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ABSTRACT OF THE DISSERTATION

Energy and Cost Optimization of

Reverse Osmosis Desalination
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The availability of surface and ground water sources for agricultural, industrial,
and personal use is becoming increasingly constrained. In response, reverse osmosis
(RO) water desalination has been touted as a potential technology for increasing the
available water resources in many parts of the world. Different research ideas have been
proposed to find the “ultimate” solution to decrease the cost of RO desalination, such as
creating more permeable RO membranes, using two-pass nanofiltration (NF) membranes
to replace single-pass RO membranes, closed-circuit discharge technology, forward
osmosis and etc. Motivated by this, my PhD research focused on creating a framework,
from first-principles, to allow for evaluating the cost effectiveness of various “new” ideas

and identify the most promising ones and, based on which, minimize the overall cost of
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RO water desalination with current generation of highly permeable membranes, which
enables practical RO processes to be operated up to the thermodynamic limit.

The framework developed in my PhD research led to a conclusion that there is
little economic incentive for developing higher permeability membranes if the objective
is to lower the cost of water desalination, balancing the energy consumption, membrane
expenditure, and concentrate management costs. Future reduction in RO water production
cost can arise from a variety of other process improvements including, but not limited to
improved fouling-resistant membranes, lower cost of feed pretreatment and brine
management, advanced control schemes (e.g. to account for feed salinity fluctuation),
process configuration optimization (e.g., multi-stage or multi-pass, mixing and recycling
operation), as well as low cost renewable energy sources.

The designed framework is utilized to predict the optimum operating conditions
of a single-stage cross-flow RO process, with/without energy recovery devices, under
different feed and permeate flow requirement and feed water salinity fluctuation. The
algorithms were implemented as the automated energy-optimal based control software in
a first-generation pilot mini-mobile-modular (M3) system, equipped with online standard
process monitors (i.e., pressure, flow rate, pH and conductivity, and tested both in the lab
and in the field desalting the agricultural drainage water at the Panoche Drainage District
of the San Joaquin Valley. The framework is also utilized for multi-stage (where the
concentrate stream from the previous stage is desalted to increase the overall water
recovery) and multi-pass (where the permeate stream from the previous pass is further

desalted to meet the product water quality requirement) RO network structures to
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evaluate their energy efficiency. The analysis revealed that a multi-stage RO process is
more energy efficient than a single-stage RO process, but at the expense of more
membrane area requirement. The present work also showed that the two-pass NF/RO
process is less energy efficient than a single-pass RO process. Notwithstanding, such a
process could be necessary if a single-pass RO process cannot achieve the salt rejection
requirement. Different recycling and stream mixing options were also evaluated for their
energy effectiveness under the framework and the close-circuit discharge operation, even
less energy efficient than a single-stage process with full energy recovery, but is more
energy efficient at water recoveries lower than a critical value than single-stage without
energy recovery and is able to achieve the effect of energy recovery from the brine
stream without incurring the capital cost of acquiring an energy recovery device. The
close-circuit discharge technology can be even more cost-effective than multi-stage in
low recovery (<35%, for example seawater desalination) where ERD and pump costs are
high.

The energy optimal policy is also utilized in operating the smart compact modular
second-generation RO (CoM2RO) with the integration of ultrafiltration (UF)
pretreatment, which is gaining more market share in seawater pretreatment due to its
compact size, relatively easy operation and less maintenance required. This system with
its adaptive backwash has been tested with the cooling tower water at the UCLA co-
generation plant and is currently being tested with seawater at a navy base for its future

deployment as a shipboard desalination unit in the open ocean and coastal areas.
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Chapter 1 Introduction

1.1. Background

Freshwater scarcity and declining water quality are expected to worsen with rising
population growth, as well as climate change [1-4]. In order to increase the per capita
availability of freshwater supplies various approaches have been practiced including, but
not limited to, water conservation, water recycling, increased water use efficiency and
water desalination. Water desalination in particular has become a major component of the
freshwater portfolio in a number of countries (e.g., Singapore, Australia, Israel and
Spain) with water desalting by membrane reverse osmosis (RO) technology being the
dominant desalination technology. RO membrane water desalination is now well
established as a mature water desalination technology for production of potable water as
well as for upgrading agricultural, municipal and industrial water for reuse applications
[4-18]. Reverse osmosis is one of the primary means of desalination practiced today
along with multi-stage flash (MSF), multiple effect distillation (MED), vapor
compression, andelectrodialysis (ED) and ED reversal (EDR). Other desalination
technologies have also been proposed in recent years including membrane distillation
(MD) and forward osmosis. Of these technologies, reverse osmosis has been proven to
be, in most cases, more energy efficient with the specific energy consumption (SEC) for
permeate (potable water) production of ~2-4 kWh/m’ depending on plant design, size and

location [4,19].



Reverse osmosis (RO) is a process where external pressure is exerted on the
saline water side of RO membrane. This semi-permeable membrane has much high
selectivity of water over the dissolved salt in the saline water. As a result, the saline water
is desalinated by RO membrane and the permeate water with little salt content is
produced.

As shown in Figure 1-1, reverse osmosis process requires external pressure on the
saline water side; while forward osmosis (FO) is a different membrane process which
uses draw solutions with high osmotic pressure to extract water from a high salinity
water resource under low pressure [4]. Water recovery and chemical recycling of the
draw solution active ingredients are typically achieved by distillation as shown in Figure
1-2, thereby increasing the energy cost of the FO process. It is interesting to note that
even for the highly celebrated FO process in which ammonium carbonate is used for the
draw solution [20], heat energy is required for the separation of the draw solution active
species (e.g., the ammonia and CO; from the solution and for the evaporation of large
volumes of water). Indeed, recent work has shown [21], as summarized in Table 1-1, that
the energy consumption of the FO-Distillation process is about four times greater than for
the RO processes. The above conclusion is also supported by an analysis carried out in
the present study as described in Appendix A. Attempts to reduce the cost of draw
solution regeneration have been proposed to utilize magentic species to increase the
osmotic pressure [22]; however, sufficient recovery of these species by suitable magnetic
fields has not shown the level of required removal of draw solution active species nor a

reduction in the costly regeneration energy.
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Figure 1-2. Forward osmosis followed by distillation and draw solution
regeneration.



Table 1-1.  Energy consumption in forward osmosis followed by distillation.

Estimated energy

Operation consumption Remarks
(kWh/m3 product)
Pumping, filtration,
Pretreatment and concentrate disposal 1.7 etc. similar to RO
plant

Pumping water and draw solutions through

the membranes 0.3

Electricity charge
3 of 13 kWh per ton
exhaust steam

Evaporator distillation energy
consumption

Pumping energy

Cooling water at the distillation column 3 .
requirement

Cooling water for adsorbing draw solution Pumping energy

gases 4 requirement

Vacuum pump for non-condensable gases 4

removal

Credit for cooling water saved in power Removal of heat

station for steam supplied to distillation -3 from 250 kg of

column steam.

Total 13 129% error
estimate

Source: [21]
The introduction of highly permeable membranes in the mid 1990's with low salt passage
[23] has generated considerable interest given their potential for reducing the RO energy
consumption [23-26]. Water production cost in a typical RO desalination plant generally
consists of the cost of energy consumption, equipment, membranes, brine management,
labor, maintenance and financial charges. Typical RO desalination cost for seawater
desalination is shown in Table 1-2 and energy consumption is a major portion of the total
cost of water desalination [27-29] that can reach as high as ~44% of the total permeate
production cost (Figure 1-3). As indicated in Table 1-2 and Figure 1-3, the energy cost

for seawater RO desalination, is ~10-20 times greater than the minimum theoretical RO



energy cost to desalt seawater, which was reported to be 0.7kwh /m’ (for seawater of 25
atmospheric pressure [30]). RO energy consumption per volume of produce permeate is
strongly affected by the level of water product recovery (i.e., permeate flow rate/feed
flow rate [31]) and energy recovery from the high pressure RO concentrate [31], in
addition to being impacted by the level by friction losses in the RO elements and
associated piping, pump efficiency, operating conditions (e.g., RO feed channel velocity

and feed-side pressure), and plant configuration in terms of membrane modules

arrangements.
Table 1-2.  Typical RO desalination cost.
Plant location Type of water Daily production Average cost
processed capacity (m’)  ($/m’) (2005)
Madwar and Tarazi study Waste 10,000 0.54
Ashkelon, Israel Sea 273,973 0.61
Brownsville, USA River 94,635 0.73
Corpus Christi, USA Sea 94,635 1.01
Madwar and Tarazi study Sea 10,000 1.18
Freeport, USA River 37,854 1.20

Source: [32]
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Figure 1-3.  Cost structure for reverse-osmosis desalination of seawater.

In contrast with seawater RO desalination, the major cost of RO inland brackish
water desalting is the management of the desalination concentrate (i.e., residual
concentrated byproduct from the recovery of fresh water from brackish water [3, 4, 33,
34]). At inland locations, concentrate disposal options are often limited and costly [35].
Thermally-driven evaporative and crystallization systems, the so-called zero-liquid-
discharge (ZLD) technologies, are capable of eliminating liquid RO concentrate
discharge, but are often prohibitively energy intensive for processing large feed volumes
[35, 36]. Consequently, cost-effective inland brackish water desalting require RO
operations at sufficiently high levels of product water recovery (90-95%) in order to
minimize RO concentrate volumes. However, with increasing product water recovery,
dissolved mineral salt concentrations (e.g., gypsum (CaSO42H,0), BaSOs, SrSOu,
CaCOs, SiO,, etc.) in the RO retentate stream may rise above their solubility limits. As a
result, membrane scaling may occur, which can lead to membrane surface blockage and

thus degradation of membrane performance (i.e., permeate flux decline and deteriorating



salt rejection) and translate into increased desalination cost [37]. Therefore, in order to
enhance product water recovery, it is necessary to reduce the concentration of mineral
scale precursors (e.g., calcium, barium, sulfate, etc.) below the membrane scaling
threshold. The integration of RO desalting with chemical precipitation has been proposed
as a promising approach for achieving this goal [37]. In this approach, a primary RO
(PRO) step desalts the source water up to a water recovery level just below the membrane
scaling threshold. A subsequent intermediate concentrate demineralization (ICD) step
then serves to precipitate mineral salts in order to lower the concentrations of mineral
scale precursors in the PRO concentrate stream. As a result, desalting of the
demineralized PRO concentrate becomes feasible in a secondary RO (SRO) step, thereby
enhancing the overall product water recovery from the brackish source water [37]. It is
noted that when inland water desalination is operated at high recovery (above ~50%), the
specific energy consumption (i.e., energy per volume of produced permeate) increases
with recovery [38] and thus robust operational process control strategies are needed to
ensure that the RO plant operates close to the minimum energy consumption level while
avoiding the occurrence of mineral scaling.

The efficiency of RO operation is dictated by the feed water composition and
salinity, feed water quality with respect to the source water fouling potential and
temperature. Plant operation to minimize energy consumption must address temporal
changes in source water characteristics in order to adjust the optimal level of product
water recovery. For example, source water salinity may fluctuate due to seasonal rainfall

events (for both near shore seawater intake and groundwater). There can also be seasonal



variations in water salinity as has been documented for groundwater in the central San
Joaquin Valley, where total dissolved solids (TDS) content was reported to deviate by up
to 52% from its annual average [39]. Clearly, sustained optimal RO plant operation
requires real-time adjustment of operating conditions based on dynamic energy

optimization methodology and robust process control.

1.2. Problem statement

Previous studies on optimization of the specific energy consumption (SEC) have
focused on evaluation of the SEC dependence on water recovery at one or several
normalized feed and permeate flow rates. However, the global minimum SEC has not
been identified along with SEC optimization via a generalized theoretical framework.
Because the economic feasibility of membrane desalination is highly dependent on
operational costs (with energy cost being the highest), the minimization of these costs is a
critical step in the RO design process.

A fundamental approach is currently lacking for a rigorous first-principle cost-
minimization of membrane desalination utilizing modern low-pressure highly
permeability reverse osmosis (RO) and nanofiltration (NF) membranes. These
membranes have enabled desalting operations at much lower pressures (Figure 1-4b) than
previously possible (Figure 1-4a), approaching the limit of thermodynamic equilibrium
(at the module exit) wherein the retentate osmotic pressure approaches the applied

pressure. Consequently, it is imperative to develop rigorous integrated process and



thermodynamic models for optimizing desalination with respect to various process
factors, such as feed water chemistry, operating conditions, membrane module properties,
brine disposal cost, and the use of energy recovery devices. This includes optimizations
of multi-stage and multi-pass membrane process configurations with respect to feed and
product water qualities, operating conditions and modes (e.g., mixing and recycling), and
water recovery levels. Ultimately, optimization models need to be incorporated into a
robust membrane desalination design and process control to be able to design smart
membrane desalination systems that are able to automatically adapt to changing feed
water characteristics by adjusting process conditions to ensure operation at the highest

efficiency.

Operating pressure AP

Osmotic pressure barrier Operating pressure AP

A . .
A Osmotic pressure barrier

Axial distance along the membrane channel Axial distance along the membrane channel

Figure 1-4. Schematics of the comparison of transmembrane pressure and
osmotic pressure for (a) past (left) and (b) modern (right) RO/NF
membranes.



1.3. Objectives of the dissertation

This dissertation has as its primary goal the development of a theoretical

framework for the optimization of reverse osmosis (RO) membrane desalination with

respect to energy consumption, in addition to membrane, brine management, and pump

costs. Within this framework, accomplishment of these broad goals is via optimization of

RO system performance with respect to a number of factors including feed water salinity,

operating conditions, membrane module area, RO module arrangement (e.g., single

versus multiple stages or passes), and the use of energy recovery devices. The major

objectives of the study are listed below.

1.

Develop an a-priori model to predict the optimum operating conditions of
RO desalting (e.g., pressure and water recovery), for given feed water
quality, with respect to minimization of energy consumption.

Evaluate the energy efficiency of RO operation using single-stage and
multiple-stage RO desalting, as well as multi passes when all of them
operated up to the limit of the thermodynamic restriction.

Develop an optimization-based operation policy to account for the
fluctuations of feed water properties (i.e., water quality and
physicochemical properties) to ensure that the RO process is optimally
operated.

Evaluate the energy cost effectiveness of different modes of RO feed,
concentrate and permeate mixing and recycling operations in both steady-

state and unsteady-state operation.
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1.4. Approach and structure of the dissertation

The stated objectives were accomplished using a multi-pronged approach
involving theoretical process analysis and an experimental investigation in support of the
theoretical analysis. Rigorous analysis was used for characterizing process conditions,
specifying process goals, and analyzing process performance. The premise of the present
analysis of the economics of RO operation is that the current generation of high
permeability RO membranes makes it feasible to carry out RO desalination up to the
thermodynamic restriction limit.

Following a brief literature review, Chapter 3 establishes the framework for
quantifying the energy consumption, membrane area requirements and brine disposal cost
for RO operation up to the thermodynamic limit. This chapter studies a single-stage RO
process and evaluates its various elements of water production cost (energy, membrane
area and permeability, brine management, and frictional pressure drop) from the
viewpoint of minimizing the overall cost of water production as well as considering the
thermodynamic cross-flow constraint, utilization of energy recovery devices, and
operational feed and permeate flow rate constraints.

Chapter 4 presents an analysis of the impact of increasing RO membrane
permeability on the reduction of water desalination cost for RO desalting brackish water
and seawater desalination operated up to the limit imposed by the thermodynamic
restriction. At this limit, the ratio of membrane to energy cost can be expressed as a
function of the water recovery level and a dimensionless cost parameter that accounts for

feed water salinity, as well as the purchase cost of electrical energy and membrane area.
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Chapter 5, following the results of Chapter 3 regarding the membrane module
arrangement and building upon Chapter 4, extends the analysis of the single-stage RO
process to a two-stage RO process to evaluate its cost effectiveness compared to a single-
stage RO process. Chapter 5 quantifies the SEC, specific membrane cost (SMC) and
specific pump cost (SPC) of both the single-stage and two-stage RO processes. A
comparison is then made regarding the economic effectiveness of a single and two-stage
RO processes as a function of feed salinity and product water recovery.

Chapter 6 presents a two-pass RO membrane configuration, based on the
methodology developed in Chapter 4. In Chapter 6, the energy optimization of the two-
pass membrane desalination process, at the limit imposed by the thermodynamic
restriction is compared with a single-pass membrane desalting operation at the equivalent
targeted overall salt rejection and permeate product recovery. The analysis also considers
the effect of pump and energy recovery efficiencies and membrane salt rejection.

Chapter 7 addresses a practical problem of energy-optimal process operation in
the presence of feed salinity fluctuation which is common in both seawater and brackish
water desalination. The presented analysis is directed at predicting the energy savings
that can be achieved with optimal process control relative to constant pressure operation.

Chapter 8 evaluates various approaches that have been proposed in the literature
to reduce RO energy consumption with various modes of mixing/recycling operations
between the feed, retentate and permeate streams to assess their potential effectiveness

for single-stage, two-pass and two-stage RO desalination processes.
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Chapter 9 develops a model to quantify the specific energy consumption (SEC)
for a reverse osmosis (RO) desalting process under cyclic operation, i.e., full recycling of
the retentate stream to mix with the fresh source water being fed into the RO module.
The normalized SEC for this cyclic operation, with respect to the water recovery, is
derived and compared with continuous single-stage and two-stage RO operation without
recycling, in terms of overall cost consisting of energy consumption and pumping cost.

Finally, Chapter 10 provided a refined numerical simulation to evaluate the
impact of concentration polarization and frictional pressure drop on the energy

consumption optimization.
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Chapter 2 Literature Review

2.1. Optimization progress for single-stage RO desalination

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 [9,11,38,40-47]. 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. Energy consumption is a major portion of the total
cost of water desalination and can reach as high as about 45% of the total permeate
production cost [27-29]. 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 optimize the RO
process dating back to the initial days of RO development in the early 1960's [8, 10, 25,
29, 39, 47-131].

Early research in the 1960's [65-67, 80] 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 [73, 114, 121, 132-136] and/or by

using more permeable membranes [23-26]. For example, studies have shown that specific
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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 [121]). The introduction of highly permeable membranes in the mid 1990's
with low salt passage [23] has generated considerable interest given their potential for
reducing the RO energy required to attain a given permeate [23-26].

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 [23-
26, 65-67, 73, 80, 114, 121, 132-136]. 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 minimal
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.
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2.2. Energy recovery devices

In RO desalination, the feed stream is separated into low salinity (permeate
stream) and high salinity (concentrate) stream. The concentrate stream is of high pressure
due to the nature of the reverse osmosis operation. In order to reduce energy consumption
per unit volume of permeate produced, energy recovery from the concentrate stream has
been implemented using a variety of energy recovery devices (ERDs). The effect of an
energy recovery device (ERD) on the SEC was first studied in the early 1960's [66, 67].
Avlonitis et al. [137] discussed four kinds of ERDs (i.e., Pelton wheel, Grundfos Pelton
wheel, Turbo charger and Pressure exchanger) and reported that the pressure exchanger
was the most efficient energy recovery device (>90%) and other types are usually less
than 90% [137]. More recently, Manth et al. [27] 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.
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Figure 2-1. Illustration of different energy recovery systems.

As a result of all the above technological improvements, the power consumption
in seawater desalination, for example, decreased over the years and is reaching a plateau
after 2004 (Figure 2-2). The minimum energy consumption is obtained from the

integration of the following equation when the change of n,, is infinitely small [138]:
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~d(AG,,)=~RTIna,dn, =7V .dn, (la)

where AG,  is the free energy of mixing, which is equal to the energy of separation in

magnitude but opposite in sign, R is the ideal gas constant, T is the absolute temperature,

ay 1s the activity of water, ny, is the number of moles of water, 7 is the osmotic pressure

of the seawater, and V. is the molar volume of water. The integration of the above
equation implies that the applied pressure is always equal to the osmotic pressure of
seawater as water recovery increases. As the salinity of seawater or desired water
recovery increases, so does the minimum energy required for desalination. For example,
the theoretical minimum energy of desalination for seawater at 35,000 parts per million
(ppm) salt and at a recovery of 50% is 1.06 kWh/m’ [20]. The actual energy
consumption, however, is greater because desalination plants do not operate as a
reversible thermodynamic process. Therefore, it is important to determine the various
options for reducing the energy consumption and other operational involved in RO

desalination which are the subject of the following sections.
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Figure 2-2. The change of power consumption in seawater reverse osmosis
desalination plants from 1970s to 2008.

2.3. Thermodynamic restriction

Wilf [23] and later Spiegler [138] and Lachish [139] proposed 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
[23, 140-142]. As illustrated in Figure 2-3, 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
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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 exit [140, 141].

Pressure

Axial distance along the membrane channel

Figure 2-3. Schematic illustration of the thermodynamic restriction for cross-flow
RO desalting.

For example, for typical low pressure RO membranes with permeability in the range of

L,=0.5-0.8% 10"°m’ / m* -5 - Pa (pressure operability in the range of 2067-4134 kPa or

300-600 psi), desalting of brackish water of salinity in the range of 1000-2000 mg/L total
dissolved solids (TDS) to water recovery level in the range of 50-75% would result in a
concentrate stream having osmotic pressure of 1034-4134 kPa (or 150-600 psi). Given
the high permeability of current brackish water membranes, it should be feasible to
operate the RO process, at the above recovery levels, with the feed pressure set at or close

to the exit brine osmotic pressure osmotic pressure, thereby enabling operation at the
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minimum level of energy consumption. It is also noted that recent seawater RO
desalination studies [143] by the Affordable Desalination Collaboration (ADC) reported

42.5% water recovery (at permeate flux of 2.83x10° m’/m’-s or 6 gfd) at feed-

pressure of 4654 kPa (675 psi) that was only 15% higher than the osmotic pressure of the
exit brine stream (4027 kPa or 584 psi).

Given that, with the present generation of high permeability RO membranes, it is
feasible to operate the RO process over a wide range of practical water recoveries to the
limit of the thermodynamic restriction, an important question arises as to the merit of
developing membranes with yet higher permeabilities than currently available. The total
energy cost for RO desalination is the product of the feed flow rate and the applied feed
pressure irrespective of the rate of permeate productivity. Therefore, to the extent that a
given assembly of high permeability membranes can provide the targeted overall
permeate flow rate (while operating up to the thermodynamic limit), for a given feed flow
rate (i.e., same recovery for a given feed flow rate), the energy cost would be independent
of the type (i.e., permeability) of membrane used in the process. It is emphasized that the
above statement would hold provided that, irrespective of the selected membrane, the RO
process can be operated up to the limit of the thermodynamic restriction. However, the
required membrane area, for a given feed flow rate at a selected target recovery, would
decrease with increasing membrane permeability. Therefore, one would argue that once
the capability for operating at the thermodynamic limit has been approached the benefit

of higher permeability membranes is to lower the membrane cost for the process
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(typically <10% of the overall water production cost relative to >30% for energy cost

[47]).

2.4. Membrane module arrangements

Simplified process models to optimize the structure of RO membrane desalination
plants have been proposed in the literature [90, 120, 125, 126, 129, 144-146]. 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 such configuration of
membrane modules is also optimal for ultra-low pressure RO modules [120]. 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 [145]. It has also been claimed
that the SEC decreases upon increasing the number of membrane elements in a vessel
[29].

In the mid 1990's researchers have suggested that a single-stage RO process
would be more energy efficient [147] than a two-stage system. However, it has been also
claimed that a two-stage RO process was more energy efficient than single-stage RO [8,
145]. 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.

