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ABSTRACT 

 

This paper presents a systematic approach to the management of reverse osmosis (RO) desalination. The 

current theory guiding RO operation and its limitation are discussed. A scalable dimensionless 

mathematical model is then presented to demonstrate the effect of several key process parameters on RO 

performance. It is shown that brackish water and seawater behave differently and therefore, should be 

managed differently. Discussions are made regarding the effect of recovery, RO configuration, 

membrane aging, and multi-train operation on the pump energy consumption. Implications for industrial 

production are discussed.  

 

INTRODUCTION 

 

Background  

Reverse osmosis (RO) is an important desalination technology to produce drinking water. It employs 

hydraulic pressure to shove water molecules through a selective membrane while holding back salt and 

other impurities. The applied pressure reaches 100-600 psi for brackish water reverse osmosis (BWRO) 

and 1,000-1,200 psi for seawater reverse osmosis (SWRO) in modern desalination plants. Therefore, 

energy consumed by pumps to pressurize the feed is costly. How to minimize energy consumption is a 

very important issue in RO design and operation. 

 

From a viewpoint of systems engineering, RO desalination is a type of complex system featured with 

nonlinearity, high-dimensionality, and parameter variation with respect to time. As a result, traditional 

experimental methods may not be adequate to reveal the best route for industrial production. Heuristics 

derived from bench-scale or even pilot-scale experiments sometimes become inaccurate or even invalid 

at production-scale because certain process effects are magnified during scale-up. With the aid of 

computer-aided systematic methods, it is possible to shed an in-depth, unambiguous understanding of 

the coupled transport phenomena, thus ensuring sound decision-making. 

 

This paper presents a systematic approach to the management of RO desalination. The current theory 

guiding RO operation and its limitation are discussed. A scalable dimensionless mathematical model is 

then presented to demonstrate the effect of several key process parameters on RO performance. It is 

shown that brackish water and seawater behave differently and therefore, should be managed differently. 

Discussions are made regarding the effect of recovery, RO configuration, membrane aging, and multi-

train operation on the pump energy consumption. Implications for industrial production are discussed.  

 

Current Theory Guiding RO Operation 

A schematic of one cross-flow RO element is shown in Figure 1. The most commonly used membrane 

element is based on the so-called spiral wound design, where many layers of flat membrane sheets and 

spacers glued back-to-back are rolled up around a central pipe. Feed water is pressurized through a 

pump and distributed to the feed spacer channels from the front end of the membrane element. Inside the 



element, part of the feed flows towards the center tube and is collected as permeate (water with nearly 

no salt). The retentate (water with high salt concentration) exits on the back end. Along the membrane 

channel, the retentate osmotic pressure increases proportionally to the salt concentration, making it more 

and more difficult to produce pure water. It is never feasible to recover 100% of the water. What is the 

most economical recovery becomes an interesting question in RO desalination. The optimization would 

require a trade-off between pump pressure and recovery. Moreover, process parameters including 

membrane area, hydraulic permeability, and layout would all affect the decision-making. 

 

Figure 1: Schematic of RO system with one element. 

In the context of RO desalination, the energy cost is typically described using specific energy 

consumption (SEC), or the electrical energy consumed by the pump per cubic meter of permeate 

produced by the RO. The SEC has a unit of pressure, and becomes dimensionless if normalized by the 

osmotic pressure of the feed. The normalized SEC (NSEC) has the following form:  
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where     is the pump increase across the pump, which may also be considered as the applied pressure 

(system pressure difference between retentate and permeate streams at the entrance of RO) if the feed 

and permeate have the same pressure.     is osmotic pressure difference between retentate and 

permeate streams at the entrance.    and    are feed rate and permeate rate, respectively. 

 

The current theory guiding RO operation is based on two simplifications: negligible pressure drop in the 

retentate stream and thermodynamic equilibrium at the end of the membrane. Based on these 

simplifications, one should set the applied pressure at the entrance of the RO element to be the outlet 

retentate osmotic pressure, or              , where   is water recovery (       ). Eq. (1) then 

becomes: 
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Obviously, NSEC has a minimum of 4, occurring at   = 50%. At this recovery, the applied pressure 

should be twice the feed osmotic pressure, or                     . This result has been 

confirmed by some small-scale experiments. However, discrepancies have been observed in plant design 

and operation. In an industrial RO process, 6 or 7 RO elements in series are enclosed in one pressure 



vessel. Many pressure vessels are connected in parallel to form a RO stage. A RO train may have one 

stage or more. As a result, the retentate pressure drop may be significant, especially for brackish water. 

Moreover, it is believed that modern RO desalination plants are not built to be operated near equilibrium.  

 

MODEL-BASED MANAGEMENT OF RO DESALINATION 

 

Model-based Optimization Approach 

A mathematical model is developed to describe the coupled transport phenomena in RO desalination [2]. 

Details are omitted here due to space limitation. The model has two equations describing the retentate 

pressure drop and the permeate flux across the membrane along one membrane element:         
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where dimensionless parameters          ,            ,      
     ,         , 

       , and   is from 0 to 1, representing the entrance and exit of the membrane channel.   is the 

membrane area,    is the membrane hydraulic permeability,    and    are the differences in the system 

pressure and osmotic pressure between retentate and permeate streams, respectively.   ,    , and     

are  ,   , and    at the entrance.   is a coefficient describing the pressure drop along the pressure 

vessel in the retentate stream. If the inlet pressure is specified (or   is known), integrating Eq. (3) would 

provide profiles of retentate pressure and flow along the membrane channel, based on which the water 

recovery is calculated as         .  

