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Reverse osmosis (RO) membrane water desalination is now well established as a mature
water desalination technology. However, there are intensive efforts to reduce the cost of RO
water desalination in order to broaden the appeal and deployment of this technology. The
water production cost in a typical RO desalination plant generally consists of the cost of
energy consumption, equipment, membranes, labor and maintenance and financial charges.
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Energy consumption is a major portion of the total cost of water desalination'™ and can

reach as high as about 58% of the total permeate production cost as shown in Fig. 1. The
energy cost per volume of produced permeate (i.e., the Specific Energy Consumption or
SEC) is significant in RO operation due to the high pressure requirement (up to about 1000
psi for seawater and in the range of 100-600 psi for brackish water desalting). Considerable
effort has been devoted to find means for reducing the transmembrane pressure required for
a given water permeate productivity level dating back to the initial days of RO development

in the early 1960’s.
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Figure 1: Annual operating cost distribution of a seawater reverse osmosis facility*.

Early research in the 1960’s°® focused on unit cost optimization with respect to water
recovery, energy recovery system efficiency, feed flow rate and the applied transmembrane
pressure. Efforts to reduce the SEC also considered increasing the permeate flow rate, at
a given applied pressure and feed flow rate, by either optimizing the membrane module
with respect to its permeate flux?'® and/or by using more permeable membranes'™2°. For
example, studies have shown that specific permeate productivity of spiral wound RO and
nanofiltration modules could be improved by optimizing module configuration (e.g., feed
channel height, permeate channel height, and porosity) 3.

The introduction of highly permeable membranes in the mid 1990’s with low salt passage '’
has generated considerable interest given their potential for reducing the pumping energy
required to attain a given permeate!™2%. Wilf!” and later Spiegler?! reported that operation
close to the minimum level of applied pressure (i.e., pressure approaching the concentrate
osmotic pressure plus frictional pressure losses), would result in the lowest energy cost.
Clearly, in the absence of pressure drop in the membrane module, the minimum required
applied pressure when a highly permeable membrane is used would be very close to the
osmotic pressure of the RO concentrate that would be reached at the membrane outlet 722724,
As illustrated in Fig. , in order to achieve a given water recovery and utilize the entire
membrane area, there is a minimum pressure that must be applied and this pressure must
be greater than the osmotic pressure of the concentrate exiting the process, but this applied

pressure can approach the osmotic pressure of the brine stream when highly permeable



membranes are used. It is noted, that the requirement of a minimum pressure, for the
lowest, energy cost, will apply even when one considers concentration polarization, albeit the
required pressure will be based on the osmotic pressure at the membrane surface at module
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Figure 2: Schematic illustration of the thermodynamic restriction for cross-flow RO desalting?2.

In order to reduce energy consumption, energy recovery from the concentrate stream
has been implemented using a variety of energy recovery devices (ERDs), in addition to
optimization of the configurations of the RO membrane arrays. The effect of an energy
recovery device (ERD) on the SEC was first studied in the early 1960’s®7. Avlonitis et al.
discussed four kinds of ERDs (i.e., Pelton wheel, Grundfos Pelton wheel, Turbo charger,
Pressure exchanger) and reported that the pressure exchanger was the most efficient energy
recovery device. More recently, Manth et al.! proposed an energy recovery approach, in
which a booster pump is coupled with a Pelton turbine (instead of a single-component high-
pressure feed pump), or is used as an interstage booster for dual-stage brine conversion
systems.

Simplified process models to optimize the structure of RO membrane desalination plants

have been proposed in the literature?6-33.

Early studies have shown that the “Christmas
tree” configuration developed in the early 1970’s was suitable for the early generation of RO
spiral-wound membranes. However, with the emergence of higher permeability membranes,
it is unclear if the above configuration of membrane modules is also optimal for ultra low
pressure RO modules?®. It has been argued that the SEC can be lowered by utilizing a large

number of RO membrane units in parallel so as to keep the flow and operating pressure low?’.

It has also been claimed that the SEC decreases upon increasing the number of membrane



elements in a vessel®. In the mid 1990’s researchers have suggested that a single-stage RO
process would be more energy efficient®*. However, it has also been claimed that two-stage
RO is more energy efficient than single-stage RO?°. The above conflicting views suggest that
there is a need to carefully compare the energy efficiency of RO desalination by appropriately
comparing single and multiple-stage RO on the basis of appropriately normalized feed flow
rate and SEC taking into consideration the feed osmotic pressure, membrane permeability
and membrane area.