There is another relatively new configuration for seawater desalting, two-pass desalting,
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which has not been extensively studied yet [58, 148, 149]. For example, Noronha et
al. [[148] proposed an approach to optimizing the partial recoveries (i.e., for each pass) in
a two-pass desalination process, without energy recovery for overall product water
recovery in the range of 50%-70%. The above study showed that an optimal solution,
with respect to the recoveries of each pass, can be obtained via a numerical algorithm, for
specific plant configuration and membranes, however, it did not provide a comparison of
energy consumption with a single-stage operation, but it was noted that energy
consumption is higher for a two-pass process. In a later study, Cardona et al. [58]
compared the SEC of a two-pass membrane desalination process, which they termed
“double-stage”, to a single-pass RO process, both without the use of an energy recovery
device. Based on a specific case study using standard process model calculations based
on bulk properties of the retentate stream, for a target salt rejection of 98.3% and 41.2%
water recovery, it was concluded that the two-pass process has a potential for energy
savings on the order of 13-15% for the specific case of less than 50% total water
recovery. A recent report [149] on extensive pilot studies of a two-pass seawater NF
desalination process by the Long Beach Water Department, suggested that the two-pass
process would require about 20% less energy, when operating at 42% product water
recovery, compared to a single pass RO membrane desalination process. The above two-
pass NF desalination study did not report the use of energy recovery devices and did not
present conclusive experimental data or theoretical reasoning for the claimed superiority

of the two-pass process. Moreover, the relatively limited comparisons provided in the
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literature have not addressed the limitations imposed by the thermodynamic crossflow

restriction on the minimum achievable specific energy consumption.

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
production [145, 147]. Such optimization studies have considered the costs associated
with feed intake (primarily for seawater) and pretreatment, high pressure pumps, energy
recovery system, and membrane replacement [147]. 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 [145]. 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 recovery devices.
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Table 2-1.

Contributions and shortcomings of important literatures.

Literature

Contributions

Shortcomings

[48]

Neural network model to predict
permeate flow rate based on feed
pressure, temperature and  salt
concentration. The network learned the
input-output mappings with accuracy
for interpolation cases, but not for
extrapolation.

Need extensive
experimental data to
enable prediction of
optimum operating
condition

[137]

Reduction in the specific energy
consumption for 4 different types of
energy recovery devices and concluded
that pressure exchangers are more
efficient than other ERDs to recover
the energy in the brine stream.

Optimization results were
not provided

[143]

Developed a software package for
Dow/FilmTec BW30-400 membrane to
predict the water recovery and salt
rejection for given feed flow rate and
pressure under different arrangement in
single-stage RO  brackish  water
desalination. The configuration that all
pressure vessels are arranged in parallel
was found to yield the best results in
terms of the production rate, product
quality and overall pressure drop across
the feed channel.

No optimization results
with respect to specific
energy consumption were
provided.

[56, 136]

Developed a software package to
predict the membrane performance of
single-stage seawater reverse 0sSmosis
(SWRO) plants and concluded that the
optimum water recovery for Dow
Filmtec SW30HR380  membrane
desalination is 45%.

Did not analyze the two-
stage configuration and
how that would affect the
SEC and overall cost of
seawater desalination.

[149]

Theoretically studied the effect of
membrane properties and operating
parameters on  specific  energy
consumption following the same idea
of quantifying the membrane cost and
energy consumption for RO operation
up to the thermodynamic restriction by
the author of this dissertation.

Adopt arithmetic average
for the feed-brine side
osmotic pressure. Did not
study the effect of adopting
log-mean average. Only
studied single-stage RO.

(8]

Analytically studied the energy
consumption optimization

It assumed that the salt is
fully mixed in each cross
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mathematically from differential mass
balance and Darcy’s law assuming
100% salt rejection for single-stage and
two-stage from pure mathematic point
of view. It concluded that pushing an
RO system to the thermodynamic
restriction will reduce the SEC and that
the optimum water recovery is 50% for
single-stage and two-stage is more
energy efficient than a single-stage RO.

section along the flow
channel, and therefore did
not take into account of
concentration polarization.

[39]

Based on the same approach in [8], the
SEC was extended to multi-stages and
studied the optimum number of stages
in reverse osmosis and concluded that
3-5 stages will be optimal.

It assumed that the salt is
fully mixed in each cross
section along the flow
channel.

[9]

Experimental study using Dow Filmtec
XLE-2540  brackish  water RO
membrane and desalting between 30
and 80% water recovery implicitly
indicated that the optimal water
recovery for brackish water
desalination to be 50%.

No ultimate conclusion
regarding the  optimal
energy consumption s
made. It is only a small
pilot system and no ERD is
used

[66]

One of the first papers addressed the
optimization of single-stage RO
processes by computer simulations.
Used boundary layer flow and
concentration empirical parameterized
model to relate water production rate to
the operating conditions, Reynolds
number, and membrane area. Model
showed that the optimization of the
energy consumption with respect to
several given feed flow rates.

It did not optimize the
specific energy
consumption with respect
to the permeate flow rate.

[67]

Following the same boundary layer
flow and concentration empirical
parameterized model in [66], three-
stage RO desalination optimization was
conducted with and without flow-work
exchanger and  concluded  that
arrangement of RO modules needed to
be investigated further and flow-work
exchanger should receive serious
consideration.

Membrane replacement
cost difference due to the
different operation
conditions was not
included.

[80]

Developed a mathematic model, based

It did not optimize the
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on empirical correlation for average
mass transfer  coefficient  and
membrane property (water permeability
and salt permeability) dependence on
fabricating temperature, to quantify the
concentration polarization, of a system
similar to the Coalinga Pilot Plant to
maximize the product flux and
determine the optimal arrangement of
membrane assemblies with respect to
fabrication  temperature. It  was
concluded that the first-stage RO
membrane should have higher water
permeability than the second-stage if
each stage has the same membrane
area.

specific energy
consumption for the
system, it only optimize the
product flux instead, which
will not guarantee minimal
specific energy
consumption.

[10]

Compared the life cycle of different
desalination  technologies:  thermal
desalination (multi-stage flash and
multi-effect  evaporation),  reverse
0Smosis and concluded that
desalination based on RO provokes
significantly lower environmental load
than thermal desalination.

N/A

[11]

Utilized response surface methodology
(RSM) to predict the salt rejection
coefficient, specific permeate flux and
RO energy consumption. The optimum
operating conditions of minimal
specific energy consumption was
determined using the step adjusting
gradient method.

The model requires
experimental data to be
trained for each new
system and unsuitable for
extrapolation and process
design.

[13]

An exponential function, simulating the
decline in the water permeability
coefficient was introduced in a mixed-
integer nonlinear programming
(MINLP) to minimize the total
annualized cost while optimizing the
design and operation of the RO
network. The results show that the
fouling distribution between stages
significantly affects the optimal design
and operation of the RO process.

The study did not involve
detailed dynamic modeling
of membrane fouling. The
mass transfer coefficient
(used to quantify
concentration polarization)
was assumed to be
independent of position
along the membrane.

[135]

Differential mass balance approach is

Maximization of water

28



combined with permeate flux equation
and concentration polarization
simulated by the film model. It is
concluded that wusing a pressure
exchanger device, it is possible to
reduce energy consumption by up to
50%.

recovery was evaluated;
however, it is noted that the

minimum energy
consumption is not
necessarily at the

maximum recovery.

[14]

A comprehensive review was presented
of the main innovations and future
trends in the design of seawater reverse
osmosis desalination technology. It
argues for desalination with renewable
energy sources as an attractive
combination in many regions with the
possibility of reducing stress on
existing water supplies.

N/A

[15]

Response surface methodology (RSM)
and artificial neural networks (ANN)
have been used to develop predictive
models for simulation and optimization
of reverse osmosis (RO) desalination
process based on short-term
experimental pilot plant data. The
developed ANN model was valid over
the whole range of feed salt
concentration demonstrating its ability
to overcome the limitation of the
quadratic polynomial model obtained
by RSM and to solve non-linear
problems.

The model requires
experimental data to be
trained for each new
system and unsuitable for
extrapolation and process
design.

[16, 17]

The optimum design problem was
formulated as a mixed-integer non-
linear programming (MINLP) problem,
which minimizes the total annualized
cost. The mathematical programming
problem was solved with the general
algebraic modeling system (GAMS)
software to determine the optimal
operational parameters. The optimal
cleaning and membrane replacement
schedule were predicted for a given
fouling dynamics: water and salt
permeability profile vs. operation time.

Oversimplified the fouling
mechanism.
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[7]

RO operation optimizing energy
consumption for seawater desalination
was sought subject to hourly electricity
price changes using standard global
optimization tools. The results show
significant electricity and production
cost-saving potentials.

Oversimplified the
concentration polarization
effect using the empirical
equation

Conen/Cretentate= exp (0 7Y) It
needs to compare with the
mass transfer coefficient
approach.

[19]

Approach to minimize the energy
consumption in seawater desalination
in the presence of membrane fouling,
which was quantified by reduced
membrane area available for permeate
production. Depending on the fouling
mechanism, boron rejection may be
different even at the same fouling level.

The mass transfer
coefficient to calculate CP
via the film model was
assumed constant along the
flow channel. Also, the
arithmetic average was
used for the feed-brine side
osmotic pressure

[5]

Quadratic correlation was used to
compute the osmotic pressure as a
function of temperature. Other aspects
of the simulation are the same as [16]
and [17]. It simulated the water
recovery and permeate concentration
for desalting using FilmTec SW30HR-
380 spiral-wound membrane module
for different values of feed flow rate,
feed pressure and channel length.

Mass transfer coefficient
used to estimate the level
of concentration
polarization, via the film
model was taken to be
invariant of axial position
along the membrane. The
simulated water recovery
(<10%) is too low even for
seawater desalination.

[6]

Developed a model based on first
principle differential mass balance
taking account of the concentration
polarization, which is quantified by the
film model assuming constant mass
transfer coefficient. It predicted the
local permeate flux and concentration.

A mass transfer coefficient
for turbulent conditions
was used and the pressure
drop was not considered.

2.5. Summary

The economic feasibility of membrane desalination is highly dependent on
operational costs (with energy cost being the highest). Therefore, minimization of these

costs is a critical step in the RO design process. In this regard, current high permeability
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RO membranes have enabled desalting operations at much lower pressures than
previously possible, approaching the limit of thermodynamic restriction wherein the
retentate osmotic pressure approaches the applied pressure. Consequently, it is imperative
to develop rigorous integrated process and thermodynamic models for optimizing RO
desalination with respect to various process factors, such as feed water chemistry,
operating conditions, membrane module properties, brine disposal cost, and the use of
energy recovery devices. This includes optimizations of multi-stage and multi-pass
membrane process configurations with respect to feed and product water qualities,
operating conditions, and water recovery levels. Ultimately, these optimization models
need to be incorporated into a robust membrane desalination control system to be able to
design smart membrane desalination systems that are able to automatically adapt to feed
water fluctuations by adjusting process conditions to ensure operation at the highest

efficiency.

31



Chapter 3  Single-stage RO Optimization

3.1. Overview

Advances in highly permeable reverse osmosis (RO) membranes have enabled
desalting operation in which it is practically feasible for the applied pressure to approach
the osmotic pressure of the exit brine stream (Figure 3-1). Reduction of the overall cost of
water production represents a major challenge and in the present work various elements
of water production cost are evaluated from the viewpoint of optimization with respect to
various costs (energy, membrane area and permeability, brine management, and pressure
drop), as well as the important thermodynamic cross-flow constraint, utilization of energy
recovery devices, and operational feed and permeate flow rate constraints. More
specifically, in this chapter an approach to optimization of product water recovery at
pressures that approach the osmotic pressure of the exit brine stream is presented via a

number of simple RO process models which utilize highly permeable membranes.
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Figure 3-1. Schematic illustration of the thermodynamic restriction for cross-flow
RO desalting.

3.2. Single-stage RO modeling

In order to illustrate the approach to energy cost optimization it is instructive to
consider a membrane RO process without the deployment of an energy recovery device
(ERD) as shown schematically in Figure 3-2.

P F QB. CR

P Qg Cr .TBrine
Feed

PO. CF
Raw

Permeate
PO. QP_. CP

Figure 3-2.  Schematic of a simplified RO system.
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The energy cost associated with RO desalination is presented in the present analysis as
the specific energy consumption (SEC) defined as the electrical energy needed to produce
a cubic meter of permeate. Pump efficiency can be included in the following analysis in a
straightforward fashion as presented later in Section 3.5.2. As a first step, however, in
order to simplify the presentation of the approach, the required electrical energy is taken
to be equal to the pump work, (i.e., assuming a pump efficiency of 100%). Accordingly,
the SEC for the plant shown in Figure 3-2 is given by:
/4

SEC=$ 3.1

P

where Qp is the permeate flow rate and prrp is the rate of work done by the pump,

given by:

W = APX O, (32)
in which

AP=F,—~F (3.3)

where E is the water pressure at the entrance of the membrane module, B) is the
pressure of the raw water which is assumed (for simplicity) to be the same as the
permeate pressure, and Q is the volumetric feed flow rate. In order to simplify the

analysis, we initially assume that the impact of the pressure drop (within the RO module)
on locating the minimum SEC is negligible; this issue is addressed further in
Section 3.5.1. It is acknowledged that, fouling and scaling will impact the selection of

practical RO process operating conditions and feed pretreatment. The permeate product
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water recovery for the RO process, Y, is an important measure of the process

productivity, defined as:

Y :% 3.4)
9
and combining Egs. (3.1), (3.2) and (3.4), the SEC can be rewritten as follows:
sEc = AP (3.5)
Y

The permeate flow rate can be approximated by the classical reverse osmosis flux

equation [150]:

Q,=4,L (AP-cAr)=4,L (NDP) (3.6)

where A, is the active membrane area, Lp is the membrane hydraulic permeability, O is

the reflection coefficient (typically assumed to be about unity for high rejection RO
membranes and in this study oc=1), AP is the transmembrane pressure, A z is the
average osmotic pressure difference between the retentate and permeate stream along the
membrane module, and (AP—GA_JZ') is the average trans-membrane net driving pressure
designated as npp . i18nln many cases the osmotic pressure can be assumed to vary

linearly with concentration (i.e., 7= fmC where fm is the osmotic pressure coefficient

and C 1is the solution salt concentration [150]. In order to evaluate the above
approximation, a series of osmotic pressure calculations were carried out for aqueous
sodium chloride solutions using the OLI thermodynamic simulator [151]. The results
shown in Figure 3-3 indicate a high degree of linearity (the R’ is 0.9988) of osmotic

pressure with salt concentration up to 70,000 mg/L. The average osmotic pressure

35



difference (up to the desired level of product water recovery), A » , along the membrane
channel can be approximated as either an arithmetic or log-mean average along the

membrane [152]:

(3.7a)

AT;:fosCf (1+ ! j (3.7b)
1-Y

where (} is the salt concentration of the feed to the membrane module. The effect of

different osmotic pressure averaging is discussed in Section.3.4.3.

Figure 3-3. Osmotic pressure vs. NaCl concentration (OLI simulation at 25°C).

The osmotic pressures at the entrance and the exit of the membrane module, relative to

the permeate stream, are approximated by:
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A e = Jos Gy =78, (3.8)

A7, = 1,C —, (3.9)

where C, is the salt concentration of the exit brine (i.e., concentrate) stream and is the

permeate osmotic pressure ( 7, =f, C, , C, is the permeate concentration). For

sufficiently high rejection level, the osmotic pressure of the permeate stream can be taken

to be negligible relative to the feed or concentrate streams and C. can be approximated
by:

c- Y

o 3.10
v (3.10)

Combining Egs. (3.8), (3.9) and (3.10), the osmotic pressure difference between the

retentate and permeate stream at the exit of the module can be expressed as:

Ax =R (3.11)
exit 1 _ Y

where 74, = fmc} is the feed osmotic pressure and R is the salt rejection (R=1-—%).
A

Equation (3.11) is a simple relationship that illustrates that the well-known inherent
difficulty in reaching high recovery in RO desalting is due to the rapid rise in osmotic

pressure with increased recovery.

3.2.2. Thermodynamic restriction of cross-flow RO operation
In the process of RO desalting, an external pressure is applied to overcome the osmotic

pressure, and pure water is recovered from the feed solution through the use of a
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semipermeable membrane. Assuming that the permeate pressure is the same as the raw
water pressure, Iy, the applied pressure (AP ) needed to obtain a water recovery of Y

should be no less than the osmotic pressure difference at the exit region [23, 140, 141]
(See Figure 3-1), which is given by Eq. (3.11). Therefore, in order to ensure permeate
productivity along the entire RO module (or stage), the following lower bound is imposed

on the applied pressure:

— Rﬂ-O

AP 2 ATy =

(3.12)

Equation (3.12) the so-called thermodynamic restriction of cross-flow RO [140-142] and
herein referred to as the “thermodynamic restriction”. The equality on the right-hand-side
of Eq. (3.12) is the condition at the “limit of thermodynamic restriction” at the exit of the
membrane module and is attained at the limit of infinite membrane permeability for a
finite membrane area. It is particularly important from a practical point of view when a
highly-permeable membrane is used for water desalination at low pressures. It is
emphasized that the constraint of Eq. (3.12) arises when one wants to ensure that the

entire membrane area is utilized for permeate production.

3.2.3. Computation of Qp close to the thermodynamic limit
Referring to the computation of the NpP =AP-A7 , and in turn the water
production rate Qp, for operation near the limit of the “thermodynamic restriction”, it is

noted that given the approximation of Az as given in Egs. 3.7a and 3.7b, the following
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approximation is used for the NDP, where salt rejection is assumed to be 100% (Eq. (3.6

as derived based on the logarithmic and arithmetic osmotic pressure averaging,)):

1
L ln{1 Y}
NDP="0 _n L=

3.13
1-Y Y (3.132)

NDP:i—@[HL} (3.13b)
-y 2| 1-v

The above expressions are reasonable approximations when the RO process is allowed to
approach the pressure limit imposed by the thermodynamic restriction (Eq. (3.12)). It is
noted that operation approaching this limit is possible only when highly permeable
membranes are used in an RO process. To demonstrate this point, a differential mass
balance of the salt across the membrane, employing the logarithmic osmotic pressure

average, yields the following expression for the npp :

NDP—AP—A7= 2o _ 1 AIP_( P (3.14)
AL, 1 T 2, o
APY' ' 1-Y—(z,/AP)

where ¥ denotes the actual water recovery when the applied pressure is AP .. For

operation at the limit of thermodynamic restriction (i.e., AP=1, /(1=Y)), it is clear

from Eq. (3.14) that a highly permeable membrane (i.e., high L,) and/or large surface

area would be required. Given that the present analysis focuses on RO desalting made
possible by highly permeable membranes, instead of using the pressure implicit NDP
expression (Eq. (3.14)), it is reasonable to utilize, without loss of generality of the overall
approach, the log-mean average (Eq. (3.13)). The implication of using different averaging

approaches for the computation of A » is discussed in Section 3.3.
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3.3. Optimization for RO Operation at the Limit of Thermodynamic
Restriction

The basic equations for the RO process presented in Section 3.2 form the basis for
deriving the basic relationship between the minimum SEC for a single-stage RO process
(without and with an ERD) with respect to the level of product water recovery. The
derivation is similar to that of Uri Lachish [31]. It is presented here for completeness
because the theoretically minimum SEC, for different water recoveries, is used as the
constraint on the set of energy-optimal and feasible operating points as discussed in
Section 3.4. The impacts of ERD, brine disposal cost, and membrane permeability on the
optimal water recovery are then considered as well as the possible energy savings when

using a two-stage RO process, relative to the increased membrane area requirement.

3.3.1. Energy Cost Optimization for a Single-stage RO without an Energy
Recovery Device
The specific energy consumption (SEC) for the RO desalting process can be

derived by combining Eqgs. (3.1)—( 3.4) and (3.12), to obtain:

EC> KA
ra-x)

(3.15)
where SEC is in pressure units. It is convenient to normalize the SEC, at the limit of
thermodynamic restriction (i.e., operation up to the point in which the applied pressure

equals the osmotic pressure difference between the concentrate and permeate at the exit

of the membrane module), with respect to the feed osmotic pressure such that:
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SE QI‘ norm SEQV = Rf
’ m,  Y(1-Y)

(3.16)

and this dependence is plotted in Figure 3-4, showing that there is a global minimum. In

order to obtain the analytical global minimum SE wnom » With respect to the water

recovery, one can set d(SEC,, )/ (dY)=0 from which it can be shown that the

OV,

minimum SEC,

rnom OCCUrs at a fractional recovery of Y=0.5 (or 50% ) where
(SEC,,,,W)W, =4 (i.e., four times the feed osmotic pressure). The above condition, i.e.,

(SEC,,,,,,O,,,,)W, =4 at Y=0.5, represents the global minimum SEC (represented by the

equality in Eq. 3.15). In order to achieve this global minimum energy consumption, the

RO process should be operated at a water recovery of 50% with an applied pressure

equivalent to 27, (i.e., double that the feed osmotic pressure).
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Figure 3-4.  Variation of the normalized SEC with water recovery for a single-
stage RO at the limit of the thermodynamic restriction.

As an example of the implications of the above analysis it is instructive to
consider a single-stage seawater RO plant with the following feed salinity of

35,000mg/L  (and thus 7z, =25atrm ) and membrane permeability of
Lp=10711m3/ m’-s-Pa (which is high with respect to commercially available

membranes). In this case, the global minimum energy cost is 47, =2.8kWh/m’. The

average permeate flux for single-stage seawater desalination, at the above optimal

condition, can be computed from Eq. (3.6) as follows:

(FLUX), = % =L, x((AP),,, —In(

opt

YRy _0.6137x 7, x L =13.5GFD
1—Y »

m opt opt
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where GFD denotes the permeate flow rate in gallons/ fi*-day, Y,=05, and

(AP),,, =2R 7, . The permeate flow can be determined once the membrane area is

established and the optimum feed flow rate can be calculated using Eq. (3.4). At the
globally energy-optimal operating point, the applied pressure and feed flow rate which

are input process variables and hence the output variables (brine and product flow rate)
are fixed for an RO plant with given 4 and Lp. It is noted that, the above analysis is

specific to a single-stage RO plant. Cost reduction that can be achieved by adopting

multiple stage process configurations is discussed in the following chapter.

3.3.2. Impact of brine management cost on the thermodynamic restriction and the

minimum SEC

Management of the RO concentrate (i.e., brine) stream can add to the overall cost
of water production by RO desalting and in fact alter optimal energy cost and associated
product water recovery. As an example of the possible influence of brine management
(including disposal) on RO water product cost we assume a simple linear variation of the
cost of brine management with the retentate stream. Accordingly, the specific brine
management cost (SBC) per unit volume of produced permeate, normalized with respect
to the feed osmotic pressure, is given by:

b 1-

SBC,,, =% _ —XTY (3.17)

op o
where b is the concentrate (brine) management cost expressed on energy equivalent units

per concentrate volume ( Pa-m’ / m’). Inspection of Eq. (3.17) suggests that a convenient
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dimensionless brine management cost can be defined as, b, =b/7,, where 7, is the
osmotic pressure of the feed water for salinity range of about 1,000 —35,000mg / L total
dissolved solids, b=b,/3/ ¢ in which b, is the concentrate management cost in units of
$/m’ in the range of 0—20cents/m’ and the & and S are the energy price
0.05—0.158/ kWh and energy conversion factor, (3.6*10° Pa-n7 / kWh), respectively. Given
the above, one can ascertain that 5, is in the range of 0-100.

The combined normalized energy (Eq.(3.15)) and brine management costs

(Eq. (3.17)) for a single-stage RO process is given by:

SEC +SBC = ! +b,.. x(l;Y) (3.18)
Y(1-Y) Y

In which the equality in Eq. (3.18) signifies the cost when the pressure at the exit region
equals the osmotic pressure of the concentrate stream As shown in Figure 3-5, the
recovery level at the optimal (i.e., minimum) cost increases with increased brine
management cost. In other words, the higher the brine management cost, for a given

membrane cost, the greater the incentive for operating at a higher recovery level. The
optimal product water recovery, Yop,, can be obtained by differentiating Eq. (3.18) with

respect to ¥ and setting the resulting expression to zero, resulting in the following

expression:

1+bn0rm
y =Y _nom
T (3.19)
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indicating that the optimal recovery, for a given membrane area, will increase with the

concentrate management cost (see Figure 3-5), reducing to Y =05 for the case of a

vanishing brine management cost.
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Figure 3-5. Variation of the summation of energy and brine management costs

with product water recovery for a single-stage RO.

