48 and 46%, respectively.  

These latter recovery rates were lower than the target recovery rate of 50%.  To achieve 50% 

recovery rate, the optimum Est should be increased by 2.2% which was higher than that for 65 

and 80% ERD efficiencies.  At 50% recovery rate, the required Est was 3.35, 3.07, and 2.79 

kWh/m
3
 for 65, 80, and 95% ERD efficiencies, respectively. Furthermore, the optimum 

recovery rates to achieve a minimum Est were 42, 46, and 48% for 95, 80, and 65% ERD 

efficiencies, respectively. In practice, recovery rates less than 50% were recommended in 

many RO pilot plants where high feed salinity and poor feed quality existed [34].  In such 

cases, ERD of 95% efficiency should be installed in order to operate at Est equal to/close to 

the minimum value which occurs at relatively low recovery rate (figure 5).   

   

Figure 6 shows the ratio of Epp, Esb, Espret, and Esdis to Est at 7 m
3
/h feed flow rate and 50% 

recovery rate. Epp was responsible for the majority of SPC with 57 to 68% of Est followed by 

Espret between 21 and 25%, Esb between 5 and 21% of Est, and Esdis with 2% of Est.  ERD 

impact on Epp increased with the efficiency increase from 65 to 95%, whereas this decreased 

with increasing efficiency of ERD for Esb. This finding suggested that, at 95% ERD 

efficiency, Esb had insignificant impact on Est.  
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Figure 6: Specific power consumption by source, feed flow rate is 7 m

3
/h and recovery rate 

50%. 

 

Interestingly, many RO desalination plants are designed to operate at fixed permeate flow 

rate, that is, capacity, which can be achieved at lower recovery rate by increasing the feed 

flow rate (figure 5).  For example, RO should operate at 50 and 44% recovery rates at 7 and 

8 m
3
/h feed flow rates, respectively, to achieve permeate flow rate of 3.  m

3
/h.  Practically, 

permeate flow rate can be controlled by adjusting a number of RO operating parameters such 

as feed pressure, feed flow rate, and recovery rate.  For example, at a constant recovery rate, 

increasing the feed flow rate will result in a higher permeate flow; that is, fp QQ /Re  . As 

feed flow rate increases, the target permeate flow rate can be achieved by lowering the 

recovery rate. Thermodynamically, the minimum theoretical energy for desalination is 

proportional to the osmotic pressure of RO brine which has Cc concentration as in equations 6 

(a) and (b):  

 

cmimi CE                               [6a] 

Re1
min




f

ciE


                       [6b] 

 

where, Emini is the minimum energy for RO desalination (kWh/m
3
); f is the osmotic 

pressure of feed solution (bar); and Re is the recovery rate of the RO unit (%).  The term 1/1-

Re in equation 4 represents the concentration factor, CF; hence, the concentration of RO 

brine can be calculated as shown in equations 7 (a) and (b): 
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CFCC fc *                    [7b] 

 

where Cf is the concentration of feed solution (mol/L).  The osmotic pressure of RO brine, c , 

can be estimated from Van’t Hoff equation, using equation (7b) to represent the concentration 

of the RO brine as shown in equation 8: 

 

TCFCRn fc ****                  [8]  

 

where n is the number of ions in solution; R is the universal gas constant 

(~0.083L·atm/K·mol); and T is the temperature in Kelvin (273 + 
o
C).  In equation (6b), Emini 

can be expressed as illustrated in equation 9: 

 

TCFCRnE fi ****min                     [9] 

 

Equation 9 shows that Emini is a function of the concentration factor, CF; any variation of the 

CF would therefore result in a direct change of the Emini value. Figure 7 shows the impact of 

feed flow rate on the concentration factor at a constant permeate flow rate, Qp.   

 

 
Figure 7: Impact of feed flow rate on the minimum desalination energy and concentration; 

results were obtained at 35 g/L seawater salinity, 25
o
C feed temperature, and 3.5 m

3
/h 

permeate flow rate. Pretreatment energy was based on intake, pretreatment processes, and 

supply.  