 

Eq. (3) clearly reveals the coupled behavior between operating condition ( , representing applied 

pressure), process parameters (i.e.  , quantifying relative membrane capacity, and κ, quantifying relative 

pressure drop effect) and process outcome ( , representing recovery). The results may be scalable 

because dimensionless parameters are used. The minimization of energy consumption for one-stage 

operation can be formulated as a constrained nonlinear optimization problem where the objective 

function is                      , the optimized variable is   and the constraint is Eq. (1). 

This method can be extended for an industrial RO train where many stages form a network. 

 

Difference in SWRO and BWRO 

It is shown that although both SWRO and BWRO are described by the same physical model, their 

management may be different. Table 1 provides data taken from literature for two BWRO and SWRO 

processes. As one can see from the table,   is much larger in SWRO, because seawater has a much 

higher osmotic pressure than brackish water. However, κ is much smaller in SWRO because very high 

pressures are used and the retentate pressure drop is small as compared to the inlet pressure. 

 

Table 1 Data for BWRO and SWRO from literature [1,4] 

Parameter   , gpm   , gfd/psi  , ft
2
    , psi  , psi/gpm

2
   κ 

BWRO, production-scale 1,525 0.110 78,400 9 2.1×10
-5

 0.035 5.5 

SWRO, pilot-scale 36 0.035 3,000 390 - 0.79 ≈ 0 



 

The optimization problem to reduce pump energy consumption is solved for a wide range of   and the 

results are shown in Figure 2. It appears that the global minimum of NSEC is 4, provided that   is 

infinitely large and κ is zero. The minimum occurs at         , consistent with the existing theory. 

However, since finite membrane area is used (or   is not large enough) and pressure drop effect may not 

be ignored in plant operation, the management strategy may be different. The optimal results for BWRO 

and SWRO based on κ and   in Table 1 are marked with circles and squares in Figure 2. It appears that 

SWRO is preferred to operate around a recovery slightly above 50%. BWRO, however, should be 

operated at a much higher recovery (>80%) to minimize energy consumption.  

  

Figure 2: Optimal results in SWRO and BWRO operation. 

The developed model-based approach was extended to guide the operation of an industrial BWRO 

process that has 2 stages with 294 RO elements. The model predicted that increasing water recovery 

from the normal production set point of 80% to a new value of 90% would reduce the pump energy 

consumption by 10%. This is done by reducing the pump speed and closing the retentate control valve to 

maintain the same permeate production. The model-based operation was successfully validated [6] (see 

Figure 3).  

   

Figure 3: Validation of model-based optimization results in a BWRO plant. 

  



Two-Stage and One-Stage Configurations in RO Operation 

There are debates in literature regarding the use of two-stage and one-stage configurations [7]. The 

common configuration in industry is based on the Christmas tree design, as shown in Error! Reference 

source not found.. For two-stages, the pressure vessels would have a 2:1 ratio. The RO can also be 

operated based on the one-stage configuration. Even though the total membrane area is the same in both 

configurations, the one-stage RO recovers more water using the same pump power, and therefore, is 

more energy-efficient. The reason is that when using more pressure vessels in parallel, velocity in the 

retentate stream becomes smaller. Moreover, the flow length is shortened. Both factors result in a 

smaller pressure drop, maintaining a larger driving force for water to permeate the membrane. It is 

believed that one-stage would still be slightly better than two-stage in SWRO, even though the 

difference is not much. 

 
Two-stage Christmas-tree design  

 

 
One-stage design  

Figure 4: Comparison between one-stage and two-stage without inter-stage pump in BWRO. 

However, if an inter-stage pump is used, two-stage operation might be better than one-stage for SWRO, 

where retentate pressure drop is negligible. When the total membrane area is the same, installing 

interstage booster pumps would provide additional driving force for water to permeate through the 

membrane.  If the booster pressures are at optimal conditions, SEC can be smaller when more stages are 

used. If the membrane area (or  ) is not large enough, the advantage of using multistage is not much 

[2,3].    

 
 

Multi-stage RO with inter-stage booster pumps 

 

Figure 5: Comparison between one-stage and multi-stage with inter-stage pump in SWRO. 



The above discussions clearly show the importance of modeling in energy consumption analysis of RO 

with different configurations. 

Membrane Aging and Multitrain Operation 

Figure 2 also provides strategies to operate both BWRO and SWRO as membrane degrades over time. 

During membrane aging,   decreases as membrane permeability reduces. As a result, the operation 

points should shift to the left Figure 2, or a higher recovery should be used. If the same recovery is used, 

the intake flow (  ) should be reduced to maintain the same  .   

 

A modern desalination plant may have many RO trains running in parallel to meet the water production 

need. Because of the difference in service time, each train may have a different permeability. Therefore, 

it is necessary to optimally allocate the permeability production over all trains.  It is intuitive to produce 

more water on RO trains with newer membranes. However, plant engineers may not do it in a systematic 

way.  Figure 6  shows that with optimization, the overall energy consumption can be reduced by several 

percent while maintaining the same total production by optimally allocating water production in each 

train [5]. 

  

Figure 7: Optimal allocation of water production over multiple RO trains. 
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