3.4. Optimization for RO operation above the limit imposed by the
thermodynamic restriction

For a given RO plant, process conditions that would enable desalting at the global
minimum energy utilization condition are fixed (see Section 3.2). However, the desired

level of productivity or feed processing capacity may force deviation from the globally
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optimal operation. Therefore, for an energy-optimal operating condition, product water
recovery may have to be shifted to ensure optimal operation. Accordingly there is merit
in exploring the SEC optimization, as constrained by the normalized feed or permeate
flow rates, and the implications of the thermodynamic restriction of Eq. (3.12) on this

optimization.

3.4.1. Optimization at a constrained permeate flow rate

For a given plant, when the desired level of permeate productivity cannot be
accommodated by operating at global optimum, the permeate flow rate is a constraint that
shifts the optimal water recovery (and thus, the corresponding feed flow rate). In this

case, it is convenient to define a normalized permeate flow rate as follows:

Qpom = O _AP-Ar _AP Az (3.20)
AmLpﬂ0 T, T, 7,

where the first term on the right-hand-side of Eq. (3.20)is Y-SEC, Y-SEC  and the

norm norm

second term can be expanded using Eq. (3.7) and thus the SEC, = can be expressed as:

norm

sgc - SEC_Qpwm  InGy)
norm 72_0 Y Y2

(3.21)

where SEC

wom 18 @ function of the water recovery and the normalized permeate flow

rate. As shown in Figure 3-6, the minimum SEC,  shifts to higher water recoveries and

higher (SEC,, )., as plant productivity is pushed beyond the globally energy-optimal

operating point, which has a water recovery of 50% .
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Figure 3-6. Dependence of the normalized SEC (without ERD) on water recovery
at different normalized permeate flow rates for single-stage RO.

It is important to recognize that RO operation below the symmetric curve imposed

by the thermodynamic restriction is not realizable. In fact, the lowest practically

realizable SEC  values (i.e., the minima above the thermodynamic restriction or the
points of intersection with this curve) for each Qp,,w,m are plotted in Figure 3-7 (a) with

the corresponding optimal water recovery dependence on Qp,,,o,m shown in Figure 3-7

(b).
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Figure 3-7. Normalized minimum SEC vs. normalized permeate flow rate; b)
Dependence of the optimum water recovery on the normalized
permeate flow rate.

The additional cost associated with brine management can be included by adding its

associated normalized cost (Eq. (3.17)) to the SEC,  (Eq. (3.21)) resulting in:

1
ln{ }
SEC _ +SBC =Q”’"“”"+ 1= +b ><ﬂ (3.22)

norm norm 2 norm
Y Y Y

where by, 1s the brine disposal penalty factor. The additional brine management cost
shifts the optimal recovery, for a given b, , to higher water recovery values while
raising the achievable minimum energy operating condition (Figure 3-8). Here it is also
emphasized that, RO operation where the combined cost of SEC, +SBC, is in the

region below the curve representing the thermodynamic restriction (Figure 3-8) is not
realizable. Thus, the lowest combined energy and brine management costs that can be
achieved are either the minima in the region above the thermodynamic cross-flow
restriction curve or at the intersection of this curve with the thermodynamic restriction

curve.
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Figure 3-8.  Variation of summation of normalized energy cost without ERD and
brine management cost vs. water recovery at different normalized
permeate flow rates with brine disposal penalty factor equal to one.

3.4.2. Optimization at a constrained feed flow rate

The feed flow rate may be constrained (e.g., due to restrictions on the available
water source) for an RO plant. Therefore, the optimization objective is to determine the
optimal water recovery and corresponding permeate flow rate under this constraint that

would result in a minimal specific energy consumption. In a typical operation, the

permeate flux can be expressed as Qp /A, L » = AP—A7 and since Qp =QfY one can

express Q,, in a normalized form as:
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O, AP-Az AP Az
AL 7, Yr, Yr, Yr,

m™~p

(3.23)

Qf,norm =

in which the first term on the right-hand-side of Eq. (3.23) is SEC,

norm

(see Eq. (3.5)) that
can thus be expressed as:

SEC = % = Qf,norm +
T

norm
0

In(ly)
YZ

(3.24)

in which use was made of Eq. (3.7) as in the derivation of Eq. (3.24) and

Qf,norm = p,,mn/ Y. As a reference, the SEC

norm

curve for operation at the limit of the

thermodynamic restriction is also shown in Figure 3-9. Operation below the above curve

(i.e., the thermodynamic restriction) is not realizable. Therefore, the locus of the lowest

permissible SEC

norm

is given by the minima that exist above the thermodynamic

restriction curve and the intersections of this curve with the individual SEC

norm CUTVES

with the resulting plot shown in Figure 3-10. The minimum SEC, _ with respect to

Qf,m,rm is obtained from Figure 3-9 and plotted in Figure 3-10 (a). Figure 3-10 (b)
presents the corresponding optimal water recovery at each normalized feed flow rate.

Accordingly, if Qf,,w,m >2.4  the optimal water recovery is 71.53%, which is determined

by solving ASEC, )/0Y=0 with respect to Eq.(3.24) independently of the

thermodynamic restriction.
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Figure 3-9. Dependence of SEC, _ on water recovery for different normalized

norm

feed flow rates for a single-stage RO without an ERD.

Finally, it is important to note that the curves of different Qf,m,,m in Figure 3-9
can be interpreted as curves of different membrane permeability, Lp, for a fixed Q, Am
and 7, (see Eq.(3.23)); in such an interpretation, we can see that as Lp increases (

Qf’m,,m decreases), the SEC decreases but the benefit is limited at high recoveries owing
to the effect of the thermodynamic restriction. Similar behavior is observed for different

Qp,,,o,.m values in Figure 3-7.
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Figure 3-10. a) Normalized minimum SEC vs. normalized feed flow rate; b)

Optimum water recovery at each normalized feed flow rate.

The optimal condition for operation subject to the feed flow constraint, when considering
the additional cost of brine management, can be obtained from the sum of the normalized
energy cost (Eq. (3.24)) and brine management cost (Eq. (3.24)) as follows:

1

SECnorm + SBCnarm = Qf,norm + lng,l_Y) + brmrm x 1_YY (325)

As shown in Figure 3-11 (for the example of b, =1), the minimum (or optimal) cost

shifts to higher recoveries.
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Figure 3-11. Variation of summation of normalized energy cost without ERD and
brine management cost vs. water recovery at different normalized
feed flow rates with brine disposal penalty factor equal to one.

The optimal recovery (i.e., at the point of minimum cost considering the brine

management cost) is obtained from solving ASEC  +SBC  )/0Y =0, leading to

J2(+b,,.) \ 2(0+5,,.,)
Y, = Y, = — (3.26)
1+,/2(1+bn0,m) 1+2(1+b,,,)

Eq. (3.26) reveals that when the brine management cost is neglected (i.e., b =0),

norm

Y;pt =71.53% . However, the inclusion of brine disposal cost shifts the optimal water

recovery to higher values. It is important to recognize that the operating points for which
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the combined cost, SEC,, +SBC . falls below the value dictated by the thermodynamic

norm *

restriction are not realizable.

3.4.3. Effect of osmotic pressure averaging on SEC
The averaging of the osmotic pressure can have a quantitative effect on the
identified optimal operating conditions, although the overall analysis approach used and

the trends presented in the present work should remain independent of the averaging

method. For example, if the arithmetic osmotic pressure average, A7 =2(f, C, +f C)),

is used instead of the log-mean average (Eq. (3.7)), the SECW’,,O,m for the thermodynamic

restriction remains the same as shown previously; however, there can be a shift in the
optimum conditions as shown in Figure 3-12 for the case of SEC optimization subject to
a feed flow constraint. This example shows that at low water recoveries, ¥ <0.4, the log-
mean and arithmetic osmotic pressure averages yield similar results, while at high water
recoveries, the use of the log-mean average results in lower (SEC, ),. than the

arithmetic average because the former predicts a greater average net driving pressure, and

thus, a higher permeate flow for a given applied pressure.
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Figure 3-12. Normalized SEC vs. water recovery at different normalized feed flow
rates: without ERD. The results for the arithmetic and log-mean
average osmotic pressures are depicted by the dashed and solid
curves, respectively.

3.5. Considerations of pressure drop and pump efficiency

3.5.1. Effect of pressure drop within the RO membrane module
The pressure drop in RO modules is typically small compared to the total applied

pressure and its contribution to the required total applied pressure can be assessed by a
simple order of magnitude analysis. Accounting for the frictional pressure drop, Aljz , the

permeate flow rate is given by [90]:
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Al f
Q,=4,L,(AP-Ax N ) (3.27)
Thus, the applied pressure AP is given by:

— AP —

where the average net driving pressure NpPp = AQP , and Af} can be estimated

mbtp
from [153]:
1 —, 24 648 Re 2Re, x_ . x
AP, = (— - - )1 - )= 3.29
=GP G35 kN T R W (3:29)

where p is the solution density, X is the axial length, % is the half height of the channel,

9 Or*0s 2

—_— . . . . _: — 1 — Qp
« is the average axial velocity given as u 57 2hW( 5 ) i (Y 1)

(where W is the channel width and Y is the fractional water recovery), Re is the axial
Reynolds number (Re=4mup/ 11, where p is the solution viscosity), and Re, is the

permeate Reynolds number (defined as Re, =hv, p/ pt, where v, is the permeate flow

velocity). Inspection of Eq. (3.29) shows that:

24 x

|
AP, < (= (= 3.30
_/<(2pu )(Re)(h) (3.30)
and can be rearranged as follows:
AP, 3ux’L (2-1
o oM »F =D (3.31)

NDP 2h°
where the definitions of , and Re are used. Thus, the ratio of the frictional pressure loss

relative to the applied pressure can be estimated as follows:
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2 2
AP, < AP <3'“x L,(#-D
AP  NDP 20

(3.32)

A reasonable order of magnitude assessment of the various terms in Eq. (3.32) reveals

that 7 ~0.001-0.01m , #~0.001-0.005Pa.s, L, ~107™' =10""m-s™" - Pa”', and x~0.1-1m .

For practical range of product water recovery of ¥ =0.3—0.95, the right-hand-side of
equation Eq. (3.32) is at most of the order of 107" —107*. Therefore, one can conclude
that the effect of frictional pressure drop on determining the optimal operating condition
would be small but can be readily incorporated into the present formalism.

Given the above order of magnitude analysis of frictional losses, one can assess
the relative importance of the various pressure terms (Eq. (3.28)) as a function of product
water recovery. Accordingly, the fractional contribution of the different pressure terms on
the right-hand-side of Eq. (3.28) can be assessed as illustrated in Figure 3-13, for a
specific set of process conditions (at the limit of thermodynamic restriction, i.e., the
applied pressure equals the osmotic pressure difference at the exit region of the RO

membrane).
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Figure 3-13. Fractional contribution of the average npp , osmotic pressure and
frictional pressure losses to the total applied pressure (Calculated for
RO operation at the limit of the thermodynamic restriction. The log-
mean average of osmotic pressure was utilized, with 2=0.001m

#=0.001Pa-s, L, =10"m-s"-Pa”,and x=1m. 7. =f,C. is the local

Fractional pressure contribution

CJO

osmotic pressure of the retentate and C. is the local retentate
concentration.).

It is clear that the frictional losses are small (<1% of the total required pressure),
the average osmotic pressure increases with recovery, while the required net driving
pressure (NDP ) decreases with increased recovery. It is important to note that, as the
required NDP increases (e.g., due to decreasing membrane permeability), the fractional

contribution of osmotic pressure to the total applied pressure will decrease. As the NDP
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decreases, there is less incentive for improving membrane permeability since the cost for
overcoming the osmotic pressure begins to dominate the energy cost. Conversely, a
process that is found to operate at a high npp will have a greater benefit from

employing membranes of higher permeability.

3.5.2. Effect of pump efficiency on SEC
Pump efficiency can be easily included in the present analysis approach of the
optimal SEC, as shown in this section, for the single-stage RO (Figure 3-2). Specifically,

the normalized specific energy consumption at the limit of thermodynamic restriction

accounting for pump efficiency, SEC,,’MW(UW) , can be expressed as:

 SEC, (1, =) 1

SEC, = =
ﬂOﬂpump Y(l - Y)npump

tr,norm 77 pump )

(3.33)

where 177, 1s the pump efficiency which takes values in the interval (0,1]. For this
case, the optimal water recovery remains at YOP, =502%, and the corresponding normalized
minimum SEC is 4/ 1 simp -
3.5.3. Effect of energy recovery device on SEC for a single-stage RO process

In order to reduce the required energy for RO desalination, energy can be

extracted from the high pressure retentate (or brine) stream using a variety of energy

recovery schemes. A simple schematic representation of energy recovery is shown in

Figure 3-14 for a simplified model RO process. P and Pp are the brine discharge and

permeate pressure, respectively, which are assumed here to be equal to £} .
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Figure 3-14. Simplified RO system with an energy recovery device (ERD).

The rate of work done by the pump on the raw water, at the presence of an ERD,

is given by:
W iy =APX(Q, =170, (3.34)

where APQ, is the maximum energy one can recover from the brine stream,

AP Z}} —B,, O, is the brine flow rate, and n, is the energy recovery efficiency of the

ERD that refers to the ability of the ERD to recover pressure energy from the brine

stream. Thus, the specific energy consumption for RO desalting, in the presence of an
ERD, SEC™(Y,AP,1)), is given by:

APQ, -nQ,) _AP(1-n(1-Y))

SEC™(Y,AP,n) =

(3.35)
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The thermodynamic restriction for the single-stage RO process, in which an ERD

is used, can be obtained by substituting Eq. (3.12) to Eq. (3.35). Accordingly, the

normalized SEC for this configuration (Figure 3-14), SE tiilo),m , 1s given by:
SEC,"™ (1-n(1-Y
SECERD — tr — ( 77( )) (3.36)

tr,norm 71'0 Y(l _ Y)
Eq. (3.36) represents the equilibrium state for the exit brine stream (i.e., at the exit of the

membrane module), which yields the minimum energy cost that can be achieved for a

given recovery when using an ERD.

10 - - - ‘ /

'S

ERD
SECtr /11:0

o/

= T s 100%

% 02 04 06 08 1

Fractional water recovery, Y

Figure 3-15. Variation of the normalized SEC with fractional product water

recovery using an ERD in a single-stage RO (note: "/ represents the
ERD efficiency).
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The global minimum SEC (i.e., based on Eq. (3.36)), with respect to recovery, can

ERD

be derived by setting (O(SEC,.,,,,))/(0Y)=0 and solving to obtain Y, = 1=1p

= “1_,—77 and (SEC, . ) =(1+41-1)*. Clearly, as the fractional ERD efficiency

opt 1+ 1_’7 tr,norm

(i.e., i) increases, Yopt decreases (Figure 3-15), suggesting that with increased ERD

efficiency, a lower water recovery operation would be most optimal to minimizing the
SEC. Indeed, it is known in the practice of RO desalting that, a higher benefit of energy
recovery is attained when operating at lower recoveries. Comparison with the case of a
single-stage RO without an ERD (Figure 3-2) reveals that the presence of an ERD shifts

the optimal water recovery (for attaining a minimum SEC) to lower than 50% .

3.6. Summary

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 possible to optimize
RO membrane processes with respect to product water recovery, with the goal of
minimizing energy consumption, while considering constraints imposed by the
thermodynamic cross-flow restriction and feed or permeate flow rate. In this chapter, an
approach was presented for 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
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refine RO desalting so as to target the operation toward 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, 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.
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Chapter 4 Research needs identification of RO optimization

4.1. Overview

Reverse osmosis (RO) membrane desalination is now a mature process for the
production of potable water from seawater and inland brackish water. Current generation
RO membranes are of sufficiently high permeability to enable desalting at low pressures
such that the operational feed pressures can now approach the thermodynamic osmotic
pressure (Figure 4-1) of the produced concentrate (i.e., brine) stream [23]. In other
words, it is technically feasible to operate the RO process up to the limit of the
thermodynamic restriction [38]. It is noted that with the early low permeability
membranes, the applied feed pressure had to be set at a significantly higher level relative
to the osmotic pressure in order to achieve a reasonable permeate flux. In contrast,
current high permeability membranes enable equivalent or higher permeate productivity
at lower pressures, but with the achievable product water recovery now being limited by

the concentrate osmotic pressure.
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A Toward the
thermodynamic
limit

Axial distance along the membrane channel
Figure 4-1. Schematic illustration of the relationship between imposed feed
pressure and feed-side osmotic pressure for low and high permeability

RO membranes.

Given that, with the present generation of high permeability RO membranes, it is
feasible to operate the RO process over a wide range of practical water recoveries to the
limit of the thermodynamic restriction as detailed in Chapter 2 Section 2.3, an important
question arises as to the merit of developing membranes with yet higher permeability
than currently available. RO desalting operation at lower pressures would result in lower
energy consumption for a given product water recovery. The energy cost is the product
of the feed flow rate and the applied feed pressure [38]. Therefore, to the extent that a
given assembly of high permeability membranes can provide with the targeted overall
permeate flow for a given feed flow rate (i.e., same recovery for a given feed flow rate),
the energy cost would be independent of the type of membrane used in the process. Of
course, this statement would hold provided that, irrespective of the selected membrane,

the RO process can be operated up to the limit of the thermodynamic restriction.
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However, the required membrane area, for a given feed flow rate at a selected target
recovery, would decrease with increasing membrane permeability. Therefore, one would
argue that once the capability for operating at the thermodynamic limit has been closely
approached the benefit of higher permeability membranes is to lower the membrane cost
for the process (typically <10% of the overall water production cost relative to >30% for
energy cost [47]).

Given the emerging significance of RO desalination for generating new potable
water resources, the present work addresses the question of the benefit of improving RO
membrane permeability with respect to the cost of energy and the required membrane
area for achieving a targeted product water recovery for a given feed. The analysis

approach considers the implication of the thermodynamic restriction following Chapter 3.

4.2. Modeling and results

In order to illustrate the relative costs of required RO energy and membrane area, the
simple example of a single-stage RO desalting is considered (Figure 4-2). Previous
studies [43]have shown that, in order to ensure permeate productivity along the entire
membrane module, the lower bound (or imposed thermodynamic limit) on the applied

pressure AP (= P, — F,, where P, and F, being the water pressures at the entrance to the

membrane module and raw feed water at the source, respectively) is the osmotic pressure
difference between the retentate exit (brine) and permeate stream as expressed by the

following "thermodynamic" restriction
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AP>2Arx, . = 4.1)

in which the target recovery is Y (=0, /Q,, where 90, and O, are the permeate and feed

flow rates, respectively) and R is the fractional salt rejection. It is noted that for desalting

operation at the thermodynamic limit (i.e.,AP = Az, ) the exit osmotic pressure of the

exit
bulk solution is the same as at the membrane surface. The above can be rationalized by
considering the simple film model for the concentration polarization modulus [154],

CP=C,/C, =exp(J/k), where C, and C, are the salt concentrations at the membrane

surface and the bulk, respectively, J is the permeate flux and k is the feed-side mass
transfer coefficient. The above relations imply that the permeate flux will vanish as the

thermodynamic restriction limit is reached at the membrane channel exit where CP=1 and

thus C,,=Cy.
Raw (source)
water, P, Concentrate
Brine (Brine), P
> E [«
P, R
D Feed
= D
Py Pump Permeate, Pp

Figure 4-2. Simplified schematic of RO system with an energy recovery device
(ERD).
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4.2.2. Energy consumption for RO operation at the thermodynamic limit
As shown recently [43], the specific energy consumption (SEC), normalized with respect

to the feed osmotic pressure ( SEC

horm

=SEC/rx,), 1s equal to or greater than the

normalized energy consumption ( SEC”™ ) for operation at the thermodynamic limit,

tr

sec, _(1-n1-1)
7, n,Y(1-Y)

SEC™™ — 4.2)

where 77, is the pump efficiency, 7= is the efficiency of the energy recovery device

(ERD), W

pump

is the rate of pump work (i.e., 7, =APx(Q, -n.0,)/n,, where 5 is
the pump efficiency and Q, is the brine stream flow rate).
For operation at the thermodynamic limit SEC, = SEC,"™, and the SEC."™ (i.e., Eq.

4.2) increases with product water recovery as illustrated in Figure 4-3 (the inset graph),

for a target salt rejection of 99% and ideal pump and ERD (ie., n, =7, =1), with a

more rapid rise in energy consumption as the recovery level surpasses about 60%. It is
noted that the rate of pump work is dependent on the imposed pressure, pump and energy
recovery efficiencies, feed flow rate, and for a given permeate product recovery it is
independent of the membrane permeability. Also, the normalized energy consumption,

SEC!™, is independent of the membrane hydraulic permeability when operating at the

limit of the thermodynamic restriction (Eq. 4.2). In other words, if the membrane
permeability is such that it enables operation, at the desired product water recovery, such

that osmotic pressure of the exit brine stream approaches the feed-side pressure, using a
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more permeable membrane would not reduce the required energy for desalting but may

have an impact on membrane and other operational costs as discussed in the next section.

tr
N

tr

2 04 06 08

Fractional water recovery, Y

SMC°™/SECT™
\o} w

~
Seo
-~
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8'000--0-. ----------- PP e FrF ey

2 0.4 0.6 0.8
Fractional water recovery, Y

Figure 4-3.  Variation of the ratio of specific membrane (SMC!™) to specific

energy (SEC."™) costs for operation up to the limit of thermodynamic

restriction with respect to target water recovery. The inset graph is
for the normalized specific energy consumption (SEC!"™) for RO

operation up to the limit imposed by the thermodynamic restriction.

4.2.3. Specific membrane cost (SMC) for RO operation at the thermodynamic limit
In order to assess the water production membrane cost (i.e., amortized membrane cost per
produced permeate or hereinafter referred to as the "specific membrane cost") for a given
desalting process, it is convenient to compare the membrane and energy costs on the

same basis of energy units (i.e., Pa-m’). This conversion can be achieved [38], given an

energy price, e.g., &($/kWh) and the conversion factor of B(Pa-m’/kWh) .
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Accordingly, for a single-stage RO process, it was recently shown that the specific

membrane cost in terms of energy units (SMC ) is given by [38]:

SMC = 2= 4.3)

where m is the amortized membrane price in equivalent energy units per unit area,
m=m, /&, in which, for example, m is in units of Pa-m’ / m* -h, where m, is the
amortized membrane unit price, §/ m®-h . As shown in Chapter 3, the specific

membrane cost for RO desalting operation up to the thermodynamic limit (designated as

SMC, ), i.e. where AP =Ar,

Xit

normalized with respect to the feed osmotic pressure
SMC, / x, is given by:

m

RLpﬂ'é {l—lln(lﬂ
I-Y Y \1-Y (4.4)

as derived from Eq. (4.3) making use of the log-mean average for the osmotic pressure (

SMCZ}; orm —

A = 7,RIn (1 / (1 -Y )) /Y). It is noted that for operation at the thermodynamic limit
AP is just 7,R/(1-Y)and thus it can be shown that the SMC (Eq. 4.3) is inversely
proportional to 7, and thus SMC!”™ o (1/ z’) . Equation (4.4) indicates that, for the same
product water recovery, the normalized specific membrane cost (SMC”™ ) will decrease

with increasing membrane hydraulic permeability, salt rejection and feed osmotic

pressure. The use of a more permeable membrane would reduce the required membrane
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area (Figure 4-4) as well as the required size or number of pressure vessels. One could
also argue that the cost of membrane cleaning and replacement would be reduced.
However, operation at a higher permeate flux could result in greater degree of fouling

which could counteract the above gain.

P:Q; C; | .
Feed -
J

Permeate P, Q- Cr

P:Qg Cp
Brine

SEC=PQ:/Qp Increasing membrane permeability

SMC~A,,/ Qe
Higher flux, lower A,, same SEC
Pe Qg Cr Pe Qg Cs
Feed I- Brine

Permeate P, Q. Cp

Figure 4-4. Illustration of the effect of membrane permeability on the SEC and
SMC for RO process operation at the thermodynamic limit.