 

The concentration factor, CF, decreased from 3.3 to 1.3 with the increase of feed flow rate 

from 5 to 13 m
3
/h.  The recovery rate of RO system was inversely related to the feed flow rate 

as shown in equations 10 (a), (b) and (c); 
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fQ

1
Re                       [10a] 

Re1


f

c

C
C                 [10b] 

f

p

f

c

Q

Q

C
C





1

               [10c] 

RO recovery rate can be decreased with an increase of the feed flow rate to maintain a 

constant permeate flow rate.  Re decrease would result in a simultaneous decrease of the 

concentration of RO brine [equation (10b)] as well as the minimum desalination energy 

[equation (6b)], suggesting that Emin decreases at higher feed flow rate [equation (10c)].  

Although this was theoretically viable, practically, high feed flow rate would increase the 

pretreatment energy which negatively affected the desalination energy.  As shown in figure 7, 

the pretreatment power consumption increased with the increase of the feed flow rate, Qf.  

Pretreatment power consumption impacts the overall desalination energy and, hence, should 

be taken into account upon considering high feed flow rates.  

 

Figure 8 shows the total desalination energy, Est, at different feed flow rates and fixed 

permeate flow rate, Qp, of 3.5 m
3
/h.  Feed flow rate increased from 7 to 12 m

3
/h, whereas the 

recovery rate decreased to maintain a constant Qp of 3.5 m
3
/h.  In general, Est increased with 

the increase of feed flow rate at all ERD efficiencies but was higher for the RO coupled with 

65% efficiency ERD system because of the lower energy recovery compared to the RO 

coupled with 80 and 95% efficiency ERD system.  One of the interesting findings in figure 8 

was that the required recovery rate of RO to maintain a constant permeate flow rate of 

3.5 m
3
/h decreased with the increase of the feed flow rate. Operating at lower recovery rate 

decreased the required feed pressure for seawater desalination because of the lower CF 

according to equation (10b).  For example, to produce 3.5 m
3
/h of product water at 7 m

3
/h 

feed flow rate, the recovery rate of the RO should be 50%, whereas a recovery rate of 44% 

would be enough to reach the same permeate flow rate at 8 m
3
/h feed flow rate (figure 8).  

The corresponding Est values for 65% ERD efficiency were 3.35 and 3.43 kWh/m
3
, 

respectively.  Est, however, decreased to 2.79 kWh/m
3
 for ERD with 95% efficiency at 7 and 

8 m
3
/h flow rates but slightly increased 2.86 kWh/m

3
 at 9 m

3
/h flow rate (figure 8).  
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Figure 8: Total desalination energy at different feed flow rates and ERD efficiencies, 

permeate flow rate at all recovery rates is 3.5 m
3
/h. 

 

This result suggested that operating RO at high feed flow rate was a feasible option 

particularly when it was coupled with 95% ERD efficiency. Slightly higher Est was incurred, 

about 0.07 kWh/m
3
, when the feed flow rate increased from 7 to 9 m

3
/h, but this will be 

mitigated over the membrane life time due to lower fouling propensity.  Previous studies 

showed that membrane fouling results in an annual flux decline up to 10% which increases 

the desalination energy [20, 28]. At a fixed permeate flow rate, feed flow rate can be 

optimized to meet the designed permeate flow rate. According to equation (10b), this strategy 

will reduce the brine concentration and hence the feed pressure, which is responsible for 

membrane compaction [29-32].  Secondly, lower brine concentration can reduce scale 

formation due to the deposition of sparingly soluble metal ions on the membrane surface [25-

27].  As shown in figure 7, concentration factor (CF) decreased with the increase of feed flow 

rate (Qf) which is an indicator of lower brine concentration [equation (7b)]. This parameter is 

particularly important for the tail RO elements in the pressure vessel which undergoes scale 

fouling more than other elements due to the high feed concentration present. Finally, using 

high feed flow rate will reduce the concentration of RO brine for discharge and the impact of 

desalination process on the environment upon discharge to the sea.  

 

3.3 Distribution of SPC in Pressure Vessel 

Although it is desirable to have an even recovery rate across the RO modules in the pressure 

vessel, it is difficult to achieve that situation practically. In the pressure vessel, feed 

concentration increases from the first to last RO module, whereas recovery rate decreases due 

to larger osmotic pressure of the feed concentration [33-34]. Feed pressure also slightly 

decreases along the pressure vessel from the first to the last element due to the pressure drop. 