Optimization of RO water production cost with respect to capital cost has also been
addressed in order to explore means of reducing the total specific cost of water produc-

2934 Such optimization studies have considered the costs associated with feed intake

tion
(primarily for seawater) and pretreatment, high pressure pumps, energy recovery system, and
membrane replacement3*. The problem of maximizing RO plant profit, considering energy
cost, amortized membrane plant cost, cleaning and maintenance cost, and amortized cost
of process pumps in the absence of energy recovery devices has also been addressed?’. The
majority of the existing studies have accepted the standard operating procedure whereby
the applied pressures is set to be significantly higher than the minimum required pressure
limit that would correspond to the lowest SEC. Moreover, a formal mathematical approach
has not been presented to enable an unambiguous evaluation of the optimization of the RO
water production cost with respect to the applied pressure, water recovery, pump efficiency,
membrane cost and the use of energy devices.

It is important to recognize that previous studies that focused on optimization of the SEC
have only evaluated the SEC dependence on water recovery at one or several normalized
feed and permeate flow rates. Previous researchers have reported the minimum SEC for

one or several flow rates or a range of product water recoveries®2°,

However, the global
minimum SEC has not been identified along with SEC optimization via a general theoretical
framework. Motivated by the above considerations, the current study revisits the problem
of RO energy cost optimization when highly permeable membranes are used, via a simple
mathematical formalism, with respect to the applied pressure, water recovery, feed flow
rate, and permeate flow rate and accounting explicitly for the limitation imposed by the

minimum required applied pressure. Subsequently, the impact of using an energy recovery

device, brine disposal cost, membrane hydraulic permeability and pressure drop within the



membrane module are discussed for one-stage RO. Additionally, an analysis is presented of
the energy efficiency of a two-stage RO relative to one-stage RO following the formalism
proposed in the present study.

In previous work®®, we systematically studied the effect of the thermodynamic restriction
(i.e., the fact that the applied pressure cannot be lower than the osmotic pressure of the
exit brine stream plus pressure losses across the membrane module) on the optimization of
the specific energy consumption of an RO process®. Specifically, we computed the optimum
SEC, corresponding water recovery, and permeate flux for single-stage and two-stage RO
membrane desalination systems. We also studied the effect of energy recovery device, mem-
brane cost and brine disposal costs on SEC. The developed approach can also be utilized to
evaluate the energy savings of a two-stage RO system over single-stage RO and the drawback
of extra membrane area consumption of two-stage over single-stage. In the present work, we
extend our previous results® to include the effect of membrane salt rejection on SEC and to
study the energy consumption optimization of a two-pass membrane desalination process as
shown in Fig. . The two-pass configuration is a relatively new configuration used in seawater
desalination in which the permeate water from the first-pass goes through a second-pass.
Previous work on energy consumption optimization of two-pass membrane desalination has
addressed a number of issues; specifically, Noronha et al. first studied the specific energy
consumption optimization of a two-pass (called “product-staging” in their work) membrane
desalination process with recirculation pumps for each pass’ retentate stream but without
energy recovery devices3¢. Based on their study, they argued that the lower the water recov-
ery in the first-pass, the lower the specific energy consumption of the two-pass system. Later
on, Cardona et al. compared the energy consumption of a two-pass membrane desalination
process (called “double-stage” in their work) without energy recovery devices to a single-stage
RO process without an energy recovery device and reported that two-pass has a potential
for energy savings on the order of 13-15% when the overall water recovery is less than 50%
and the salt rejection is 98.3%3". Both papers did not address the effect of thermodynamic
restriction on the computation of the optimal solution.

The wide application of low pressure membrane modules, owing to the development of
high permeability RO membranes, has enabled the applied pressure in RO processes to

approach the osmotic pressure limit. Therefore, it is now possible to optimize RO mem-
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Figure 3: Schematic of a two-pass RO/NF process with ERDs.

brane processes with respect to product water recovery, with the goal of minimizing energy
consumption, while considering constraints imposed by the thermodynamic cross-flow re-
striction and feed or permeate flow rate. In the present study, an approach to optimization
of product water recovery in RO membrane desalination when highly permeable membranes
are utilized was presented via a number of simple RO process models. The current results
suggest that, it is indeed feasible to refine RO desalting so as to target the operation at the
condition of minimum energy consumption, while considering the constraint imposed by the
osmotic pressure as specified by the thermodynamic cross-flow restriction. The impact of
energy recovery devices, membrane permeability, process configuration, brine management
cost, pump efficiency, and frictional pressure drop can all be considered using the proposed
approach as shown in a series of illustrations. Overall, as process costs above energy costs
are added, the operational point for achieving minimum energy consumption shifts to higher
recoveries. Although the newer generation of highly permeable RO membranes can allow
high recovery operations, limitations due to mineral scaling and fouling impose additional
constraints. The incorporation of these phenomena in an expanded optimization framework

is the subject of ongoing research. To provide a clear picture to the problem of energy



consumption optimization of two-pass reverse osmosis membrane desalination, the present
work considers a systematic comparison of the SEC between single-pass and two-pass re-
verse osmosis systems and accounts for key practical issues like the effect of thermodynamic

cross-flow restriction, energy recovery devices and concentration polarization.
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