It is noted that the required membrane surface area (Ay,), and hence the membrane cost

(Eq. 3), for a given permeate productivity, is related to the average net driving pressure,
NDP (:AP—O'E) whereby 4, o« 0,/ NDP . The consequence of this dependence can

be illustrated via the simple example of desalting at 50% recovery. For example,
desalting sea water with feed osmotic pressure of 2533 kPa (25 atm) (~35,000 mg/L

TDS) at water recovery of 50% would lead to a brine exit osmotic pressure of 5066 kPa

(50 atm). Therefore, the average net driving pressure, NDP (= AP—O'A_ﬂ) for the
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permeate flux would be 1554 kPa (15.3 atm) (assuming o =1). In comparison, desalting
of brackish water of 3,500 mg/L TDS (osmotic pressure of 253.3 kPa (2.5 atm) at water
recovery of 50% would result in an exit brine osmotic pressure of 506.6 kPa (5 atm) and
thus an average NDP of 155.4 kPa (1.53 atm). Therefore, for the same water recovery a
higher average NDP is obtained for the higher osmotic pressure feed, as long as the
operation is up to the limit imposed by the thermodynamic restriction, and thus a lower
membrane area is required for seawater desalting relative to brackish water at the same
recovery level. The above may appear counterintuitive but it is a consequence of

operating at the limit of the thermodynamic restriction.

4.2.4. Membrane cost relative to energy cost for RO operation at the limit of the
thermodynamic restriction and its implication on the future research needs
of RO desalination

The specific membrane cost relative to the specific energy consumption, for operation at

the limit for the thermodynamic restriction is obtained by dividing Eq. 4.2 by Eq. 4.4:

R SMmc;™ _ REMCan(l_Y) (4.5)
SEC?‘IOVW 1 1 1
" ————=—In| — | |(1-7,(1-Y
KI—Y Y (1—1/)]( e ))}
in which R, . is a dimensionless cost factor defined as:
m
R, e ___pmi (4.6)

eL,(Rx,)’

Equation (4.5) indicates that, for a given water recovery, the MER ratio increases with

R, ;- This lumped factor R, . reflects the impact of feed water osmotic pressure, salt
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rejection requirement and purchase price of electrical energy, membrane module on the
relative contribution of the membrane cost over the energy cost in the total water
production cost. It is especially striking that this dimensionless factor is inversely
proportional to the square of the feed osmotic pressure, due to the fact that energy cost
and membrane cost are proportional (Eq. 4.2) and inversely proportional (Eq. 4.3) to the
feed osmotic pressure, respectively. As a consequence of this dimensionless factor, the
contribution of energy cost in the total water production cost will increase dramatically as
feed water osmotic pressure increase as shown in the following paragraph. A reasonable
quantitative assessment of the relative membrane to energy cost can be provided by

considering the magnitude range of the factor R,,.. For the purpose of the present

analysis the estimated membrane price per unit area (m ), of current low pressure RO

membranes (i.e., L, =0.39-2.2x10"'m’ /m*-s-Pa ) is taken to be in the range of

10-20 $/m* [155] (thusm, =0.63-1.3x107 $/m? -5, assuming membrane life of five
years, and the U.S. electrical energy price is estimated in the range of 0.05—-0.2 $/kWh .

It is noted that with improvements in membrane technology, future membrane costs will
be likely to be lower compared to current prices. Finally, the range of water salinity of

typical interest is about 1,000 —-45,000mg / L TDS (equivalent to osmotic pressure range

of 72.4-3257 kPa). For the above range of parameters, the R

MEC

ranges from ~0.001-1.

For example, for seawater of ~ 35,000 mg/L TDS and for brackish water of 1000 mg/L

TDS, R, would range from about 0.01 to 1, respectively.
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The dependence of the ratio (MER) of membrane to energy cost (in equivalent energy
units) on product water recovery is illustrated in Figure 4-3, for different values of the

dimensionless R, . number, for the case of ideal pump and ERD (i.e., , =7, =1). As

expected, the membrane cost decreases relative to the energy cost with increased product

water recovery and decreasing R

ec- As an example, for R

MEC

=0.04 (e.g., achieved for

desalination of 35,000 mg/L TDS seawater with the Dow FilmTec SW30XLE-400i,

L,=0.39x10"m’ /m’-s- Pa), the ratio of the specific membrane cost (SMC,) to the

specific energy consumption (SEC;,), for water recovery of ~30-50%, is in the range of
3~12%. For seawater desalination, the percentage of the energy cost (%EC) is usually
~40%-50% of the total water production cost [47]. For the above range, the contribution
of specific membrane cost to the total water production cost, which can be estimated as
the product of the above two factors (i.e., EC x SMC,/ SEC},), is about 1.2%-6% of the
total water production cost, which is within the range of membrane cost reported in the
literature. This suggests that the maximum benefit one may expect from improving the
membrane permeability is a decrease of the total water production cost by about the same
percentage. It is noted, for example, that doubling of the membrane permeability will
decrease the specific membrane cost (see Eq. 4.4) by half, and thus will decrease the total
water production cost by ~0.6% - 3%. It is also acknowledged that the capital cost of
pressure vessels is directly impacted by the membrane area (e.g., lower membrane area
may require reduced number or size of pressure vessels). For the above range of
membrane cost contribution to the total water production cost, inclusion of pressure

vessels cost (amortized over 30 years; [155, 156] would result in a reduction of the total
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water production cost by ~ 0.7% - 3.5%. Admittedly, despite the above modest
percentage in water production savings, the absolute dollar savings may be significant for
large RO plants. The decision of whether the above is achievable will depend on whether
it will be possible to operate the RO process at a higher flux while avoiding the bio-
fouling and mineral scaling problems that remain as obstacles to high flux RO operation.

For desalination of mildly brackish water of ~ 3500 mg/L. TDS, R,,.=1 and the MER

ranges from 6 to 0.07 as the water recovery increases from 20% to 80%, respectively.
This behavior implies that at low water recovery, the use of higher permeability
membranes will be beneficial in reducing the overall water production since the specific
membrane cost is higher than the specific energy consumption. Indeed, it has been
reported that membrane cost is an important factor for brackish water desalination [47] at

moderate recoveries (< 60% ). However, for inland water desalting, feed pretreatment

and brine management costs will both increase with decreasing water recovery, thus
reducing the economic incentive for operating at low water recoveries. On the other hand,
as product water recovery is increased the specific energy cost will rise while the SMC
will decrease, thus providing diminished economic incentive for developing more
permeable membranes for brackish water desalting at high recovery. While the above
discussion focused on the use of ideal feed pump and ERD, it is important to state that

operation with non-ideal pump and ERD (i.e., 7, <1 and , <1) will lower the MER

(Eq. 4.5) and thus the present conclusions are valid for the entire range of pump and ERD

efficiencies.
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It should be recognized that the development of low pressure (high permeability) RO
membranes has progressed rapidly starting in about the 1990's. The earlier higher
pressure membranes were of lower permeability and thus the operating feed-pressures
were typically much higher than the brine osmotic pressure at the targeted recovery and
thus operation at the thermodynamic limit was not practical. The current generation of
RO membranes are already of permeability levels that are sufficient (or nearly so) to
enable operation approaching the thermodynamic restriction limit, while providing the
practically desired permeate flux. Therefore, it is reasonable to conclude that significant
reduction in the cost of RO water desalination is less likely to arise from the development
of significantly more permeable membranes, but is more likely to arise from effective and
lower cost of feed pretreatment and brine management, development of fouling and scale
resistant membranes, optimization of process configuration and control schemes (e.g., to
account for variability of feed salinity [44] and even temporal fluctuation of electrical

energy costs), as well as utilization of low cost renewable energy sources.

4.3. Conclusions and recommendations for future research needs

A simple analysis of the specific membrane cost to specific energy cost, for RO
desalination, was carried out to assess the range of water recovery over which
improvements in membrane permeability would be beneficial to reducing RO water
production cost. With the current generation of high permeability RO membranes it is

now feasible to operate the RO desalting process up to the limit imposed by the
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thermodynamic restriction. Therefore, as illustrated in the present analysis, given the
present day electrical energy and membrane prices, there may be a benefit in developing
membranes of even greater permeability at low water recoveries for inland brackish water
desalting. However, at low water recovery there are typically an added costs associated
with feed pretreatment and brine management for inland water desalting. On the other
hand, for seawater RO desalting the energy cost is much higher than membrane cost
(compared at equivalent energy units), and thus there is little economic incentive for
developing higher permeability membranes if the objective is to lower the cost of
seawater desalination. The ratio of membrane to energy costs is dependent on the water

recovery level and a dimensionless cost factor (R,,.) that includes the impact of feed

water salinity, membrane permeability, salt rejection requirement and purchase costs of
electrical energy and membrane area. The present analysis suggests that further
significant improvements in RO membrane permeability are less likely to be the major
driver to achieving further significant reduction in the cost of RO desalting. Future
reduction in RO water production cost can arise from a variety of other process
improvements including, but not limited to improved fouling-resistant membranes [157-
160], lower cost of feed pretreatment and brine management, advanced control schemes,

process optimization, as well as low cost renewable energy sources.
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Chapter 5 Two-stage RO Optimization

5.1. Overview

Simplified process models to optimize the structure of RO membrane desalination
plants have been proposed in the literature [90, 120, 125, 126, 129, 144-146]. The
“Christmas tree” configuration developed in the early 1970's was used 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 [120]. 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 [145]. It has also been claimed that the SEC
decreases upon increasing the number of membrane elements in a vessel [29]. In the mid
1990's researchers have suggested that a single-stage RO process would be more energy
efficient [147]. However, it has been also claimed that a two-stage RO was more energy
efficient than single-stage RO [145]. The above conflicting views suggest that there is a
need to carefully compare the energy efficiency of RO desalination by appropriately
comparing single and multi-stage RO processes on the basis of appropriately normalized
feed flow rate and SEC taking into consideration the feed osmotic pressure, membrane
permeability and membrane area. Motivated by the above considerations the problem of

RO energy cost optimization is revisited when highly permeable membranes are used, via
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a simple mathematical formalism, with respect to the energy efficiency of a two-stage RO

relative to one-stage RO and its drawback in terms of extra membrane area requirement.

5.2. Two-stage RO optimization and comparison with single-stage RO

5.2.1. Specific energy consumption for a two-stage RO

The approach discussed previously for a single-stage RO in the previous chapter can be
easily extended for multiple stage RO operation. An illustration of the approach is
provided here for the simple two-stage RO configuration shown in Figure 5-1 where the

overall product water recovery, Y, is the result of RO desalting at recoveries of Y, and Y,

in the first and second RO stages, respectively.

PF?, 082
Po FeSe Brine | Pr, Qg, Prz, Qg1 tBrine
Raw Feed I ' Feed
Water 'E I
Pern*eate Pern*eate
P 0, QP,‘I PO. O,‘5’.2

Figure 5-1. Schematic of a simplified two-stage RO system. (Note: the inter-stage
pump is optional and needed when the pressure to the second stage
cannot be met using a single feed pump).

The analysis of the above system is first presented assuming the efficiency of the
feed and interstage to be 100% with the effect of pump efficiency considered in Section
9.4Also, it is noted that based on a simple mass balance, one can derive the following
relationship between the overall and the individual stage recoveries:

Y=Y, +(1-Y)Y, =Y +Y,-YY, (5.1)

1
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- st

The rate of work done by the first stage pump, j77 ", at the limit of thermodynamic

restriction, is p7 | given by:

yl— To 5.2

Similarly, the rate of work done by the second stage pump at the limit of thermodynamic

restriction, 7 ."*, is given by:

72-0
-y,

- 2nd

— 72-0 _
W=y

)0,(1-1) (5.3)

where the two terms in the first bracket show the difference between the first-stage brine
pressure and second-stage feed pressure. In writing Eq. (5.3) it is assumed that the
pressure of the brine stream from the first stage is fully available for use in the second
RO stage. The normalized SEC of this two-stage RO process at the limit of

thermodynamic restriction, ( SEC (2ROs), at a total water recovery Y is given by:

tr,norm

. 1st . 2nd l—Y
sEC,  (Rrosy=WotW. 1 1 17% (5.4)
: Y0, Y 1-% 1-Y

The difference of the normalized specific energy consumption between the two-stage and
one-stage RO (/RO), at the limit of thermodynamic restriction (i.e., when the applied

pressure is equal to the exit osmotic pressure difference) is given by:

SEC. (2ROs)—SEC. _ (1RO)=—0t=Y)

tr,norm tr,norm 1 v ~1 e (5'5)
| ’ Y(I-Y)(1-7)

Eq. (6.5) implies that at the same overall water recovery, under the above stated
assumptions (the pressure of the brine stream from the first stage is fully available for use

in the second RO stage), the two-stage RO process will require less energy than a single-
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stage RO process. The fractional energy cost savings, f,, for the two-stage relative to

the one-stage RO process is given by:

7. = SECram(IRO) = SEC, 1y 2ROS) _ ¥(Y )
B (1RO) - (1-Y)

SEC (5.6)

tr ,norm
The optimal fractional energy savings depends on both the overall and stage product

water recoveries as depicted by plotting Eq. (5.6) in Figure 5-2.
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Figure 5-2. Fractional energy savings achieved when using a two-stage relative to
a single-stage RO process. (Note: Y is the total water recovery and Y;
is the water recovery in the first-stage RO.).
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For a given target overall product water recovery, the maximum energy savings (or
global minimum for energy consumption) for the two-stage RO relative to single-stage
RO process), with respect to product water recovery in the first stage, can be obtained by

setting Of ,; /0, = 0 and solving to obtain the optimal first stage recovery, Y,

,opt ?

Y,

1,opt

=1-v1-Y 5.7

with the corresponding optimal water recovery for the second stage RO system obtained

from the combination of Egs. (5.1) and (5.7):

Y-Y

Y, = Lopt :Y—1+\/1—Y T s

l—Y I—Y 1,0pt

1,opt

(5.8)

The above results indicate that, for a two-stage RO system, operation of each stage at the
same inherent water recovery level is the optimal strategy for reducing the SEC.
Accordingly, the maximum fractional energy savings, when adopting a two-stage RO
process relative to a single-stage RO process (at a given total water recovery), is obtained
from Eqgs. (5.6) and (5.7):

(fisInar = (A=N1=Y Y’ (5.9)
As expected, Eq. (5.9) predicts that the fractional energy savings increases with total
water recovery.
The above analysis for the two-stage RO process can be repeated by adding stages in
series to further reduce the energy consumption. It should be recognized, however, that in
the limit of an infinite number of stages, all of equal water recovery, a reversible
thermodynamic process is approached, at which the lowest possible energy consumption

is achieved, albeit the flux would also vanish as a consequence of the diminishing net
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pressure driving force. This optimum water recovery distribution is independent on
whether or not an energy recovery device (ERD) is deployed and the ERD efficiency if it
were to be deployed. This behavior is because the deployment of ERDs will decrease the

SEC of both systems by the same absolute value.

5.2.2. Membrane area for a two-stage RO process optimized with respect to energy
consumption

The two-stage RO process is more energy efficient relative to a single-stage RO process.

However, one must consider the membrane area requirement when operating with two-

stages. Considering a two-stage RO process, each stage utilizing membrane of the same

permeability, the membrane areas of the first RO stage ( 4,,,,,) and the second RO stage

(A ) are given by,

mem,2

Amem,l = Qp’l (5 . 10)

Lz, [ﬁ - %1 ln(ﬁ)]

Qp,2

‘mem,2 =
L,z [y, =5 In(5)]

(5.11)

where 0 | and Q , are the permeate flow rate for the first and second RO stages,
respectively, and 7, and 7z, are the corresponding feed osmotic pressure of the first

and second stages. It is noted that, the osmotic pressure of the feed to the second RO
stage is equal to that of the concentrate (or brine) stream from the first stage (i.e.,

7.1

Ty, =1y ). As discussed previously, the maximum energy savings is obtained when
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Y, =Y, . For this energy-optimal operating condition, the ratio of membrane area for the

second stage RO relative to the first stage RO is given by:

A

mem,|
where use was made of Eq. (5.1). As an example, for a two-stage RO desalting process
(Figure 5-1) operating at a total recovery of 75%, each stage would be operated at water
recovery of 50% (the minimum energy consumption), achieving an energy consumption
savings of 25% relative to a single-stage RO (as shown in Chapter 3) operating at the
same total water recovery. However, according to Eq. (5.12), the required membrane

surface area for the second RO stage is one fourth that of the first RO stage (Figure 5-3).
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Figure 5-3. Illustration of the membrane arrangement in a two-stage RO process
for two different target water recoveries.

The membrane area for a single-stage RO process, desalting a feed stream of the same

salinity (i.e., 7, = 7, ) at the same overall recovery (Y) as a two-stage RO process, is

given by:

Qp,Z + Qp,l

SRO =
" L,y = v In(y)]

85

(5.13)



and the fractional membrane area increase ( f,,,, ) for the two-stage RO process relative

to the single-stage RO process (Eq. (5.13)), for operation at the optimal condition with

respect to energy savings (i.e., when Y, =Y,), is given by:

f _ ““mem,]
MAI —

A

mem,SRO

A +Amem,2_1_(1_\‘1_Y)(2_Y)
Y

(5.14)

[y~ In(y)]

T 1 T Vv
iy ey )

Eq. (5.14) indicates that the membrane area required for a two-stage RO process is

higher, for any given overall permeate water recovery, relative to a single-stage RO

(Figure 5-4) since the net transmembrane driving pressure ( NDP) is lower for the two-
stage RO process. As the above analysis indicates, the energy savings obtained with the
two-stage RO process is gained at the expense of a higher membrane surface area.
Therefore, process optimization must consider the consumption of both energy and the

membrane area.
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Figure 5-4. Fractional membrane area increase for a two-stage relative to a
single-stage RO process (both stages of the two-stage RO and single-
stage RO processes are operated at the thermodynamic limit. The
two-stage RO process is operated at its minimum specific energy
consumption.).
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5.2.3. Overall cost optimization considering membrane and energy consumption
for a two-stage versus a single-stage RO process

Optimal design of a two-stage RO process requires balancing of the energy savings and

the increased membrane surface area required to achieve the target total recovery, relative

to a single-stage RO process. An analysis of this tradeoff can be conveniently

demonstrated for the simple special case for which the two-stage RO process will operate

at its maximum energy savings, but as can be shown (using Egs. (5.10), (5.11) and

87



(5.13)) this would require the greatest surface area increase relative to a single-stage RO
process. It is convenient to compare the membrane and energy consumption on the same
basis of energy consumption units. This conversion can be achieved, given an energy

purchasing price, e.g., £($/kWh) and the conversion factor of B(Pa-m’/kWh), such

that, for a single-stage RO process, the specific amortized membrane expenditure per
permeate produced (SMC) is given by:

mxA, m

SMC = - 5.15
0, LP(AP—’;OIn[IJY}) o)

where m is the amortized membrane price per unit area (m=m, /¢, in which, for
example, m is in units of Pa-m’/m’-h, where m, is the amortized membrane unit cost,

$/m*-h). At the point where the applied pressure is equal to the osmotic pressure
difference at the exit region, SMC , normalized with respect to the feed osmotic pressure,

can be obtained from Eq. (5.15) to yield:

SMC, = n
Lpﬂ-o2 (ﬁ _% In I:ﬁ])

Inspection of Eq. (5.16), suggests that a convenient dimensionless membrane price,

(5.16)

m which is independent of the RO operating conditions can be defined as

norm?>

m =1 _.

norm Lp (ﬂ.o)z
The penalty due to the increased membrane expenditure for a two-stage relative to a
single-stage RO process, P,,,., at the optimal two-stage RO operation (i.e., ¥, =Y,), can

be expressed as:
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Poe = Do
[y =7 In(y)]
(5.17)
(A=i-ne-n - dy=yile)l
Y [~ ()]

The gain in energy savings for using a two-stage relative to a single-stage RO process,

Gy, » obtained from Eq. 5.9 (also for the optimal condition of ¥, =Y, ) and the minimum

SEC for a single-stage RO process (as shown in the Chapter 3), is given by:

x(1-+1-Y)’ (5.18)

G
SEC = Y(l Y)
Combining Egs. (5.17) and (5.18), the overall cost savings for a two-stage RO process

relative to a single-stage RO process, S , considering both energy and membrane

consumption, is given by:

(I_VI_Y)Z_ My 0rm
Ya-v) [y —+in(Zp)]
(Ene-n - Ly =y i)

O 0
¥ [ — i )]

em __ _ _
Sov _GSEC PSMC -

(5.19)

~1)

In order to illustrate the overall fractional cost savings for a two-stage relative to a single-

stage RO process, the estimated range of the dimensionless membrane price of m _ can

norm

be derived given reasonable ranges for m,, membrane price per unit area (108/m?),
L, (10" =10""m/ Pa-s) for RO membranes, osmotic pressure for salinity range of
about 1,000-35,000mg /L total dissolved solids, and current energy price range
(0.05-0.158/kWh) .(0.05-0.158 / kWh) Assuming the membrane life of about 5 years,

for seawater, given the high salinity (and thus osmotic pressure) m < 0.1. Therefore,

norm
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as can be seen in Figure 5-5 and from Eq. (5.19), when the total water recovery is greater

than about 30%, a two-stage RO process is more cost effective (i.e., S >0 ) than a

single-stage RO process, even with the additional membrane expenditure for the two-
stage RO process. In contrast, for brackish water of salinity in the range of

1,000-10,000mg /L, m _ >1, and thus for a water recovery of Y less than 80%, it is

norm

apparent that a single-stage RO process is more cost effective than a two-stage RO

process (i.e., S <0).

3
ot

ov

Overall cost savings, S
=

0 02 04 06 08 1
Fractional water recovery, Y

Figure 5-5.  Overall cost savings due to the adoption of two-stage RO considering
both energy and membrane consumption.
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5.3. Effect of Pump efficiency on the SEC of a two-stage RO system

For the two-stage RO system shown in Figure 5-1, the rate of work by the first pump,

< st

w .., at the limit of thermodynamic restriction, is given by:

7o
(1 - )/1 )npump,l

. 1st

Wi Mpunp) = 0, (5.20)

where 7 is the efficiency of the first pump. Similarly, the rate of work by the second

)

pump at the limit of thermodynamic restriction, 72", is given by:

. 2nd (Y- Y1)7To

= 5.21
Wtr (npump,Z) (1 _ Y)T]pumpqz Qf ( )

where . is the efficiency of the second pump. Therefore, the SEC of this two-stage

2
RO process, at the limit of thermodynamic restriction, accounting for pump efficiencies,

is given by:

SEC, (2ROs) = Fo[— 1 — D
Y (]' - Yl )npump,l (l - )/2 )npump,Z

] (5.22)

where Y =Y, +Y, -YY,. For this case, the optimal water recoveries in each stage are
obtained by solving 0(SEC, (2ROs))/0Y, =0 at a given total water recovery Y and are

given by:

_ 1= Mo g _y) (5.23)

npump,l

Y, =1- [l y) (524)
771/mmp,2
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and the corresponding normalized minimum SEC for this two-stage RO at a total water
recovery Y is given by:

1 2 1

(2R09)),,, = ( -
’ Y\/’]pump,z \/npump,l (1-Y) \/UPWPJ

From Eq. (5.22) we can conclude that as pump efficiencies 7

(SEC, ) (5.25)

r,norm

pump > T pump.o INCTEASE, the

SEC decreases, although the capital cost of the pump may increase with efficiency. It is
important to determine which stage requires a pump of higher efficiency in order to

minimize the overall SEC. For example, if the product of 5, and 7, . is fixed, one

,2

can determine the optimal ., by rewriting Eq. (5.25) as follows:

1
(2ROS))min = l( 2 -
Y \/npump,lnpump,Z (1 - Y) npump,Z

(SEC, ) (5.26)

7, norm

which shows that as 7 increases, the overall SEC decreases. The conclusion is that,

pump,2
in a two-stage RO process, the higher efficiency pump should be used in the second-stage
to minimize the overall SEC since the second-stage requires higher pressure than the
first-stage. In practice, however, pump efficiency is typically higher at a higher flow rate
which is the case for the first stage feed pump. Therefore, a more detailed analysis would
have to consider the flow rate dependence of the pump efficiency for the specific pumps

to be employed in the two-stage process.
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5.4. Conclusions

Considering the energy consumption and membrane area expenditure in the
comparison of a single-stage and two-stage process: for seawater desalination

m __ ~0.01, atwo-stage process is more cost effective than a single-stage RO process

norm

for water recoveries greater than 30%, but less cost effective for water recoveries less

than 30%; while for mildly brackish water desalination m, ~1, a two-stage process

would be more cost effective than a single-stage RO process for water recoveries greater
than 80%, but less cost effective for water recoveries less than 80%. Clearly, if the
membrane purchasing price is lower relative to the energy purchasing price, a two-stage
process will be desirable for reducing the overall cost. It is important to note that the
above conclusions are based on the use of a logarithmic average of the osmotic pressure
in the membrane stages and also neglecting the dependence of pump flow rate and
pressure delivery on pump efficiency. Considerations of the above are provided in

Sections 3.4.3 and 9.4.
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Chapter 6 Two-pass Optimization

6.1. Overview

In previous chapters, the effect of the thermodynamic restriction on the
optimization of the specific energy consumption (SEC) in single and multi-stage RO
membrane desalting was studied following a theoretical formalism. It was shown that the
optimum recovery level for attaining a minimum SEC operation, for single and multi-
stage RO processes, was impacted by the deployment of energy recovery device,
membrane and brine management costs. The present chapter the approach presented in
Chapters 3-5 to include the effect of membrane salt rejection on the SEC and to evaluate
the energy consumption and its optimization for a two-pass membrane desalination
process. The two-pass membrane desalting configuration, which is a relatively new
configuration for seawater desalting, has not been extensively studied [58, 148, 149] and
in previous studies has been touted as an approach for reducing energy consumption in
seawater desalination [161].