Uneven distribution of feed pressure and concentration affects the energy incurred by each 

RO module particularly the last RO module which is prone to scale fouling.  The design 

criteria of RO system are to deliver a certain amount of desalinated water; hence, the 
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recovery rate of the RO can be decreased at high feed flow rate without compromising the 

permeate flow rate. We calculated the net SPC per RO module, EsN, for each RO element in 

the pressure vessel at 7, 8, and 9 m
3
/h to understand EsN distribution across the pressure 

vessel.  EsN represents the specific power consumption per RO module and it is calculated 

from equation 11: 

 

sGt

ssG
sN

E

EE
E

*
                     [11] 

 

where EsG is the gross specific power consumption per RO module; Es is the specific power 

consumption of the RO system [equation (1)]; and EsGt is the total gross specific power 

consumption of the RO system.  EsG and EsGt were calculated from equations 12 & 13:  

 

pi

fifi
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Q

QP
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*
                      [12] 
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where Pfi is the feed pressure at element i in the pressure vessel (bar); Qfi is the feed flow rate 

of element i in the pressure vessel (m
3
/h); n is the number of the RO modules in the pressure 

vessel; Qpi is the permeate flow rate of element i in the pressure vessel (m
3
/h).  Substituting 

equations (12) and (13) into equation (11) to calculate EsN gives equation 14: 
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i pi
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                      [14] 

 

ROSA software was used to calculate Pfi, Qfi and Qpi of RO module i in the pressure vessel.  

Tables 1–3 show Pfi, Qfi, and Qpi of the RO system at 7, 8. and 9 m
3
/h, respectively.  The 

recovery rate of each RO module, Remod, in the pressure vessel was calculated as the ratio of 

Qpi to Qf as in equation 15: 

 

f

pi

Q

Q
modRe                    [15] 

 

At 7 m
3
/h feed flow rate, Remod were 14 and 1% for the lead and tail RO modules in the 

pressure vessel, respectively; this result shows the significant variation in the RO recovery 

rate between the lead and tail elements. The high feed concentration of the last RO module 

resulted in a small percentage recovery rate of 1% due to the high feed concentration (figure 

9 (a)). The feed concentration, Cf, increased from lead to tail RO elements in the pressure 

vessel but was higher at lower RO feed flow rates. Practically, the higher the feed 

concentration is, the higher the membrane scale fouling will be due to the precipitation of 

sparingly soluble salts [35-36]. As the feed flow rate increased to 8 m
3
/h, Remod of the lead 

and tail RO modules were 11 and 2%, respectively.  Compared to 7 m
3
/h feed flow rate, 

operating at 8 m
3
/h feed flow rate doubled the recovery rate of the tail element while 
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increasing the feed flow rate of the tail elements by 28%.  The increase of feed flow rate has 

the potential of reducing the scale fouling due to the lower brine concentration [equation 

(10c)].  

 

 
Figure 9: Feed concentration and total desalination energy across the RO pressure vessel: (A) 

concentration of RO brine; (B) total desalination energy of each RO module. Initial feed 

seawater concentration is 35 g/L. 

The results also show that RO recovery rate was more evenly distributed across the RO 

elements in the pressure vessel for the 8 m
3
/h feed flow rate.  Similarly, for the 9 m

3
/h feed 

flow rate, more even distribution of the recovery rate was observed throughout the RO 

modules [Tables 1 to 3].  Increasing the feed flow rate reduced the feed concentration to the 

RO modules and resulted in more even distribution of the recovery rate. The drawback of 
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increasing the feed flow rate was reflected on Est. However, for 95% efficiency ERD, Est 

remained unchanged when the feed flow rated increased to 8 m
3
/h; this result emphasized the 

importance of using high-efficiency ERD. As the feed flow rate increased to 9 m
3
/h, Est 

slightly increased to 2.86 kWh/m
3
. Compared to the 8 m

3
/h feed flow rate, Remod of the last 

two elements remained 2% when the feed flow rate increased to 9 m
3
/h but it was more 

evenly distributed across the lead RO elements [Tables 1 to 3]. The concentration at the 

membrane surface, Cm (g/L), was calculated and presented in figure 9 (a). Cm represents the 

actual feed concentration at the membrane surface which was calculated from equations 16 