An earlier approach to optimizing the partial recoveries (i.e., for each pass) in a
two-pass desalination process, without energy recovery for overall product water
recovery in the range of 50%-70% was proposed by Noronha et al. [148]. The above
study showed that an optimal solution, with respect to the recoveries of each pass, can be
obtained via a numerical algorithm, for specific plant configuration and membranes,

however, it did not provide a comparison of energy consumption relative to a single-stage
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operation, but it was noted that energy consumption is higher for a two-pass process. In a
later study, Cardona et al. [58] compared the SEC of a two-pass membrane desalination
process, which they termed “double-stage”, to a single-pass RO process, both without the
use of an energy recovery device. Based on a specific case study using standard process
model calculations based on bulk properties of the retentate stream, for a target salt
rejection of 98.3% and 41.2% water recovery, it was concluded that the two-pass process
has a potential for energy savings on the order of 13-15% for the specific case of less
than 50% total water recovery. A recent report [149] on extensive pilot studies of a two-
pass seawater NF desalination process by the Long Beach Water Department [161],
suggested that the two-pass process would require about 20% less energy, when
operating at 42% product water recovery, compared to a single pass RO membrane
desalination process. The above two-pass NF desalination study did not report the use of
energy recovery devices and did not present conclusive experimental data or theoretical
reasoning for the claimed superiority of the two-pass process. Moreover, the relatively
limited comparisons provided in the literature have not addressed the limitations imposed
by the thermodynamic cross flow restriction on the minimum achievable specific energy
consumption [38].

Previous studies on two-pass desalination have not considered the impact of energy
recovery when comparing the SEC for the two-pass membrane desalting configuration
relative to single or multi-stage RO process configurations. Moreover, the relatively
limited comparisons provided in the literature have not addressed the limitations imposed

by the thermodynamic cross flow restriction on the minimum achievable specific energy
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consumption [38]. Accordingly, the current study presents a systematic comparison of the
SEC optimization for a two-pass versus a single-stage membrane desalination process.
The analysis considers the limits imposed by the thermodynamic cross-flow restriction,
use of energy recovery devices, the constraint imposed by membrane rejection, and

retentate recycling.

6.2. Preliminary: Single-pass optimization

In order to illustrate the approach to optimizing (i.e., minimizing) energy
consumption in reverse osmosis membrane desalination processes, it is instructive to first
consider the simple example of a single-pass membrane desalination process (where the
process is classified as RO or NF depends on the level of salt rejection [162]) without the

use of an energy recovery device (ERD) as shown schematically in Figure 3-2.

6.2.1. Optimization of the SEC for a single-pass membrane desalination at the limit
of the thermodynamic restriction

In order to compare the SEC for a single-pass process versus a two-pass
membrane desalting process, the SEC for a single-pass process is first presented as a
function of the target recovery, with and without the use of an energy recovery device
(ERD). Subsequently, SEC optimizations of a two-pass membrane process (RO or NF)
with and without ERDs are presented and compared with the single-pass process (Section

6.3).
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The specific energy consumption (SEC) for a single-pass RO/NF desalting
process in the absence of energy recovery (Figure 3-2) is given by Eq. 3.33 with salt
rejection included as follows:

7T, R,

Cz2——F—
La-Y)m,

(6.1)

where the SEC is expressed in pressure units (e.g., kPa). It is convenient to normalize the
SEC at the limit of the thermodynamic restriction with respect to the feed osmotic

pressure such that:

SEC, o =7\ = 6.2
T (m)  n A=) ©2

An example of this dependence on the target water recovery (i.e., Eq. (6.2)) is plotted in

Figure 6-1 for a target salt rejection of 99% showing that the global minimum SEC

tr,norm
increases with decreasing pump efficiency. The optimal water recovery is unaffected by
pump efficiency provided that the efficiency is independent of the water recovery or

generated feed pressure. The minimum SEC for a specific target salt rejection, R,

tr,norm °

can be found by setting 6(SEC )/ 0Y,) =0 from which it can be shown that the

tr,norm

global minimum occurs at Y, = 0.5 (or 50% recovery) where (SEC =4R, /7,

tr,norm )min

(or (SEC,),,, = 4Rz, /n,). This means that in order to operate at the global minimum

SEC (whose value increases with decreasing pump efficiency), the desalting process

should be operated at an applied pressure equivalent to 2R 7, and at 50% recovery. The

operation below 50% wastes energy that is discharged in the high-pressure brine stream,
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and operation above 50% recovery results in rapid increase in the brine osmotic pressure

and correspondingly the required feed pressure.

14

T

T

12

10

SEC tr/n 0

4 / l

0 02 04 06 O 1
Fractional Water Recovery, Y

Figure 6-1. Variation of the normalized SEC at the limit of the thermodynamic
restriction with water recovery for a single-pass RO/NF at a target
salt rejection of 99 % without energy recovery (note: 7 represents the

pump efficiency).

It is instructive to illustrate the implications of the above analysis by considering
the example of a single-pass seawater RO plant producing permeate of 500 mg/L total

dissolved solids (TDS) from seawater feed of 35,000 mg/L. TDS. Accordingly,

7y = 2,533 kPa (or 25 atm) and target salt rejection is R, =99% , the global minimum

energy consumption for the above case is 4R 7z, = 2.8kWh / m’. The average permeate
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water flux, if one considers one of the available commercial RO membranes (e.g., Dow

FilmTec SW30XLE-400i) with a permeability of L, =0.78x10™"'m’ /m*-s-Pa, at the

above optimal condition, is computed from Eq. (6.16) as:

n[1/(1-Y
(FLUX), =L Rz g [/ 0-1)]

opt 70
P P l_Yt g

=10.5 gallons | ft* -day (6.3)

where ¥, = 0.5, and (AP),, =2R,7, . It is important to note that, at the global energy-

optimal operating point, the applied pressure and feed flow rate (input process variables),

brine and product flow rate (output variables ) are fixed for an RO plant with given 4
and L. It is noted that the global minimum energy consumption presented here is only

for the case of single-pass process without energy recovery devices. As presented by the
authors [38], the SEC can be further decreased by utilization of multi-stage configuration
and energy recovery devices.
Effect of energy recovery

In order to reduce the required energy for RO/NF desalination, energy can be
extracted from the high pressure concentrate (or brine) stream (Figure 3-14) using a
variety of energy recovery schemes [137]. The rate of work done by the pump on the raw

water, in the presence of an energy recovery device (ERD), is given by:
Wpump = AP X (Q/ - nEQb) (6.4)
where O, is the brine flow rates which is related to the permeate flow rate (Q,) and

product recovery (Eq. (6.4)), and 7, and 7, are the efficiencies of the feed pump and of
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the energy recovery device (ERD), respectively. Thus, the specific energy cost for RO

desalting, in the presence of an ERD, SEC**” (Y,AP,n), is given by:

AP(Qf —1:0) _ AP(1-n,(1-1)))

SECERD(Y,AP,U M) =
prE 0,1, Yn,

(6.5)

CERD

tr,norm °

The normalized SEC for this configuration, SE at a given water recovery, Y,, and

salt rejection, R,, in the limit of the thermodynamic restriction in the presence of an ERD,
is obtained from Eq. (6.5) by using Egs. (6.14) and (6.4) to yield:

SECfﬁfm, _ (I-n,(1-Y)R,
’ n,Y,(A-1)

(6.6)

The dependence of the normalized SEC (Eq. 6.6) on the total recovery and pump and
ERD efficiencies is illustrated in Figure 6-2 for salt rejection of 99%. The deployment of
an ERD shifts the optimal minimum energy location to lower recoveries. As the pump
efficiency decreases the SEC increases. Note that the optimum recovery will be
unaffected by the pump efficiency if it remains constant (e.g., invariant with recovery or
feed pressure). However, it is apparent that with the use of an ERD, recoveries higher
than 50% (i.e. the optimal recovery at the minimum SEC in the absence of an ERD) can
be achieved at significantly lower specific energy cost, relative to desalting in the absence

of energy recovery (i.e., 7, =0, Eq. (6.2)), e.g., 40% and 50% lower SEC at Y;=0.5 for

ERD efficiencies of 80% and 100% (both for n,=1).
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Figure 6-2. Variation of the normalized SEC for a target salt rejection of 99%
with fractional product water recovery using an ERD in a single-pass
RO (note: 5, and 7, represent the pump and ERD efficiencies,

respectively).

The global minimum SEC for a target salt rejection (i.e., based on Eq. (6.6)), with

respect to water recovery, can be derived by setting d(SECZ*” )/ (8Y) =0 and solving

tr,norm

for the optimal recovery (Y, ) at which SEC PP s at its global minimum. When

tr,norm

1np # f(Y,,AP) | the following analytical solution is obtained,

Y, = (J=n5))(1+J(01-n,)) (6.72)

(SECE, ) = R | 141715 )T /15 (6.7b)
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The above equations indicate that as the fractional ERD efficiency (i.e., 77, ) increases,
Y, decreases; thus, with increased ERD efficiency, the minimum SEC occurs at lower

water recovery. Indeed, it is known in the practice of RO desalting that a higher benefit of

energy recovery is attained when operating at lower recoveries.

6.3. Two-pass modeling results

Energy optimization for a two-pass RO/NF (Figure 6-3) can be explored similar
to the analysis presented for a single-pass process (Section 6.2). In this process, the

overall target product water recovery, Y, and the overall target salt rejection, R,, are the
results of RO/NF desalting at water recoveries and salt rejections of Y, R, and Y,, R, in

the first and second RO/NF passes, respectively. The general expressions for the SEC are
first presented, followed by a discussion of the SEC, with and without energy recovery,
relative to the performance of a single-pass process for the same total recovery and

permeate quality.

102



Raw water

P, C. Q;
Brine Brine, P,,
< ERD B
Fo Y, R,
Feed
v >
Feed, P, P,,
Permeate
PO
Brine, P,, § Brine
A » ERD >
YZ R? PO
‘Feed v
P,, Feed, P,

v
Permeate, P,

Figure 6-3. Schematic of a two-pass RO/NF process with energy recovery devices
(ERDs).

Governing equations: SEC optimization for a two-pass RO/NF process at the
thermodynamic limit
For a given feed flow rate, 0, the total permeate flow rate, 0, and total
recovery, Y., are given by:
Q,=Y0,=0,)Y, =110, (6.8)
Y=Yy, (6.9)
The permeate concentration from the first-pass RO/NF stage, C, , ie., the feed

concentration for the second-pass RO/NF stage, and the permeate concentration from the
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second-pass RO/NF stage, C,,, which characterizes the final product water quality, are
given by:
C,.=0U=-R)C, (6.10)
C,,=(1=-R)C,, (6.11)
where C,, can also be expressed as(using Egs. (6.10) and (6.11))
C,.=(=R)C, =(1-R)(1-R,)C, (6.12)
with the overall salt rejection is given by
R =1-(1-R)1-R,))=R +R, - RR, (6.13)

The rates of work done by the first-pass pump, Wﬁj”ERD, and the second-pass

pump, W?:ZRD , at the limit of the thermodynamic restriction, are given by (see Eq. 6.4):

. ERD _ Rz, \[ O — 1 (1-Y)O, (6.14)
tr,1st pass 1 _ Yl 77P1 .
) R, YO, -n.,01-Y,))Y,0
WtErl,{ZDndpaSs = = E = =L (615)
1-1, Mpa

in which 5, , 7, and 7, and 5, are the pump and ERD efficiencies for the first and
second passes, respectively, and 7z, is the osmotic pressure of the feed to the second-

pass RO/NF, given by:

72.0,2 = f;).vcp,l = fox (1 - RI)C/ = (1 - Rl)ﬂo (6.16)
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The SEC for the overall two-pass RO/NF process (SEC®” ), normalized with respect

tr,2 passes

to the osmotic pressure of the process intake feed water (7, ), at the limit of the

thermodynamic restriction, is obtained from the sum of Eqgs. (6.13) and (6.14),

SEth,RZI;Jasses _ SEC”’ERD _ W;:,IERD + WtzrnZ"RD _
- _ - norm,2 passes YY. » -
7 1 ZQf Ty
(6.17)
R |[1-n,A=-Y)| | R,A-R) || 1-7,(1-Y,)
= +
1-Y nyn, - vy,

It is important to note that Eq. (6.17) is only valid for the range of Y, <Y, <1. When
Y, =1, there is complete salt passage through the membrane; therefore, the second-pass

can be eliminated from the two-pass process, and thus the second term in Eq. (6.17)
vanishes; this is equivalent to stating that only the first pass (or one-stage) exists
requiring that ¥, =Y and R, = R, . Similarly, when Y, =1 this implies that ¥, =Y and

t

R, =0 indicating that there is no concentrate stream in the first-pass; thus, pump work is

not required for the first-pass since only the second-pass exists (i.e., a configuration
equivalent to a single-pass); therefore, the first term in Eq. (6.17) vanishes. Given the
above arguments, the SEC for the overall two-pass RO/NF process is specified as

follows:
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1-n, (1-Y,
[ R ] 1 1=1) .y
1 t

YY,n P

-1, (1-%) 1-n,. (1-1,) (6.18)
SEC, 1 psses = { R, J B +(R2(1_R1)J £, Y <Y <1
1_Yl YlY277PI l_Yz Y277Pl

Ra-R)\[ e _
I_Yz Yz77131 b

The product (permeate) water recovery at which the minimum SEC for the overall two-

pass RO/NF process is attained can be found, for a given target total recovery (Y;) and
salt rejection (R;), based on Eq. (6.18) using a numerical search algorithm to locate a

unique set of (R,,Y;) that will minimize the SEC subject to the following constraints:
Y<y<l (6.19a)

and O<R <R O<R <R (6.19b)

6.3.2. Effect of ERD efficiency on the SEC for a two-pass desalting process
For the special case of ERDs of 100% efficiency, the analysis revealed that with

the use of energy recovery devices (i.e., ERDs), the global minimum energy,

(SEC”’ERD ) , for the two-pass process always occurs (i.e., for any (¥;, R;) pair)

norm,2 passes mi

when the salt rejection is zero in either the first or the second pass (i.e., the water

recovery is 100% in either the first or the second pass). In other words, when R,=0, the

C tr,ERD
norm,2 passes

optimal SE is found at the condition of R, = R,, Y, =Y, and thus the operating

parameters for the second-pass are R, =0,Y, =1 (computed from Eqgs. 6.9 and 6.13).
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The above solution indicates that first-pass fulfills both the target water recovery and salt
rejection. Therefore, the second-pass is not required and can be removed from the

process. An equally valid optimal solution is when R =0 and Y, =1 (e,
R, = R..Y, =Y ), which means that the first-pass is not required since the target recovery

and salt rejection are accomplished in the second pass. The analysis suggests that, if a
membrane of the appropriate rejection (and desired flux range) is available, then, at the
global optimum, a single-pass RO/NF operation would be more energy favorable than a
two-pass RO/NF process.

As an illustration of the above behavior and the impact of ERD efficiency, we

consider the simple case of ERD efficiencies of 100% and 80% (the case of 77, =0 is

considered in Section 6.3.3) being identical for each pass and pump efficiency of 100%.

The results for the SEC”"” are shown in Figure 6-4a and Figure 6-4b, for ERD

norm,2 passes
efficiency of 100% and 80%, respectively, for a target total water recovery of 50% and
99% salt rejection, relative to the normalized SEC for a single-pass process for the same
target recovery and salt rejection. As expected, the minimum normalized SEC of the two-

pass process, is equivalent to the minimum normalized SEC for the single-pass (i.e.,

single stage) process (i.e., SECZH® =2 for n,=1 and SECTE =238 for

norm,lstage norm,lstage

n, =0.8 at the target total recovery, Y;, of 50%). At the lower ERD efficiency of 80%

Ctr,ERD
norm,2 passes

(assumed identical for both the two-pass and single-pass pumps), the SE

C tr,ERD
norm,2 passes

achievable with the two-pass process increases but the SE trend with recovery

and rejection is similar to the case of 100% ERD efficiency (Figure 6-4).
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all pumps) with respect to salt rejection and water recovery in the
first-pass. The target water recovery and salt rejection are 50% and
99%, respectively. In both figures, the plots are truncated at a

normalized SEC value of 5 in order to zoom in on the lower SEC
region.
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For the special case of 100% efficient pumps and ERDs of the same efficiency,

for both the two-pass and single-pass processes, it is possible to arrive at an analytical

solution for the SEC"2*) for the overall two-pass process since the optimal solutions

norm,2 passes

fall on the boundaries of R;=0 and R,=0. For example, when R, =0, the optimum Y,

value is obtained by setting (6SEC"”ERD / 0Y, ) = 0 and solving to obtain the following

norm,2 passes

solution for the optimal recovery (for the second pass) at which the minimum SEC is

obtained:
N/
Yoo =T 77— — 6.20
e, (200
2
(SECIES e |n0) =R (1417, (6.20b)
Similarly, when R, =0 , the optimum Y  value 1is obtained from

(GSE CrErl 1 0Y, ) = 0, leading to the following solution

norm ,2 passes
Vi =7, (6.21a)

PREAST
&0 )n  Y(1-Y)

(SECtr,ERD

norm, 2pusses

(6.21b)

It is noted that the global minimum SEC is the lower of the above two minima ((Egs.
6.20b) and (6.21b)). The SEC of the single-pass (or single stage) counterpart is given by

Eq. (22) and it is the same as Eq. (6.21b). Therefore, if

norm, 2 passes norm, 2 passes

(SECtr,ERD

R0 )min > (SECtr,ERD

_O) ~, a single-pass process will always be

more energy  efficient than its two-pass  counterpart. = However, if
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(SEC”’ERD

norm, 2 passes

i) < (SEC”’ERD

norm, 2 passes Ry=0

) , there will be a sub-domain where a two-

pass process can be of greater energy efficiency relative to a single-pass process. Finally,

if (SEC"‘

min

RIZO) = (SEC””ERD ) ~, the optimized two-pass is as efficient as its

norm,2 passes| R, =0

single-pass counterpart, but it will be less efficient if not optimized. The critical total

recovery, ¥, | at which the transition occurs is determined by equation Egs. (6.20a)
and (6.21a) to give
critica 1 B 77
A (6.21c)
1+1-n,

Equation (6.21c¢), which is plotted in Figure 6-5, indicates that in the absence of energy

recovery (i.e., 7, =0) Y reduces to the optimal recovery for a single-pass process as
presented in Section 6.2 (i.e., ¥ =Y =0.5, Eq. (6.7a) and (6.21c)). On the other
hand, for an ideal ERD (77, =1) ¥ =0, indicating that a single—pass process is more
energy efficient than a two-pass process. For Y, > Y | a single-pass is always equally
or more energy efficient than a two-pass process, but for ¥, < Y " there can be a sub-

domain in which a two-pass process will be more energy efficient; this would be the case
only when the single-stage process is not operating at its optimal recovery at which the
global minimum SEC is achieved. It should be recognized, however, that the optimized
two-pass process, for the configuration shown in Figure 6-3, will always reduce to a

single-stage process.

110



o
o

o
-~

o
@

©
n

o
—

Critical Water Recovery, Y

S

0 02 04 06 08 1
ERD Efficiency, Nemp

Figure 6-5. The effect of ERD efficiency on the critical water recovery above
which a single stage membrane desalting process is more efficient
than a two-pass process (Eq. 6.21c¢).

An additional example is presented below for a lower ERD efficiency of 80% (for

both passes and for the single-pass operations with 7, =1 for all pumps) for which
Yyl =0.309 (see Eq. 6.21c). For ¥, < 0.309, there should be a sub-domain, in which a
two-pass process will be more energy efficient than its single-pass counterpart. This
behavior is illustrated in Figure 6-6a, for ¥, = 0.3 (i.e., ¥, <Y ) and R, = 0.99,
demonstrating a local region where SEC,."% . = <SEC.-"" = At Y, = 031 (ie.,
Y, > Y™y a single-pass is always more energy efficient as shown in Figure 6-6b. It is

noted that, for the special case of an ideal ERD (i.e., 17, =1), ¥ =0, a single-pass

process will be more energy favorable than a two-pass process given that for all

Operations Yt > YtCI‘itical )
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Variation of SEC of a two-pass RO/NF process and single-pass
counterpart with respect to water recovery and salt rejection in the
first-pass when the target water recovery is less than (Fig. a) and
larger than (Fig. b) the critical value. (ERD and pump efficiencies are
80% and 100% for the two-pass and single-pass processes and the

critical target water recovery is 30.9%). Both plots are set to zoom in
on the lower normalized SEC region.
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The above behavior can be understood by noting that in RO/NF desalting the
required feed pressure (or energy, see Eq. (6.14)) is more sensitive to water recovery than
salt rejection. When desalting is accomplished with a two-pass process, the water
recovery in each of the two passes will be greater than the target total water recovery
(provided that there is permeate production in both passes), as can be verified from Eq.
(6.9) (i.e., Y,=Y;Y>). For example, as can be seen in Figure 6-2, when using an ideal

ERDs (i.e., 17, =1), the optimum water recovery approaches zero and the SEC increases

with water recovery; therefore, regardless of the target water recovery, the SEC for a two-
pass process will be higher SEC than a single-pass process, due to the fact that even when
low rejection membranes are used in the two-pass process, the benefit of reducing the
applied pressure (which varies linearly with rejection) is negated by the higher recovery
which results in a much higher osmotic pressure and thus higher applied pressure. On the
other hand, when the desired total water recovery is below the optimal recovery, the
increase of water recovery, in each of the two passes, toward the optimal recovery will
reduce the SEC of each pass. For example, in Figure 6-2, in the absence of energy

recovery, i.e., 17, =0, the SEC will be lower when operating at 50% relative to 40%

water recovery. Below the critical water recovery (i.e., the optimal recovery for a single
pass process; see Figure 6-5), owing to the combined benefit of reducing the salt rejection
requirement in each pass, there is a sub-domain in which a two-pass process can be more
energy efficient than a single-pass (i.e., single stage) that operates at the same overall
target water recovery. Further discussion of the existence of such a domain and

comparison with single-pass operation is provided in Section 6.3.3.
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6.3.3. Energy cost optimization of two-pass RO/NF without energy recovery
In the absence of energy recovery, the two-pass and single-pass desalting

processes (Figure 6-7) are optimized as discussed in Section 6.3.2 by setting

e =1ng, =1, =0 . For the condition of 7, ;tf(Yi,AB), Eq. (6.21c) indicates that the

critical water recovery, Y , is 50%, above which the single-pass process will always

l

be more energy efficient than the two-pass process. If 7, =f ( A .), the critical water

recovery can only be obtained from a numerical solution of the optimization problem as
represented by Eq. (6.18).

PFT QBT
Po Pr. Qs Brine

Raw m Feed P, Qg

’ o P Qpy Brine
Water D I ) Feed I

Permeate
0. ¥P.1 S Permeate
P 0 OP2
Figure 6-7. Schematic of a two-pass RO/NF process without an energy recovery

device (ERD).

The implication of the above critical water recovery is that, in the absence of energy
recovery, a single-pass process is more energy efficient than a two-pass process for

Y >0.5 as illustrated in Figure 6-8 for a process with ideal pumps (i.e., 77, =1), target
total recovery of 60% and salt rejection of 99%. Two solutions are found for the

minimum SEC. The first is at (SEC”’ERD ) =413 and R =99%,Y, =60% . This

norm,2 pass

solution implies that the first-pass fulfills both the water recovery and salt rejection

requirements and the second-pass can be eliminated given that it would operate at
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R,=0,Y,=1 The second solution which is at (SECL=% ) =413 and

norm,2 pass mi
R, =99%, Y, = 60%, indicates that a second-pass can also fulfill both the water recovery

and salt rejection requirements; thus, for this solution the first-pass can be eliminated

given that it would operate at R, =0, ¥, =1. In other words, for operation at the limit of

the thermodynamic restriction, the energy-optimized two-pass RO/NF process is a single-

pass RO/NF process.

Y, =60%, R =99%, No ERD

v
W 6
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Figure 6-8. Variation of normalized SEC of a two-pass membrane desalting
process operating up to the thermodynamic restriction (without ERDs
and 100% pump efficiency) with respect to salt rejection and water
recovery in the first-pass. The target water recovery and salt rejection
are 60% and 99 %, respectively. The plot is truncated at a normalized
SEC value of 10 in order to zoom in on the lower SEC region.

On the other hand, below the critical total water recovery of 50%, there is an operational
sub-domain in which the two-pass process can be more energy efficient than its single-

pass counterpart as illustrated in Figure 6-9 for Y;= 0.3 and R;= 0.99. Specifically, for
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the above overall water recovery and salt rejection, the operational points between

(R, =0,Y, =60%) and the intersection of the single-pass counterpart plane (

SECY

worm.l pass = 4.71 ) with the two-pass surface are of lower normalized SEC relative to
the single-pass process, by as much as 16% when the first pass is operated at
R =0,Y, =60%. It is important to recognize that, when Y, < Y although a two-
pass process can be more energy favorable, in the absence of energy recovery, than its
single-pass counterpart (operated at the same overall water recovery, i.e., 30%), this
would require operation at low water recovery. It is stressed that the optimized two-pass
is actually a pseudo-two-pass, i.e., a single-pass with an unpressurized bypass (since

(R, =0,Y, =60%), (R, =99%,Y, = 50%) ), which indicates that a two-pass process can

never be more energy efficient than a single-pass process.
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Variation of the normalized SEC for a two-pass membrane desalting
process operating up to the thermodynamic restriction (without ERDs
and pumps of 100% efficiency) with respect to salt rejection and
water recovery in the first-pass. The target water recovery and salt
rejection are 30% and 99%, respectively. The plot is truncated at a

normalized SEC value of 6 in order to zoom in on the lower SEC
region.

6.4. The constraint of membrane rejection

The previous optimization of the two-pass process with respect to energy
consumption and the comparison with a single-pass process, assumed the availability of a
membrane that can achieve the required salt rejection even with a single-pass process.
However, if a membrane of the required overall desired rejection (i.e., R;) in a single-pass
is unavailable, then a two-pass is the only feasible approach, whereby the rejection of the
available membrane (i.e., of the highest available rejection R,,,,) represents the constraint

R, . <R that has to be considered when optimizing the two-pass process. Accordingly,
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in addition to the previous constraints (¥, <Y, <1 and 0<R <R ; Eq. (6.19b), the

following two additional constraints are introduced in the optimization of Eq. (6.17):
O<R <R, and O<R,<R__ (6.22)

For the purpose of illustrating the implications of the above constraints, it is convenient
to consider the special case of a two-pass operation with ideal energy recovery (i.e.,

ne. =1) and feed pumps (i.e., 77, =1) for both passes. A numerical solution of the above

C tr,ERD
norm, 2 passes

optimization problem (a search for the minimum SE over the rejection range

given by Eq. (6.22) and water recovery range of Y, <Y, <1), revealed that the optimal

salt rejection for the first-pass is the maximum salt rejection that can be achieved by a

membrane of the highest available rejection, i.e., R, =R . Itis also important to note

1,0pt max

that, in order to achieve the target overall rejection R, R should be no less than

X

1-/1-R (determined by Eq. (6.13)). The specific energy consumption of the above

two-pass desalination process, at the limit of the thermodynamic restriction, is obtained

by substituting R =R, , =R R =R +R,—RR,, and Y =YY, in Eq. (6.18), to

1,opt max

yield:

R R —R
SECtr,‘ERD = max + t max
norm,2 passes Y2 _ Y 1 _ Y2 (623)

where all the efficiencies (pumps and ERDs) are taken to be ideal in this example. From

Eq. (6.23), the second pass optimal recovery, Y.

2,0pt

is obtained by setting

norm,2 passes

(8SECLE s 10Y,) =0,
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_ \/Rmax + Yt \/Rt B Rmax
e \/mec + \/Rt - Rmax

(6.24)

And the global normalized minimum energy consumption for the overall two-pass

process is obtained by Eq. (6.24) in Eq. (6.23) yielding:

R+ 2JR,.(R —R,.)

SEC"-ERP
( )min (1- Yt)

norm,2 passes

(6.25)

An example of the variation of the salt rejection and water recovery for the two
passes, at the optimal minimum energy point (Eq. (6.25)), as obtained from the above

constrained optimization, is provided in Figure 6-10a-d, for a target overall salt rejection

of 99% and total water recovery of 50%, with the corresponding (SEC""ERD ) 4

norm,2 passes

shown in Figure 6-11. The analysis demonstrates the following behavior which is
apparent in Figure 6-10: (a) the optimal rejection for the first pass is equal to that which
is feasible by the available membrane of the highest rejection, with the second pass

rejection decreasing with R . (b) the optimum first-pass water recovery decreases more

max °

rapidly with increasing R, while the second-pass water recovery increases at a

somewhat faster rate with increasing R . Finally, it is noted that (SEC”’ERD ) s a

X norm,2 passes

sensitive function of R showing, for example, about 58% decrease in the SEC as R

increases from 0.9 to 0.99. The above analysis demonstrates that when operating a two-

pass process it is desirable to operate the first-pass at the highest possible rejection.
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Figure 6-10. Optimization of a two-pass RO/NF process with ERDs and pumps of

100% efficiency under the constraint of membrane rejection. (The

target water recovery and salt rejection are 50%

respectively.).
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Figure 6-11. The variation of the minimum SEC for a two-pass membrane
desalination process (Eq. 6.25), with ideal pumps and ERDs (i.e.,
n, =1 and 77, =1) and target water recovery and salt rejection of

50% and 99%, respectively, operated up to the limit of the
thermodynamic restriction, with the highest rejection of the
available membrane (i.e., Rmax ).

6.5. Conclusions and recommendations

. The present results indicate that if the desired overall salt rejection can be achieved in a
single pass, then a single-pass configuration will be more energy favorable than a two-
pass process configuration for the same level of total water recovery and salt rejection.
However, if a membrane is not available to achieve the desired rejection in a single pass,
then a two-pass configuration is the viable alternative, with the lowest energy

consumption attained when the first-pass uses a membrane of the highest available salt
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rejection. It is noted that for certain cases in which desalting is accomplished at
recoveries below the critical water recovery (i.e., the optimal recovery for a single stage),
there can be an operational sub-domain in which the two-pass process can be more
energy efficient than a single-pass counterpart (which is not operating at its globally
optimal state). Although retentate recycling from the second pass to the first pass feed
can reduce the energy consumption for the two pass process, the optimal two-pass
process is a single pass process.

It is important to recognize that additional energy will be consumed to pump the
water from the sea, through the pretreatment devices and back to the sea depending on
the site location. It is also noted that available membranes cannot work, currently, above
80 bars, which will limit the possible water recovery ratio. Finally, the ultimate target is
always to minimize the final cost of the water produced. Therefore, optimization needs to
be performed on the entire project, including the capital investment, pretreatment, post
treatment, etc. However, inclusion of these issues will simply affect the optimal water
recovery at which the RO desalination plant should operate. However, since the analysis
presented in this Chapter covers the entire range of possible water recovery ([0 1]) and
salt rejection ([0 1]), the conclusion that two-pass desalting will be less energy efficient
than single-pass desalting will not be altered by including additional economic
considerations. However, despite the lower energy efficiency of the two-pass process,
there can be situations where a two-pass process is the preferred process, particularly in
situations of difficult to achieve rejection of certain species as in the requirement for

boron removal [163].
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Chapter 7 Effect of Stream Mixing on RO Energy Cost

Minimization

7.1. Overview

Recent studies have demonstrated that when a membrane desalting process can be
operated up to the limit imposed by the thermodynamic restriction, there is an optimal
product water recovery at which the specific energy consumption (i.e., energy
consumption per volume of permeate produced) is minimized [38]. It has been shown,
via a formal optimization procedure, that the optimal operating condition shifts to higher
recovery with increased membrane and brine management costs [38]. It has also been
suggested that the energy consumption for membrane desalting would decrease with
increased desalting stages where inter-stage pumps are utilized. The optimization model
was successfully demonstrated in a recent study showing significant energy savings (up
to 22%) under fluctuating feed salinity (up to 43%) [44].

More recently, a two-pass membrane desalination process was evaluated and
compared to a single-pass process when both processes operate at the limit of the
thermodynamic restriction [43]. Considerations of energy recovery and pump efficiency
and the limitations imposed by membrane rejection level have led to the conclusion that a
single-pass process is more energy efficient relative to a two-pass process. However, in
these works, the impact of various stream mixing and recycling configurations on the

SEC of an RO plant was not fully studied.
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Extending previous studies on RO optimization for operation at the thermodynamic limit,
this work evaluates the effect of possible mixing/blending of various streams (feed,
retentate, permeate) on the specific energy consumption (SEC) of RO desalination. To
address this problem, the analysis begins with the simplest configuration: single-stage RO
desalination, in which two possible recycling (partial retentate recycling and partial
permeate recycling) operations are examined. Based on the results from the single-stage
RO configuration, two-pass and two-stage desalting with recycling are then studied to

determine the effect of various mixing/blending operations on the resulting SEC.

7.2. Effect of partial recycling operation on the SEC of single-stage

RO desalting at the thermodynamic limit

7.2.1. Materials and reagents

For single-stage RO desalting, full recycling of either the retentate or permeate streams is
not possible for a continuous process operation. Therefore, this chapter focuses on partial
recycling. In partial retentate recycling operation, part of the retentate stream is diverted
to the feed stream immediately before the RO module (Figure 7-1(a)), while in partial
permeate recycling operation, part of the permeate stream is diverted to the raw feed

(Figure 7-1 (b)).
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Figure 7-1. Schematics of a single-stage RO system with partial retentate
recycling (a) and permeate recycling (b).

7.2.2. Partial retentate recycling in single-stage RO desalting
For single-stage RO desalting with partial retentate recycling as shown in Figure

7-1 (a), one can show, via a salt mass balance, that the brine-permeate osmotic pressure

R

. . _ . . . . . _ 0 .
difference is Az, =15 (7, feed osmotic pressure, R: salt rejection, Y (= 5>): overall

water recovery where O, is the product water flow rate and O, is the raw feed water

flow rate), assuming linear relationship between the osmotic pressure and salt
concentration [150].

When desalting at the limit of the thermodynamic restriction and neglecting the pressure
drop in the system [38], the feed pressure is given by:

7,R

AP:f)F_PO :Aﬂbrinezl_

(7.1)
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Since the recycled retentate stream of a pressure P, is fed directly into the inlet of the
RO unit, there is no additional pump work involved to pressurize it to P, ; thus, the rate

of pump work for the RO system in Figure 7-1 (a) is given by:

W =APx Qraw = 172-01; Qraw (72)

Therefore, the specific energy consumption (SEC) is given by:

spc=2 _ 7R (7.3)
0, Y(1-Y)

which is consistent with the SEC for a single-stage RO system (without recycling) that
operates at the limit of the thermodynamic restriction [38]. This means that partial
retentate recycling will not change the SEC of a single-stage RO desalting. The inclusion
of an energy recovery device (ERD) will not alter this conclusion since the brine stream

flow rate (Q, =Q,,, —©O,) and pressure ( P,), which determine the amount of energy that

can be recovered [38], are the same for operation with and without partial retentate

recycling.

7.2.3. Partial permeate recycling in single-stage desalting
For single-stage RO desalting with partial permeate recycling as shown in Figure 7-1 (b),

R

the brine-permeate stream osmotic pressure difference is also given by Arx,. =15

assuming linear relationship between osmotic pressure and salt concentration [150].
When desalting at the limit of the thermodynamic restriction, the feed pressure is also

given as in Eq. (7.1). Given a recycled stream flow rate of Q . =aQ,, where a is the

126



recycle-to-product ratio (a >0), the rate of pump work for a feed flow rate Q, is given

as
. m,R
W:APXQF = I—YX(aQP-i_QraW) (74)
where
QF = Qrec + Qmw = aQP + Qraw (7'5)

Therefore, the SEC for this system is given by

APxQr _ AR (20, +0.,)
QP - 1-Y QP

SEC =

__mR +a7zOR (7.6)
Ya-vyy) 1-v

In Eq. 7.6, the first term, -2£_), is the SEC for a single-stage RO desalting at a water

Y1)
recovery of Y (Section 2.1, if one replaces the configuration inside the dashed region of
Figure 7-1 (b) by a single-stage RO system without recycling). Thus, the SEC of single-
stage RO desalting with partial permeate recycling is less energy favorable than single-
stage RO desalting without partial permeate recycling. If the pressure drop is taken into
account, the SEC of partial permeate recycling operation will increase further. Likewise,
the effect of an ERD will not change the above conclusion since the brine stream flow

rate (Q, =0, —0,) and feed pressure ( P, ) are the same for operation with and without

partial permeate recycling [38].
The conclusion from the above simple analysis is that in a single-stage RO operation,

permeate recycling increases the SEC, while retentate recycling does not change the SEC.
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7.3. Effect of second-pass retentate recycling to the first-pass feed in a
two-pass membrane desalting process

A two-pass RO/NF desalting has been proposed in the literature as a potential approach
to lower energy consumption [149] or to achieve target salt rejection not feasible with a
single pass [163]. As presented in Chapter 6, the two-pass process without recycling has
no advantage with respect to energy savings and its optimized configuration defaults to a
single-pass process [43]. Whether the two-pass with retentate recycling from the second-
pass to the first pass feed could provide the means for reducing the energy consumption
in the two-pass system is unknown. This approach is therefore investigated in this work
and compared with a single-pass process at the same overall water recovery and salt

rejection.

7.3.1. General Governing Equations
The case of full retentate recycling from the second-pass to the first pass is presented this
- lst,recycle

section (Figure 7-2), in which the rates of work done by the first-pass pump, W, 5

and second-pass pump, p/2't> at the limit of the thermodynamic restriction, are

given by :
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Figure 7-2. Schematic of recycling the concentrate stream of the second-pass to
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tr,ERD ( -7, - (7.7b)
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inwhich », ., n, n, n, and n, ,n, 1, n, are the pump and ERD efficiencies for the
first and second passes, respectively, R ,R, R,R, are salt rejections in the first and
second-pass, respectively, Y, Y, Y, ¥, are the water recoveries in the first and second-
pass, respectively, 0, ,,0,, Q0,,,0Q,, are the feed flow rates to the first and second-pass,
respectively, and 7,7, 7,,,7,, are the osmotic pressures of the feed to the first and

second-pass RO/NF, respectively, given by:
72.0,2 = fost,l = fos (1 - Rl)cf,l = (1 - Rl )72’-0,1 (7.7C)

The feed, brine and permeate flow rates of the second pass, O ,, and Q,, ., Q,,

respectively, calculated by simple mass balances, are given as :

0,,=0,,=Yx(0,, +0,,) (7.7d)

0y, =(1-1)x0,, (7.7¢)

0,,=Y. %0, (7.7%)

where O is the raw water flow rate, Y is the overall target water recovery, and Y, is
defined by:

nzif (17g)

The relationships among Y, ¥, and Y, are obtained by combining Eqgs. (7.7d)-( 7.7g):

,__ TN
" 1-1(-1,)

v (7.7h)
R, =2y 4-1)
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The feed concentration to the first pass, C,,, which is the flow-rate-weighted average of

f1

the raw water stream concentration (C, ) and second-pass brine stream concentration (

C,,)). given by:

C _ Cranraw + Cb,ZQb,Z (7 7)
f1r— it
Qraw + Qb,2
where C, , is given by:
1-Y,(1-R)) )
Coo=—"—5 Cu (7.7})
2
And R, is given by:
C
Ry =1- (7.7K)

where C,, and C, the permeate concentration of the first and second passes,

2
respectively, are given by:

Cp,l =(1-R)x Cf,1 (7.7m)
C,,=0-R)xC,, (7.7n)

where R, is the target water recovery. The relationship between C,, and C,,, is derived

1
by combining Egs. (7.7¢)—(7.7n):

Ci 1-Y,(1-Y))
C.. 1-L(-R)1-Y,(-R,)] (7.7p)

raw

while the relationship among R,, R, and R is given by:
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R =1— Cp,z —1— (I_Rz)(l_Rl)Cf,l
t Craw Craw

_(I-R)(I-R)1-Y,(1-1,)] (7.7q)

l_Yl(l_Rl)[l_Yz(l_Rz)]

The normalized two-pass SEC for a given total target water recovery, Y; ,and

overall salt rejection, R;, is then derived from the combination of Eqs. 7.7a-7.7q,

g SECES
norm,2 passes -
7[0 K}/ZQf,I/(‘)SCraW
R \(1-7,,0-Y)) (RA-R)Y,\(1-7,,0-1)) (770
1 Ne(1-1) " 5 ( DY N, (1-1,)
_ [1-Y(1-Y)] y 1-7 M 1-7, Mpy
—%,0-R)I-T,(-Ry)] Y,

Equation (7r) which is applicable for operation at the limit of the thermodynamic
restriction, is subject to the constraints of

0<R <1, 0=<R,<l, 0<Y <l 0<Y,<1,andEgs.(7.7h)and (7.7q).

In summary, for this case, the SEC for permeate water production, normalized

with respect to the feed osmotic pressure (i.e., 7,) at a target water recovery of ¥, and

target salt rejection R, for operation at the thermodynamic limit is given as [43]:

SEC,zpisses.
R\ (=7 0-Y) Ry(1=R)Y, \ ( 1=12 (1=15)
— [1_Yl(1_Y2)] X(q)( 7P )+( 1-Y )( P2 ) (77r)
1-Y,(1-R)[1-Y,(1-R,)] Yy,
subject to the following constraints:
y-— 2 (7.8)
1-Y,(1-Y,)
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g =1 (=RI=RII-Y(1-)] 79)
I_Yl(l_Rl)[l_Yz(l_Rz)]

0<R <L,0<R, <Y<Y <10<Y,<I (7.10)

7.3.2. Critical water recovery

In studying the impact of recycling the second-pass retentate stream to the first pass feed
stream, the efficiencies of the feed pumps are taken to be independent of water recovery
and feed pressure. This approach simplifies the analysis without a loss of generality
regarding the overall conclusions pertaining to the comparison of the different
operational models. It is noted that the feed flow rate to the second pass will be lower
than the feed to the first pass. Therefore, the second pass feed pump is expected to
operate at a lower efficiency relative to the first pass feed pump — a well-known
characteristic pump behavior. However, a conservative analysis can be carried out by
considering the efficiency of the first and second pass feed pumps to be identical. As a
consequence, energy optimization is only affected within a pump efficiency factor which
will drop out of the comparative analysis when considering the ratio of energy
consumption for the two pass and single pass processes.

Following the above approach, extensive numerical optimizations have been carried out
in this work with respect to different water recoveries, salt rejections and ERD
efficiencies in the range [0 1] and results are summarized here. For the special case of the
two-pass process with retentate recycling and ideal pumps (i.e., 77, =1), it is possible to

Ctr,ERD,recycle
norm,2 passes

arrive at an analytical solution for the minimum SE since the optimal

133



solutions fall on the boundaries of R =0 or R,= 0 as shown in Chapter 6. When R =0,

R, is computed from Eq. 7.9 as follows:

(7.11)

Substituting Egs. 7.9 and 7.11 into Eq. 7.7r, the normalized SEC of this two-pass process
with retentate recycling, is given by:

SECy | _y= ) A D)
a7

t

C] (7.12)

where A= (IZE—ZY_)Y), B= % and C=225— . It is noted that A, B and C are
E27

constants for each given target water recovery and second-pass ERD efficiency.

Determination of the minimum normalized SEC is equivalent to finding the minimum of

A(Y,+B) Since SECtr ,ERD,recycle

THTT worm2passes. 1 EQ. (7.71) is always greater than zero. It is also
1 1%t

0T e _ATE)

equivalent to finding the maximum of ¥ ) T
1 174

is always greater than

AYj+B)  _ 1-ng, +

zero (- Y - oy,

> 0 under the constraint of Eq. (7.10)) and thus the optimum

Y, and corresponding minimum SEC are found to be:

=Y, +B(1+Y,+B)-B (7.13)

1 ,opt

e R W T X U =St/ 10 M N B IE T
YA-Y)| (¥, -1-1,,)

For Egs. (7.13) and (7.14) to be valid, ¥, = \/Y, +B(1+Y, + B) — B has to be in the range

[Y,1]. From Eq. (7.13), (B+ lopt) =Y +B(+Y +B)=Y + B+ BY +B*, which is less
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than B* +2B+1=(B+1)* and larger than ¥’ + BY, + BY, + B’ = (¥, + B)*, thus ¥, is in

t

the range [Y,,1]. Similarly, when R, =0, R, is computed from Eq. (7.9) as follows:

R =1- U=R) (7.15)
(=Y (A-)]+ 1 (1-Y)I-R)

__(-R)
I-RY,(I-Y,)

The normalized SEC of the two-pass process (Figure 7-2) with retentate recycling, is

obtained by substituting Egs. 7.9 and 7.15 into Eq. 7.71:

SECLASIN o= 3G o) (7.16)
The optimum ¥, value is obtained from [8(SE Crmn 2 s Iryz0) 1 0Y, ) =0, leading to
Vo =Y, (7.17)
Rlevimed N L (7.18)
2=/ min Y(1-Y)

It is noted that, the global minimum SEC is the minimum of the above two minima (Egs.
7.14 and 7.18). The SEC of the single-pass (or single stage) counterpart is given by

Eq.7.15 and it is the same as Eq. 7.18. Therefore, if

[SECtr,ERD,recycle

norm,2 passes

tr,ERD ,recycle
R=0 Jmin > [SEC

norm,2 passes

. OJ , a single-pass process will always be more
27" ) min

energy efficient than its two-pass counterpart. However, if

[SECtr,ERD,Vecycle

norm,2 passes

- j < SEC!V,ERD,Vecycle
! min

norm,2 passes Ro=

J there will be a sub-domain where a two-
min

pass process can be of greater energy efficiency relative to a single-pass process. Finally,
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lf {SECtr,ERD,recycle

norm ,2 passes

norm,2 passes ‘Rz =0

Rlzo]mm =[SEC”’ERD’””’C") jmm, the optimized two-pass process is as
efficient as its single-pass counterpart, but it will be less efficient if not optimized. The
critical total recovery, Y“" , at which the transition occurs is then determined by

equating Eqs. 7.14 and 7.18 to give:

o 1-
Ycrlttcal _ 77E1 (719)

t 2\/1 gy =Ny +175, —2)

If ., =n., =n,, the critical over water recovery is given by:

Y;critical — V 1 B nE (720)
2[1+\1-n,]

Furthermore, if 7, =7,, =0, Y =0.25, while if ,, =7n,, =1, ¥ =0. Eq. 7.20

(Figure 7-3) indicates that in the absence of energy recovery (i.e., 7, =0) Y reduces

to half the optimal recovery for a single-pass process [43] (i.e., Y =0.5Y, o = 0.25,

Eq. 7.19). On the other hand, for an ideal ERD (7, =1)Y,“"“ =0, indicating that a
single—pass process is more energy efficient than a two-pass process. For Y, > Y " | a
single-pass is always equally or more energy efficient than a two-pass process, but for
Y, < Y there can be a sub-domain in which a two-pass process will be more energy
efficient; this would be the case only when the single-pass process is not operating at the
optimal recovery at which the global minimum SEC is achieved. It should be recognized,
however, that the globally optimized two-pass process, for the configuration shown in
Figure 7-2, will always reduce to a single-pass process. Specific examples, that illustrate

the process with second-pass retentate recycling are presented in Sections 7.3.3-7.3.5 for
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desalting with energy recovery at 100% and 80% efficiency and without energy recovery
to demonstrate the impact of ERD efficiency on the SEC optimization of a two-pass

process with retentate recycling.