(a) and (b): 

 

pB

pm

CC

CC
CP




              [16a]  

 

ppBm CCPCCC  ]*)[(             [16b] 

 

where CB is the bulk concentration of feed solution (g/L); Cp is the permeate concentration 

(g/L); and CP is the concentration polarization factor.  CP for 8-inch RO element was 

calculated following the empirical formula provided in equation 17 [16]: 

 
Re)7.0(eCP                       [17] 

 

Feed concentration at the membrane surface is always higher than that at the bulk solution 

because of the concentration polarization phenomenon [15, 17. 33]. CP increases with the 

recovery rate of the RO membrane, that is, higher at the lead element than at the tail element. 

The difference between the feed concentration, Cf, and concentration at the membrane 

surface, Cm, was between 10 and 6.5% for feed flow rates between 7 and 9 m
3
/h; the lowest 

CP of 6.5% was for the 9 m
3
/h flow rate (figure 9 (a)). Increasing the feed flow rate resulted 

in more even distribution of feed flow across the pressure vessel and increased the recovery 

rate of the tail element. This caused a slight CP increase of the tail element (2%) for the 

9 m
3
/h flow rate compared to the 7 m

3
/h flow rate (1.75%). However, Cm at the tail element 

decreased by 18%, from 69.5 to 56.9 g/L, by increasing the feed flow rate from 7 to 9 m
3
/h.  

On the other hand, Cm at the tail element decreased by 11%, from 69.5 to 62 g/L, when the 

feed flow rate increased from 7 to 8 m
3
/h while the increase of CP at tail RO element was 

insignificant. Reducing the feed concentration of the tail element has the potential of 

minimizing the incidence of scale fouling [25-27].  In the long term, this will ensure an 

energy efficient and smooth RO operation.  Previous studies showed that membrane fouling 

results in a flux decline over time [20] and simultaneous increase of the power consumption 

of the RO process.  This is another advantage of increasing the flow rate of RO feed solution, 

but the benefit will be more obvious when a high-efficiency ERD system is applied for 

energy recovery. Compared to 7 m
3
/h flow rate, using 8 m

3
/h flow rate and ERD of 95%, 

efficiency has the potential of reducing the Cm of the tail element, whereas Est remains 

unaffected (2.79 kWh/m
3
). 

 

EsN is the net specific power consumption per RO element in the pressure vessel. Regardless 

of the feed flow rate, EsN increased gradually from element 1 to 8 because of the high feed 

concentration and low recovery rate of the tail elements [Tables 1 to 3].  At 7 m
3
/h and 50% 

recovery rate, EsN of 0.16 kWh/m
3
 was incurred at the first RO element and increased to 1.69 

Wh/m
3
 at the tail RO elements in the pressure vessel (figure 9 (b)); that is, EsN of the lead RO 

element was 10 times lower than that of the tail RO element.  At 8 m
3
/h and 44% recovery 
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rate, EsN increased to lesser extent from the first to the tail RO element in the pressure vessel; 

EsN of the lead element was 3.5 times higher than that of the tail RO element indicating more 

even energy distribution throughout the RO elements in the pressure vessel.  Similarly, for 

9 m
3
/h and 39% recovery rate, EsN of the lead element was 3 times higher than that at the tail 

RO element due to the better distribution of the permeate flow across the RO elements. 

 

Table 1: Performance of RO modules in the pressure vessel; Es values were 3.79 kWh/m
3
, 

3.95 kWh/m
3
, and 4.20 kWh/m

3
 for RO system with feed flow rate 7 m

3
/h. 

Elem. No Qpi (m³/h) Qfi (m³/h) Pfi (bar) Remod    (%) EsG (kWh/m
3
) EsN (kWh/m

3
) 

1 0.99 7.00 54.18 0.14 13.30 0.16 

2 0.78 6.01 54.00 0.11 14.45 0.17 

3 0.59 5.24 53.85 0.08 16.61 0.20 

4 0.42 4.65 53.73 0.06 20.66 0.24 

5 0.29 4.23 53.63 0.04 27.16 0.32 

6 0.2 3.93 53.54 0.03 36.53 0.43 

7 0.14 3.73 53.45 0.02 49.45 0.58 

8 0.09 3.59 53.37 0.01 144.13 1.69 

 

Table 2: Performance of RO modules in the pressure vessel; Es values were 3.79 kWh/m
3
, 

3.95 kWh/m
3
, and 4.20 kWh/m

3
 for RO system with feed flow rate 8 m

3
/h. 