05~= - T .
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/

Critical Water Recovery, Y
o
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- = = No recycling

— Recycling

o
w

o

0 0.2 0.4 06 0.8 1
ERD Efficiency, Meap

Figure 7-3.  Critical water recovery vs. ERD efficiency for the process depicted in
Figure 7-2.

7.3.3. Two-Pass Desalting with Complete Retentate Recycling and Ideal Energy
Recovery

For the case of desalting with ideal energy recovery (i.e., 100%), the normalized two-pass
SEC is obtained from Eq. 7.7r by setting 7., and 7., to unity. The critical water
recovery as computed from Eq. (7.20) is zero and thus a single-pass process without

recycling is always more energy efficient than a two-pass process with second-pass
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retentate recycling. As an example, the normalized SEC, with the feed pumps taken to be

ideal (i.e., 17,, =1,, =1) is plotted in Figure 7-4, for desalting operation up to the limit of
the thermodynamic restriction, for a target overall water recovery (Y,) and salt rejection (
R) of 48% (typical water recovery in ADC pilot study [143]) and 99%, respectively. The

bottom plane in Fig. 4 is the normalized SEC for a single-pass process without recycling,
also operating up to the limit of the thermodynamic restriction, with the same target
recovery and salt rejection as above. The results depicted in Figure 7-4 show that a
single-pass process (without recycling the second-pass retentate stream to the first-pass
feed stream) is more energy efficient than a two-pass process with retentate recycling,
provided that both cases target the same overall water recovery and salt rejection. It is
only when the two-pass process reduces to a single-pass process (the plane in Figure 7-4)

that it can be as efficient as the single-pass process.
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Figure 7-4.  Variation of the normalized SEC of a two-pass membrane desalting
process (with ERDs of 100% efficiency in each pass, therefore the
critical target water recovery is zero according to Eq. 7.20), with
respect to salt rejection and water recovery in the first-pass, operated
up to the limit of the thermodynamic restriction, for operation with
full recycling of the second-pass brine stream to the first-pass feed
stream. The target water recovery and salt rejection are 48% and
99%, respectively. The plot is truncated at a normalized SEC of 4 in
order to zoom in on the lower SEC region.

7.3.4. Two-Pass Desalting with Complete Retentate Recycling and Non-Ideal
Energy Recovery
Ilustration of the effect of non-ideal energy recovery on the normalized two-pass SEC is

shown in Figure 7-5, for the case of 80% energy recovery (i.e., 17, =717,, = 0.8 in Eq.

7.7r) and ideal pumps (i.e., 7,, =77,, =1). According to Eq. 7.20, the critical overall
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water recovery (Y "“) is 15.45%. Figure 7-5a and b show the normalized SEC of a two-

pass membrane desalting process operated up to the limit of the thermodynamic
restriction, with recycling of the second-pass brine stream to the first-pass feed stream,
with respect to salt rejection and water recovery in the first-pass. The target salt rejection
1S 99% in both Figure 7-5a and b. The target water recovery in Figure 7-5a is 15% (i.e.,

<y, while in Figure 7-5b it is 16% (i.e., > ¥,""“"). Both plots are truncated at a

normalized SEC of 2.55 in order to zoom in on the lower SEC region. Figure 7-5a shows

that at this specific condition (Y, < ¥,“"**), there is a sub-domain in which the two-pass

process has a lower SEC than a single-pass process operated at the same water recovery
(the higher plane in Figure 7-5a). However, the optimized two-pass process has the same
SEC as a single-pass process when operated at the critical water recovery. On the other
hand as shown in Figure 7-5b, when the target water recovery (16%) is higher than

Y | the two-pass process would always be of a higher SEC than its single-pass

counterpart operated at the same water recovery (16%, the lower plane in Figure 7-5b). It
is only when the two-pass process reduces to a single-pass (the lower plane in Figure 7-

5b) that it can be as efficient as the single-pass process.
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Figure 7-5. Variation of the normalized SEC of a two-pass membrane desalting
process (with ERDs of 80% efficiency in each pass, therefore the
critical target water recovery is 15.45% according to Eq. 7.20)
operated up to the limit of the thermodynamic restriction, with full
recycling of the second-pass brine stream to the first-pass feed stream,
with respect to salt rejection and water recovery in the first-pass. The
target salt rejection is 99% with the target water recovery of (a) 15%
(i.e., less than the critical target water recovery), and (b) 16% (i.e.,
greater than the critical water recovery). Both plots are truncated at a
normalized SEC of 2.55 in order to zoom in on the lower SEC region.
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7.3.5. Two-Pass Desalting with Complete Retentate Recycling without Energy
Recovery
The normalized SEC for two-pass desalting with ideal pumps, but without energy

recovery devices (i.e., 77, =1,, =0 and 7, =71,, =1 in Eq. 7.7r), the normalized two-

pass process SEC is illustrated in Figure 7-6a and b for recoveries above and below the
critical recovery of 20% (Eq. 7.20). The two-pass membrane desalting process operated
up to the limit of the thermodynamic restriction, with the recycling of the second-pass
brine stream to the first-pass feed stream, with a total target salt rejection is 99%. The

target water recovery in Figure 7-6a is 24% (i.e., < Y"“"), while in Figure 7-6b it is 26%
(i.e., > Y""). Both plots are truncated at a normalized SEC of 5.6 in order to zoom in
on the lower SEC region. When Y, < Y (Figure 7-6a), there is a sub-domain in which

the two-pass process has a lower SEC than a single-pass process when operated at the
same water recovery (the higher plane in Figure 7-6a). However, the optimized two-pass
process has the same SEC as a single-pass process when operated at the critical water

recovery. When Y, > Y’ (Figure 7-6b), the two-pass process always has a higher SEC

than its single-pass process counterpart when operated at the same water recovery (26%,
the plane in Figure 7-6b). At the optimal energy consumption state, the two-pass process

reduces to a single-pass (or single-stage) process (the plane in Figure 7-6b).
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Variation of the normalized SEC of a two-pass membrane desalting
process (without ERDs, therefore the critical target water recovery is
25% according to Eq. 7.20) operated up to the limit of the
thermodynamic restriction, with full recycling of the second-pass
brine stream to the first-pass feed stream, with respect to salt
rejection and water recovery in the first-pass. The target salt rejection
is 99% with the target water recovery of (a) 24% (i.e., less than the
critical target water recovery), and (b) 26% (i.e., greater than the
critical water recovery). Both plots are truncated at a normalized
SEC of 5.6 in order to zoom in on the lower SEC region.
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As stated in Sections 6.5 and 7.3, although membrane desalting via a two-pass process
with or without recycling is less energy efficient than a single-pass (or single-stage)
process, there can be situations where a two-pass process is preferred, particularly in

situations of difficult to achieve rejection of certain species (boron removal [163]).

7.4. SEC optimization of two-stage RO Desalting with feed diversion
to the second-stage

In considering the operation of a two-stage process, it is interesting to evaluate the
potential impact of diverting part of the feed stream of the first-stage to the second-stage
(in order to reduce the salinity of the feed to the second-stage RO, Figure 7-7) on the SEC
optimization. Following recent analysis of the process [38], the rates of work done by the

first-stage pump, ', and second-stage pump, W >, at the limit of the thermodynamic

restriction, are given by:

Wlst — 7[0

0+ Q) (7.21)

. T
Wt =22 O, ,[1- Mg, 1-Y)]-

tr _1_Y2 1

7o

. 7.22
0 (7.22)
where 7., is the efficiency of the ERD in the second stage; Y, and Y, are the water
recoveries in the first and second stage, respectively (¥, =0,,/0,,.Y,=0,,/0,,);

01> 0Q,,» Q,,and Q , are the feed and permeate flow rates to the first and second

stage, respectively (Q,, =0, +(1-Y))Q,,, where O, is the raw water flow rate to the
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second-stage); and 7, and 7z, are the osmotic pressures of the feed to the first and

second stage, respectively, and are related by the following (assuming 100% of salt

rejection in each stage) expression:

+
Ty, = Q0+ Q. 7, (7.23)
Qd,l + (1 - Y; )Qf,l
Split PF; p ojf
PO ,O a . "
e P, Q TBrlne
Raw m E:éedﬂ Pes Qg
Water
Al 3
rine '
Permeate "p— ERD |+ Brine
Po, Qe e Pe; Qg
O Feed
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Y y
Permeate
Po, Qp2
Figure 7-7. Schematic of a two-stage RO process with part of the raw feed
diverted to the second stage.

F Y

Therefore, the average SEC of this two-stage process, normalized to the feed osmotic

pressure, 7, ,1s given by

rr st r2nd
SECIE, = e (7.24)
(Qp,l + Qp,Z )7,
where
0,,+0,,=Y(0,,+0,,)) (7.25)
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Combining Egs. (7.21)-(7.25), the average SEC targeting a desired water recovery, Y, is
dependent on the fractional water recovery in each stage and the diverted raw feed
fraction, f,, as follows:

ha=fq) | 1=h+hfy

) O S = AL (7.26)
tr,norm Yt
where the diverted raw feed fraction is f, = Qd?iéf] . The objective is to minimize the

function SEC>® in Eq.(7.26) in order to minimize the SEC, with respect to the

tr,norm

following constraints:

0<f, <1 (7.27)
0<Y <1 (7.28)
0<7Y, <l (7.29)
The constraint 0<Y, <1 requires ¥, <=~ or f,>1—5 based on the overall mass

balance in Eq. (7.25).
The average SEC of a two-stage RO process without diverting the raw feed to the second

stage , but targeting the same overall water recovery, Y, is determined by setting f, =0

in Eq. (7.26) leading to:

~

o n
SECEad 170 Ty s,

tr,norm

-~

(7.30)

=

where the superscript nd denotes “no diversion”. In Eq. (7.30), SEC>"*" is only a

tr,norm

function of the water recovery in the first stage. Consistent with the optimization result
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reported in Chapter 5, the optimum water recovery and minimum SEC>*"* are given

tr,norm

by:

Y, =1-1-7, (7.31)

2stgs,nd ﬁ N 77Ez - l
(SECendy o (7.32)

tr ,norm },l

The optimum (f;,Y,) set is obtained via a similar search algorithm used in Chapter 6. A

typical result is shown in Figure 7-8, in which the bottom plane represents the minimum
SEC of a two-stage RO process without diversion of the raw feed (Eq. 7.32). Figure 7-8
shows that the minimum SEC of a two-stage process with raw feed diversion occurs

when f, =0, which is simply a two-stage process without feed diversion [38]. To help

understand this point, one can take the diverting operation to its extreme situation, where
all the feed to the first-stage is diverted to the second-stage: in this case, the two-stage
RO process with diversion of the feed evolves into a single-stage RO process. As shown
in Chapter 5, a single-stage RO process is less energy efficient than a two-stage RO

process.
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Figure 7-8. Variation of SEC for a two-stage RO (targeting 50% of water
recovery, ERD efficiency 100% ) with respect to the diverted fraction

and the first-stage water recovery. Ja is the fraction of the raw feed
diverted from the first- to the second-stage RO.

7.5. Conclusions

The analysis clarifies that in a single-stage RO process, partial retentate recycling
to the feed stream does not change the SEC, while partial permeate recycling to the feed
stream increases the SEC when targeting the same overall water recovery. For a two-

stage RO process, diverting part of the raw water feed from the first stage to the second-
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stage RO does not decrease the minimum achievable SEC in the two-stage RO process.
For a two-pass membrane desalination process, second-pass retentate recycling to the
first-pass feed stream reduces the energy consumption relative to the case of no recycling.
However, the optimal two-pass process always reduces to a single-pass (single-stage)
process. In closure, the various mixing approaches considered in this chapter, while may
be useful for various operational reasons, do not provide an advantage from the viewpoint

of energy use reduction.
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Chapter 8 Energy Consumption Optimization of Reverse
Osmosis Membrane Water Desalination Subject to Feed

Salinity Fluctuations

8.1. Overview

This chapter extends the analysis of Chapter 4 on energy consumption
optimization to account for feed salinity fluctuations. Due to seasonal rainfalls, the feed
water salinity will fluctuate both for seawater and brackish water. For example, at one
location in the central San Joaquin Valley, the total dissolved solids (TDS) content
deviated up to 52% from its annual average [39]. The specific objective is to determine
the optimal time-varying operating policy for constant permeate productivity (i.e.,
constant permeate flow rate) in the presence of feed salinity fluctuations. A series of
computational and experimental results are presented that demonstrate the applicability
and potential in terms of energy savings of the proposed time-varying optimal operation
policy. The approach of locating optimal operating points can be used as the set point for

control purposes in reverse osmosis desalination systems [4, 164-167].
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8.2. Preliminaries: RO Process Description and Modeling

In order to illustrate the proposed approach to energy cost optimization it is instructive to
consider a membrane RO process without the deployment of an energy recovery device
(ERD) as shown schematically in Figure 8-1.
)
Pr, Qg Cg

PeQ-Cr 4Brine
Feed

Permeate
F 0, OP, CP

Figure 8-1.  Schematic of simplified RO system.
The energy cost associated with RO desalination is evaluated in the present analysis as
the specific energy consumption (SEC) defined as the electrical energy needed to produce
a cubic meter of permeate. Pump efficiency can be included in the following analysis in a
straightforward fashion as presented in Chapter 3. As a first step, however, in order to
simplify the presentation of the approach, the required electrical energy is taken to be
equal to the pump work, (i.e., assuming a pump efficiency of 100%) where the more
general approach is provided in Section 3.5.2. Accordingly, the SEC for the plant shown
in Figure 8-1 is given by:

_ W pump

SEC = (8.1)
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8.3. Optimal Operation Policy for Energy Optimization

8.3.1. Feed Salinity Fluctuation and Operating Policies

For the purpose of illustration of the proposed optimal operation approach, we consider a
simple feed salinity fluctuation profile shown in Figure 8-2. Specifically, consider a 20-
hour time window in which the feed osmotic pressure in the first 10 hours is 500psi, and

it is then reduced to 200 psi for the remaining 10 hours. For a single-stage RO system

with constant feed flow rate O, , the average feed osmotic pressure is 350 psi. We will

study the minimum specific energy consumption (SEC) of two difference cases. In case
1 (operating strategy A), the operating pressure is constant, while in case 2 (operating
strategy B), it changes with the instantaneous feed osmotic pressure and will always be
double that of the instantaneous feed osmotic pressure. In both cases the RO operation is

at the limit of thermodynamic restriction.
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Figure 8-2.  Feed osmotic pressure profile within 20 hours.
In the presence of the feed salinity fluctuation of Figure 8-2, the following two operating
strategies may be considered.
o Operating strategy A: The transmembrane pressure is maintained at

double that of the average (over the whole 20-hour time window) feed osmotic

pressure, i.e. 700 psi .

o Operating strategy B: The transmembrane pressure is maintained at double
that of the instantaneous feed osmotic pressure.
For a built plant to produce the same amount of permeate volume for both operating

strategy A and operating strategy B, the permeate flow rates in the first 104rs and the
last 10 4rs have to be the same. The specific energy consumption (SEC) comparison of

operating strategy A and operating strategy B is first considered e for an RO process
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without an energy recovery device (see Figure 8-1) and the case of an RO process with an

energy recovery device (see Figure 8-3) is subsequently addressed. In Figure 8-3, P, and

P, are the brine discharge and permeate pressure, respectively, which are assumed here

to be equal to £ (i.e., the atmospheric pressure) £, .

Raw water, P,

Brine Brine, P
< ERD
P 2

e

Raw water, P,

Permeate, P,
Figure 8-3.  Simplified RO system with an energy recovery device (ERD).

The rate of work done by the pump on the raw water, in the presence of an ERD, is given
by:
Wpump = APX(Q[’ _nQb) (8'2)

where 7 is the efficiency of the energy recovery device.

8.4. Optimal Operation Policy for an RO Process without ERD

8.4.1. Operating Strategy A

At the limit of thermodynamic restriction, the water recovery in the first 10 hrs,
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Y =1-30=2 (8.3)

and the water recovery in the last 10 hrs,

Y,=1-20-3 (8.4)

700 7
In order to produce the same amount of permeate volume, the feed flow rate in the first

10 hrs has to be 2.5 times that of the feed flow rate in the last 10 hrs (Q, ,). Therefore, the

permeate produced in the first 10 hrs computing from Eq. 8.2 is:
V., :2.5><Qf’2x%xthrz?wathr (8.5)
The energy consumption in the first 10 hrs is:

Wi =ARXV,, —700psz><7>< sz

(8.6)
=175000Q, , - psi-hr
Similarly, the permeate produced in the last 10 hrs is:
=0,,x ><10hr——Qf2 (8.7)

which is the same as the permeate volume in the first 10 hrs as required in this scenario.

The energy consumption in the last 10 hrs is:

W,=AP XV, , —700psz>< >< sz

(8.8)
=70000,, - psi- hr
Therefore, the average SEC is:
4 W+w, (17500+7000)xQ, , - psi-hr
SEC = V.oV, (50/7+50/7)xQ,,xhr (8.9)

=1715 psi
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which can be converted into 11,824 kJ / m®, meaning that 11,824 kJ of energy is needed

to produce 1m’ of permeate by adopting operating strategy A.

8.4.2. Operating Strategy B
The water recovery in the last 10 hrs is the same as the water recovery in the first 10 hrs
(both at 50% ). In order to produce the same amount of permeate volume, the feed flow

rate in the first 10 hrs should be the same as the feed flow rate in the last 10 hrs (0,,)
The permeate produced in the first 10 hrs is:
V, =0, x%xthr =50, ,xhr (8.10)

The energy consumption in the first 10 hrs is:

W, =AR'xV, =2x500 psix2x5Q, ,x hr

, (8.11)
=100000, , - psi-hr
Similarly, the permeate produced in the last 10 hrs is:
V2 =fo,2X%><10hr=5Q;,2xhr (8.12)

which is the same as the permeate volume in the first 10 hrs as required in this scenario.

The energy consumption in the last 10 hrs is:

W, =AP, xV,, =2x200 psix2x50Q, , x hr

, (8.13)
=40000Q,, - psi-hr

Therefore, the average SEC is:
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s W, +w,  (10000+4000)xQ, , - psi-hr
VLAV, (5+5)xQ, , xhr (8.14)

p.l p

=1400 psi

SEC

which can be converted into 9,652 kJ / m’, meaning that 9,652kJ of energy is needed to

produce 1m’ of permeate by adopting operating strategy B.

From Eq. 8.9 and Eq. 8.14, we see that the operating strategy A has a higher SEC

than operating strategy B about 22.5% (113540 =22.5% ). Furthermore, in order to
equate the total permeate volume in operating strategy A and operating strategy B,
Qf',2 =20, ,. Thus, the total feed volume in operating strategy B is 2x20Q , =20,

while the total feed volume in operating strategy A is (2.5+1)Q,, =3.50,, - Therefore,

in order to obtain the same permeate volume, operating strategy A requires a higher

volume of feed water, and thus, it has a lower overall water recovery.

8.5. Optimal Operation Policy for an RO Process with ERD of 100 %

Efficiency

8.5.1. Operating Strategy A
The water recovery in the last 10 hrs is 2.5 times that of the water recovery in the first 10
hrs. In order to produce the same amount of permeate volume, the feed flow rate in the

first 10 hrs has to be 2.5 times that of the feed flow rate in the last 10 hrs (Qf’2 ). The units

of the flow rate in this chapter is volume per hour. Therefore, the permeate produced in

the first 10 hrs is:
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V., :2.5><qu2x%xthr:%Q‘mxhr (8.15)
The energy consumption in the first 10 hrs is:

ERD L
W = AR xV,, =700 psi X7Qf,2 xhr (8.16)

=5000Q, , - psi-hr

Similarly, the permeate produced in the last 10 hrs is:

V,=0,, x%xthr - %Qm < hr (8.17)

which is the same as the permeate volume in the first 10 hrs as required in this scenario.

The energy consumption in the last 10 hrs is:

VVzERD = AP, x V,,= 700 psix?Qﬁ2 X hr

(8.18)
=5000Q, , - psi-hr
Therefore, the average SEC is:
. WERR LERR (5000 +5000)xQ, , - psi-hr
SEC Ty v, (50/7+50/ )% Q, , xhr (8.19)

=700 psi
which can be converted into 4,826 kJ / m®, meaning that 4,826/ of energy is needed to

produce 1m’ of permeate by adopting operating strategy A.

8.5.2. Operating Strategy B
In strategy B, the operating pressure will always be double that of the
instantaneous feed osmotic pressure so that the water recovery in the last 10 hrs is the

same as the water recovery in the first 10 hrs under the assumption that the system is
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operated up to the limit of the thermodynamic restriction. In order to produce the
permeate volume, the feed flow rate in the first 10 hrs has to be the same as that the feed

flow rate in the last 10 hrs (Q, ,"). The permeate volume produced in the first 10 hrs is:
) . 1 .
Vp,l :Qf,z XEXIOhFZSQf,z x hr (8.20)

The energy consumption in the first 10 hrs is:

W, 'ERD _ AP, " % Vp:1 =2x500 psi x 5th,2 x hr

, (8.21)
=5000Q, , - psi-hr
Similarly, the permeate volume produced in the last 10 hrs is:
Vp:2 = Q_ff,Z X %x 10hr = 5in“2 x hr (8.22)

which is the same as the permeate volume produced in the first 10 hrs as required in this

scenario. The energy consumption in the last 10 hrs is:

W, = AR, %V, , =2x200 psix5Q, , x hr

, (8.23)
=2000Q; , - psi-hr
Therefore, the average SEC is:
s W ERD W, ERD (2000 + 5000) x jS , - psi-hr
SEC = , , = —
VoitV,, (5+5)x Q,,% hr (8.24)

=700 psi
which can be converted into 4,826 kJ / m®, meaning that 4,826kJ of energy is needed to

produce 1m’ of permeate by adopting operating strategy B.

From Eq. 8.19 and Eq. 8.24, it can be concluded that in the presence of an ERD of 100%

efficiency, operating strategies A and B result in the same SEC. Furthermore, in order to
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equate the total permeate volume in operating strategies A and B, Q f,,2 = %Q /- Thus, the
total feed volume in operating strategy B is 2x2Q ,-hrs=32Q, , -hrs
2x20,,=20,, while the total feed volume in operating strategy A is
(2.5+1)Q,, -hrs =3.50, , - hrs . Therefore, in order to achieve the same permeate volume

productivity, operating strategy A requires a higher feed water volume, and thus, it has a

lower overall water recovery.

8.6. Effect of ERD Efficiency

In this subsection, the effect of ERD efficiency on the optimal operational policy subject
to the feed salinity fluctuation. Similarly, two operating strategies A (constant pressure

operation) and B (time-varying pressure operation) are compared.

8.6.1. Operating Strategy A
The water recovery in the last 10 hrs is 2.5 times that of the water recovery in the
first 10 hrs (see Eq. 8.2 and 8.3). In order to produce the same permeate volume, the feed

flow rate in the first 10 hrs has to be 2.5 times the feed flow rate in the last 10 hrs (Qf,2 ).