Elem. No Qpi (m³/h) Qfi (m³/h) Pfi (bar) Remod    (%) EsG (kWh/m
3
) EsN (kWh/m

3
) 

1 0.880 8.00 49.66 0.11 15.68 0.26 

2 0.720 7.12 49.45 0.09 16.98 0.28 

3 0.570 6.40 49.26 0.07 19.20 0.32 

4 0.440 5.82 49.10 0.06 22.55 0.38 

5 0.330 5.38 48.95 0.04 27.71 0.46 

6 0.250 5.05 48.82 0.03 34.24 0.57 

7 0.180 4.80 48.70 0.02 45.09 0.75 

8 0.140 4.62 48.59 0.02 55.68 0.93 

 

 

 

 

 

 

Table 3: Performance of RO modules in the pressure vessel; Es values were 3.79 kWh/m
3
, 

3.95 kWh/m
3
, and 4.20 kWh/m

3
 for RO system with feed flow rate 9 m

3
/h. 

 

Elem. No Qpi (m³/h) Qfi (m³/h) Pfi (bar) Remod    (%) EsG (kWh/m
3
) EsN (kWh/m

3
) 

1 0.81 9.00 46.85 0.09 18.07 0.31 

2 0.68 8.19 46.59 0.08 19.48 0.33 

3 0.56 7.51 46.36 0.06 21.59 0.37 

4 0.45 6.95 46.16 0.05 24.75 0.42 

5 0.36 6.50 45.97 0.04 28.82 0.49 

6 0.28 6.15 45.80 0.03 34.93 0.59 

7 0.21 5.87 45.64 0.02 44.30 0.75 

8 0.16 5.65 45.49 0.02 55.78 0.95 
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In practical terms, increasing the feed flow rate can be performed to enhance the performance 

of the RO-ERD system; in the long term, this strategy provides more smooth and stable RO 

operating conditions and reduces the potential of scale fouling. The net SPC and recovery 

rate per RO module was more evenly distributed across the RO elements in the pressure 

vessel at higher RO feed flow rates.  This was particularly applicable for RO coupled with a 

high-efficiency ERD. The total power consumption for desalination, including pretreatment 

and brine discharge, could be kept constant or slightly decreased as feed flow rate increases 

for the RO coupled with ERD of 80% efficiency or higher.  

 

4. Conclusions  

The energy requirements for RO seawater desalination continue to be a major issue of debate. 

This study analyzed the power consumption of the RO process including the ERD system and 

also the pretreatment process. The results showed that the optimum power consumption for 

seawater desalination was dependent on the RO recovery rate when the RO membrane was 

coupled with an ERD system. However, the optimum power consumption for desalination 

became relatively reliant on the RO recovery rate when the pretreatment energy was added. 

The total desalination energy, including pretreatment, reached an optimum value at 48, 46, 

and 42% recovery rates for RO coupled with an ERD of 65, 80, and 95% efficiency, 

respectively. These results suggested that the RO-ERD system can be designed to operate at 

different optimum recovery rates. As such, one of the main conclusions of this investigation 

was that the feed flow rate can be increased to meet the optimum recovery rate and projected 

permeate flow rate of the RO system. Operating at high feed flow rate showed the potential 

of reducing the total energy requirements for desalination when the RO was coupled with 

ERD of 95% efficiency. On the other hand, these outlined conditions have the advantage of 

reducing RO scale fouling due to the precipitation of sparingly soluble salts.  It was shown 

that increasing the RO feed flow rate helped to distribute the RO system recovery rate more 

evenly across the pressure vessel. Therefore, it was recommended to use high-efficiency ERD 

such as pressure exchanger in conjunction with the RO desalination system, which allows 

increasing the feed flow rates without compromising the desalination energy requirements. 
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