Therefore, the permeate volume produced in the first 10 hrs is:
v, =2.5><Qf,2x%xthrz%mehr (8.25)

The energy consumption in the first 10 hrs is:
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WlERD = API X (Vf‘,l - 77(Vf,1 - Vp,l))
=700 psix (25 —127577)Qfﬂ2 X hr
=(17500-125007) Qf,2 - psi-hr

(8.26)
Similarly, the permeate volume produced in the last 10 hrs is:
V,,=0,,% ;X 107r = %Qm x hr (8.27)

which is the same as the permeate volume in the first 10 hrs as required in this scenario.
The energy consumption in the last 10 hrs is:
VVzERD = AP, x (Vf,z - 77(Vf,2 - Vp,2 )
=700 psix (10 —%77)Qf’2 x hr (8.28)
=(7000-200077)Q, , - psi-hr

Therefore, the average SEC is:

VVIERD +VV2ERD
VoitV,,
(17500 —125007)-Q, , - psi - hr
T (50/7+50/7)xQ,, xhr (8.29)
(7000 -20007)-Q, , - psi-hr
(50/7+50/7)xQ,,xhr
=(1715-1015n) psi

y
SECErp =

which will reduce to 700 psi (Eq. 8.19) when 17 =1 (Section 8.5).

8.6.2. Operating Strategy B
The water recovery in the last 10 hrs is the same as the water recovery in the first

10 hrs. In order to produce the same amount of permeate volume the feed flow rate in the
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first 10 hrs has to be the same as that the feed flow rate in the last 10 hrs (Qf/’z).

Therefore, the permeate volume produced in the first 10 hrs is:
V,.=0,, X%x 10 hr =50, , x hr (8.30)

The energy consumption in the first 10 hrs is:

W, = AR <V, =0V, = V)
=2x500 psix (10-57)Q, , x hr (8.31)
=5000(2-7)Q, , - psi-hr

Similarly, the permeate volume produced in the last 10 hrs is:

Vp:Z = Q_,fg x%x 10 hr = SQ_/J,2 x hr (8.32)

which is the same as the permeate volume in the first 10 hrs as required in this scenario.

The energy consumption in the last 10 hrs is:

W," = AP, x (Vf'iz -1 (Vf",2 - Vpiz))
= 2><200psi><(10—577)Qf'72 x hr (8.33)
=20002-1)Q,, - psi-hr

Therefore, the average SEC is:

VI/I 'ERD + VVZ'ERD

VitV

(2000+5000)(2 —17) x fo’z - psi-hr
- (5+5)><Qf'72><hr
=700(2-n) psi

B
SEC grp =

(8.34)

which will reduce to 700 psi (Eq. 27) when 77 =1 (Section 8.5).
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The SEC difference  between  operational strategies A and B is
(1715-10157)-700(2 —n7) psi =315(1—n) psi . Thus, when 0<n <1, the SEC of
operating strategy A will be always greater than the SEC of operating strategy B,

whereby the fractional SEC increase is,

SEC = SECrwn _ 3151=1) _315 (1-1) (8.35)
SEC? 7002—n) 700 [1+(1—1)]

which is plotted in Figure 8-4. For example, when the ERD efficiency is 90% , the

fractional SEC increase is 4.1% . Furthermore, in order to equate the total permeate
volume in operating strategy A and operating strategy B, sz -hrs :%Qm -hrs .
jS,z :%Qﬁ2 . Thus, the total feed volume in operating strategy B is
2x2Q,, hrs=20,,-hrs 2x%2Q, , =20 ,, while the total feed volume in operating
strategy A is (2.5+1D)Q,,-hrs =3.50,,-hrs .(2.5+1)Q,, =3.50,, Therefore, in order to

get the same amount of permeate volume, operating strategy A requires greater volume of

feed water, and thus, it has a lower overall water recovery.
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Figure 8-4.  Variation of normalized SEC for operating strategy A (dash-dotted
line) and B (solid line) with respect to ERD efficiency in the presence
of 42.9% of feed fluctuation (Figure 8-2). The SEC is normalized with
respect to the average feed osmotic pressure (i.e., 350 psi for the feed
fluctuation profile in Figure 8-2).

In summary, operating strategy A requires processing of larger volume of feed water
relative to strategy B in order to obtain the same permeate volume and also has a higher
SEC. In operating strategy B, adjusting the operating pressure to be at double that of the
instantaneous feed osmotic pressure, enables the RO system to process less volume of

feed water for producing an equivalent permeate volume and thus results in a lower SEC.

8.7. Experimental Study

8.7.1. Experimental System
In order to test the proposed optimal operation policy, an experimental demonstration

was conducted using the water desalination system shown in Figure 8-5. The
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experimental system includes a feed tank, filters, pressure vessels, membrane modules,
pumps, variable frequency drivers, valves, actuators, sensors (pH, temperature,

conductivity, flow rate) and a data acquisition system. A detailed description of the

system can be found elsewhere [164-166].

Figure 8-5.  UCLA experimental RO membrane water desalination system.
Legend: (1) feed tank, (2) low-pressure pumps and prefiltration, (3)
high-pressure positive displacement pumps, (4) variable frequency
drives (VFDs), (5) pressure vessels containing spiral-wound
membrane units (three sets of six membranes in series), and (6)
National Instruments data acquisition hardware and various sensors.
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8.7.2. Experimental Design

Table 8-1.  Feed fluctuation experimental design.

Strategy B Strategy A
Experiment 1 Experiment 2  Experiment 3 ~ Experiment 4
FC (mg/L) Cyq Cyo Cra Cio
PF (gpm) Q) Q) Qp Qp
FP (psi) AP, AP, (AP + APy) 1(AP, + APy)
FF (gpm) Q.1 Q2 Q3 Q4
Y 50% 50% Ys Yy

(FC: feed concentration; FP: feed pressure; PF: permeate flow; Y: water recovery; RF:
retentate flow; RC: retentate concentration; SEC: specific energy consumption.)

Based on the calculations of Section 8.4, a series of experiments were carried out to
compare the SEC of the two different operating strategies, A and B, described in Section
8.3.. Strategy A constitutes an operation at a fixed pressure, while strategy B involves
adjustment of the feed operating pressure to achieve 50% water recovery because 50%
the optimal water recovery for RO without an ERD.. Specifically, the experimental
procedure is as follows:

1. Fix the feed concentration to be C, ;

2. Adjust the RO feed flow rate 9 and RO feed pressure AR to achieve
50% water recovery and record the resulting permeate flow rate 0,.}

3. Adjust the RO feed concentration to C, ,;

4. Adjust the RO feed flow rate Q,, and RO feed pressure AP, to achieve

the same water recovery and permeate flow rate as those in step 2 (i.e., 50%

water recovery and at the recorded 0,, =0, =0,);
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8.7.3.

5. Maintain the feed concentration to C

;2> tune the RO feed pressure to

3 (AR +AP)) and the permeate flow rate to 0, and record the resulting feed flow
rate 0, , and water recovery Y, ;

6. Adjust the feed concentration back to C,,;

7. Adjust the RO feed pressure to 1 (AP, +AP,) and the permeate flow rate to
Q,, and record the resulting feed flow rate Q,, and water recovery Y;.

Two different feed solutions, i.e., C,, =9000mg /L (feed osmotic pressure is
104 psi) and C ;2 =5000mg /L (feed osmotic pressure is 60 psi) of feed water

were desalinated at 25°C using Dow Filmtec XLE-2540 RO membranes. The
feed, retentate and permeate pressure, flow rate and conductivity were measured

in the experiments.

Experimental Results

The experimental results are listed in Table 8-2. The first column is the
experimental set number as in Table 8-1. In experiments 1 and 2, the system was
operated at 50% water recovery, producing 1 gpm of product permeate water, and
the resulting feed pressures in the system were 230 psi (10% above the
thermodynamic restriction in terms of applied pressure, see Eq. 8.6) and 149 psi
(24% above the thermodynamic restriction in terms of applied pressure, see
Eq. 8.6), respectively. According to the experimental procedure, experiments 3

and 4 are operated at the average pressure of experiments 1 and 2, i.e., 190 psi.
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On the basis of the experimental results of Table 8-2, it is concluded that varying
the feed pressure with time (strategy B) leads to substantial SEC savings.
However, it is important to elaborate further on these experimental results and put
them into perspective with respect to the type of experimental system used to
carry them out. Specifically, referring to the results of Table 8-2, the water
recovery decreases while the operating pressure increases from 149 psi to 190 psi
for the same feed salinity when switching from experiment 2 to experiment 3.
This is due to the physical limitations of the experimental system. In particular,
the available settings of retentate valves and pump speed do not allow to regulate
the feed pressure and feed flow rate independently.

Therefore, in order to increase the feed pressure and maintain the permeate
flow to be 1 gpm, the high pressure pumps have to run faster, and thus, more
water is discharged in the brine stream, thereby decreasing the water recovery. If
the feed pressure and feed flow rate were possible to be adjusted independently
(with an appropriate pump and valve choice), an estimate of the resulting SEC for
such an operation can be computed as follows: specifically, instead of lower water
recovery, the water recovery would increase as shown in Table 8-3. As limited by

the thermodynamic restriction, the maximum water recovery in this case would be

Y:I—% =1-35=0.681--2=0.68 (see Eq. 8.6). If the system were to operate

(in terms of feed pressure) 10% above the thermodynamic limit pressure, the

water recovery would be 1 - 7805~ =0.65 (see Eq. 8.0). If the system were to
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operate 24% above the thermodynamic restriction, the water recovery would be

1 - 557577 = 0.6 (see Eq.8.6 and the numbers shown in the parenthesis of

Table 3). Similarly for experiment 4, the system cannot reach the permeate flow
of 1 gpm, while operated at 190 psi, due to the physical limitations discussed
above. However, a similar calculation to the one made for experiment 3 would

lead to a water recovery of 1- 55 = 0.4 (if the system were to operate 10%

above the thermodynamic restriction) and 1— =0.32 (if the system were

to operate 24% above the thermodynamic restriction) as shown in Table 8-3.
Finally, another average case is to operate the RO process with feed
pressures which are 17% (i.e., average of 24% and 10%) above the

thermodynamic limit pressure for both experiments 3 and 4 as shown in Table 8-

) ) T
4; this would lead to water recoveries Y =1-—% = - 52—~ =0.63 and
AP (1+17%)
Vs ) )
Y=1—$=1—W=0.36, 1 - otz = 0.36 respectively. In this case, the

average SEC is 415 psi for strategy A, which is about 9.5% higher than the
average SEC of strategy B. In summary, in all of the cases (Tables Table 8-2—
Table 8-4), the average SECs are 384 —452 psi and 379 psi for strategies A and
B, respectively; therefore it can be concluded, both from the experimental results
and the analysis, that it is better, from an energy optimization point-of-view, to
adjust the feed pressure targeting 50% water recovery (strategy B) instead of

adopting a constant operating pressure (strategy A).
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Table 8-2.  Experimental results.

Set, FC FP PF Y RF RC SEC SEC ;4
(mg/L) (psi) (gpm) (gpm) (mg/L) (psi) (psi)
1 10400 230 1 0.50 1 35000 460  Strategy B
2 6000 149 1 0.50 1 19600 298 379
3 6000 190 1 0.19 4.25 12200 1000 Strategy A
4 10400 190 0.57 0.41  0.82 30000 463 805

(FC: feed concentration; FP: feed pressure; PF: permeate flow; Y: water recovery;
RF: retentate flow; RC: retentate concentration; SEC: specific energy
consumption.)

Table 8-3.  Experimental results and analysis.

Set FC FP PF Y SEC SEC,,
(mg /L) | (psi) | (gpm) (psi) ( psi)
1 9000 | 230 1 0.50 460 Strategy B
2 5000 | 149 1 0.50 298 379
3% 5000 | 190 1 0.65(0.6) | 292(316) | Strategy A
4% 9000 | 190 1 0.4(0.32) | 475(594) 384(452)

(FC: feed concentration; FP: feed pressure; PF: permeate flow; Y: water recovery;
RF: retentate flow; RC: retentate concentration; SEC: specific energy
consumption. Data inside and before the parenthesis in strategy A are calculated
based on the assumption that the RO processes are operated 24% and 10% above
the corresponding thermodynamic limit pressures, respectively.)
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Table 8-4.  Experimental results and analysis (2).

Set | FC(mg /L) | FP(psi) | PE(gpm) | Y | SEC( psi) SEC,,, (psi)
1 9000 230 1 0.50 460 Strategy B
2 5000 149 1 0.50 298 379

Rl 5000 190 1 0.63 302 Strategy A

4% 9000 190 1 0.36 528 415

8.8.

(FC: feed concentration; FP: feed pressure; PF: permeate flow; Y: water recovery;
RF: retentate flow; RC: retentate concentration; SEC: specific energy
consumption. Data in sets 3** and 4** for strategy A are calculated based on the
assumption that the feed pressures are 17% above the corresponding
thermodynamic limit pressure, respectively.)

Effect of the Feed Salinity Fluctuation Percentage on Energy

Savings

The effect of the amplitude of feed salinity fluctuation on energy savings can be studied

following the same procedure presented in Section 8.4, 8.5 and 8.6 Assuming the

fractional feed fluctuation is o (for example, the fractional feed flucturation in Figure 8-

2 1s 500/((500+200)/2)-1=3/7) and the average osmotic pressure is 7,, =z, then the

osmotic pressure in the first 10 hrs is (1+ o)z, (0<o <1), and the osmotic pressure in

the last 10 hrs is (1-o)x,. . o Similarly, the following two operating strategies may be

considered.

o Operating strategy A: The transmembrane pressure is maintained at

double that of the average feed osmotic pressure, i.e. 27, .

o Operating strategy B: The transmembrane pressure is maintained at double
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that of the instantaneous feed osmotic pressure.

8.8.1. Operating strategy A

The water recovery in the last 10 hrs, ¥, :1—%:1‘7‘7, and in the last 10 hrs,

Y, =1 —% =12 In order to produce the same amount of permeate volume, the feed

flow rate in the first 10 hrs has to be }j—g times that of the feed flow rate in the last 10 hrs
(Q,,)- The permeate produced in the first 10 hrs is:

l+o
Vp,l 1— Xsz

leOhr:5(1+0')-Qf’2-hr (8.36)

The energy consumption in the first 10 hrs is:

VVlERD = AP1 X (Vf,l - 77(V - Vp 1))

10(1+ o)
=2 1—
s

20-n)(1+0)
l1-o

+5n(1+0)]-Q,, - hr (8.37)
10[ +n(+o)]-7,-Q,, hr
Similarly, the permeate produced in the last 10 hrs is:

Q“ —Zx10hr=5(1+0)-0,,-h (8.38)

which is the same as the permeate volume in the first 10 hrs as required in this scenario.

The energy consumption in the last 10 hrs is:

WzERD = AP, x (Vf,z - 77(Vf,z - Vp,z )
=2r, ><[10—77(10—5(1+O'))]-Qf,2 -hr (8.39)
10020 =) + 71+ )] 70O, - hr

Therefore, the average SEC is:
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VVIERD + VVZERD

A
SECErp =
ERD Vp’l +Vp,2
10 2(1-n)(1+0) 1
— [ 1-o + 77( + O-)] . 7[0 . Qf’2 . hl"
2x5(1+0)-Q,, - hr
10[2(1— 1
L0 -n) +nd+o)] 7,0, hr (8.40)
2x5(1+0)-Q;, - hr
2(1-n)(1+0o)

+277(1+0')+2(1—77).7[

0

1-o

l+o

—op=m, (A+no)y
l-c l1+o0

8.8.2. Operating strategy B
The water recovery in the last 10 hrs is the same as the water recovery in the first 10 hrs.

In order to produce the same amount of permeate volume, the feed flow rate in the first

10 hrs has to be the same as the feed flow rate in the last 10 hrs (Q/i,z). The permeate

produced in the first 10 hrs is:
Vo :Q}’zx%xthr:5Qf',2xhr (8.41)

The energy consumption in the first 10 hrs is:

/4 RO = AP1 X (Vf:1 - 77(Vf:1 - Vpil))
=2x(1+0) 7, x(10-57)Q, , x hr (8.42)
=10x(1+0)2-1)-7,- O, , - hr

Similarly, the permeate produced in the last 10 hrs is:

V,,=0,, x%x 10hr =50, ,x hr (8.43)

which is the same as the permeate volume in the first 10 hrs as required in this scenario.

The energy consumption in the last 10 hrs is:
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VVz,ERD = AP, x (sz - U(Vf':2 - Vp:Z )
=2x(1-0) 7, x(10-51)0, , x hr (8.44)
=10x(1-0)2-1n)-7,- O, - hr

Therefore, the average SEC is:

_VVI'ERD+VVZ'ERD

B
SEC grp = , ,
ERD Vp,l_’_Vp’z
10-c+1+0)2-n)-7,-O, , - hr
— ( )( ,77) 0 Qf,Z (8.45)
(5+5)xQ,,xhr
=2(2-n)-x,

The SEC difference of operating strategy A from operating strategy B is

([ 4 U9y 22 —p))-7z,. When 0<n <1, the SEC of operating strategy A will be

l-o l+o

always greater than the SEC of operating strategy B. The fractional SEC increase is:

ﬁfw)_ﬁim
SEC i
AP+ -2 546
2(2-m)
1 o) (4,
2-n) l-o l+o

which is plotted in Figure 8-6 when the efficiency of the ERD is set to be 90% . Figure 8-
6 shows that as the feed salinity fluctuation percentage increases, the time-invariant
operation increases the SEC more remarkably. Furthermore, while in some cases there is
only marginal energy savings, it is still worthwhile to adopt the proposed time-varying
operating strategy since future feed salinity fluctuation profiles are unknown. Finally, in

order to equate the total permeate volume in operating strategy A and operating strategy

B, Qf’»’2 =(1+0)Q, ,. Thus, the total feed volume in operating strategy B is 2(1+0)-Q, ,,
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while the total

}j—gjtl)Qf,2 = (1+12_%7+1)Qf,2 >(+20+1)Q,, -

feed volume in operating

strategy

A is

Therefore, in order to get the same

amount of permeate volume, operating strategy A requires a higher amount of feed water,

and thus, it has a lower overall water recovery.

Normalized SEC
N
L w

Constant operating pressure

L
, -
-.‘
- -

Timé—varying operating pressure

o

Fluctuation of feed salinity (%)

Variation of normalized SEC for operating strategy A (dash-dotted

Figure 8-6.

50

100

line) and B (solid line) with respect to feed salinity fluctuation in the
presence of an ERD of 90% efficiency. The SEC is normalized with

respect to the average feed osmotic pressure (i.e., 350 75 ! for the feed
fluctuation profile in Figure 8-2).
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8.9. Conclusions

Based on a simple analysis for a reverse osmosis membrane desalination process given a
specific feed concentration fluctuation profile, we found that the specific energy
consumption can be substantially reduced, providing the same permeate flow. Even
though in some cases there is only marginal energy savings, it is still worthwhile to adopt
the proposed operating strategy given the lack of knowledge of future feed salinity
profile. The other benefit of using the proposed approach is that it requires less amount of
feed water since it has a higher overall water recovery than the time-invariant operating
strategy. Higher overall water recovery will be more favorable especially when the

concentrate stream disposal cost is high.
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Chapter 9 Reducing Energy Consumption in Reverse Osmosis
Desalination: Cyclic or Multi-Stage Operation?

9.1. Overview

Operating RO desalination as a thermodynamically reversible process would be
most energy efficient. Therefore, one would argue that a dead-end RO desalting
configuration with gradually increasing transmembrane pressure is the most energy
optimal process approach to RO desalination. However, in a dead-end filtration process
concentration polarization will be at a higher level and thus increased fouling propensity,
relative to a crossflow filtration. In order to mimic dead-end filtration while retaining the
advantage of crossflow filtration operation, a semi-continuous cross-flow RO operation
can be deployed [42]. In such an approach, one employs total recycling of the retentate
stream while continuously adding fresh feed at the same rate of permeate withdrawal.
Once the threshold osmotic pressure is achieved, the system is drained of the
concentrated holdup solution and the process is repeated. In this type of operation as in a
multi-stage operation, the transmembrane pressure is raised gradually as the osmotic
pressure of the retentate stream rises with increased recovery. However, the cyclic RO
operation requires only one RO stage and thus less capital expenditure compared to a
multi-stage process. However, a multi-stage process requires greater membrane area and
additional expenditure of interstage pumps although it is more energy efficient than a
single-stage RO process. Given the above considerations, in order to compare the energy

consumption and overall process cost for the cyclic versus a single and multi-stage
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processes it is necessary to first expand the analysis of the two-stage process presented in
Chapter 5 to include the cost of interstage pumping and define the recovery in the cyclic
process, taking into account the semi-batch nature of this operation, in a manner that
allows direct comparison with the single or multi-stage processes. Subsequently, a
detailed analysis is presented along with a comparison of the energy consumption relative

to the single- and two-stage RO processes.

9.2. Modeling of single-stage and cyclic operation

In a continuous single-stage RO processes the retentate stream is discharged
continuously, while the entire retentate stream in the cyclic RO process is recycled back
to mix with the fresh feed which is then fed to the RO module. In the cyclic operation, the

permeate flow rate is equal to the fresh feed flow rate Qp (Q, = O, ) . Moreover, since the

retentate stream is not continuously discharged in the cyclic RO process, the salts
concentration in the holdup volume in the system increases with time since the salts
introduced with the feed are rejected by the membrane while producing water at a
permeate flow rate of Q,. As a result, in a cyclic operation, the required feed pressure to
produce permeate at the desired flow rate also increases with time. Therefore, the cyclic
RO process is an inherently unsteady state process, irrespective of whether the permeate

flow rate is time-varying or constant.
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Figure 9-1. Schematics of a cyclic RO system (a) and a continuous single-stage
RO system with an ERD (b).

Comparison of the energy efficiency of the cyclic and continuous single-stage RO
process has to be done on the same basis, i.e., same water recovery and same permeate
flow rate for the same membrane area (A,,). Accordingly, one needs to first recognize that
overall water recovery of the cyclic system is not 100% even though the permeate and

feed flow rates are equal(Q, = 0,).(Q, = Q,) Moreover, the cyclic operation is non-

continuous with respect to time since it has to be stopped after running for a period of
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time, say ¢ . in order to drain/discard thet , concentrate holdup in the membrane module

once the designated pressure threshold is reached (e.g., maximum pressure rating for the
RO vessel or in order to avoid mineral scaling and fouling) or as specified by the system
operator. After the designated period of operation, the system has to be flushed with the
fresh raw feed in order to restore the salt concentration in the RO system to its initial

value (Cp). Therefore, within the time period from 7=0 to t, the cumulative water

recovery (Y) is the ratio of the total volume of permeate produced over the total feed
volume (permeate volume plus the water hold-up capacity of the system, Vj), as

quantified by the following relation:

t,
__Ob (9.1)
thf + VI)
Since the cyclic operation is non-continuous with respect to time, there is also a down
time, ¢4, which includes time interval between two subsequent cycles in addition to the

time for discharging the concentrate holdup in the system and restarting another cycle.

Accordingly, it is convenient to define a down-time ratio, &, given as:

(9.2)

It is important to note that in principle it is possible for the cyclic RO process to

continuously produce a permeate stream. In such an approach, during the discharging

period (when 7=1,), t, the cyclic operation can be switched to non-cyclic single-stage

cross-flow operation mode by diverting the brine stream to discharge but without the

energy recovery, to dilute the concentrate holdup in the system. During the diluting
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operation, due to the concentration polarization inherent to permeate production, the salt
concentration in the system cannot be restored to the fresh feed water concentration Cy.
Therefore, in the subsequent cycle the system will start from an initial salt concentration
that is higher than Cj, which would result in a higher SEC for the subsequent cycle.
Following the same reasoning, each cycle will start from a higher initial concentration
than its previous cycle, and therefore the system will eventually have to be shut down and
flushed with the raw feed (without permeate production) or stored permeate. If permeate
flushing is utilized, then this would amount to an equivalent downtime ratio with regards
to permeate production as captured in the Eq. 9.2. In short, irrespective of the mode of
cyclic operation (i.e., with or without permeate production during flushing with the raw
feed or permeate), a hold-up volume of high salinity concentrate has to be eventually
discharged, and thus the holdup volume is included in the definition of the overall

recovery for the cyclic process (Eq. 9.1).

9.2.1. SEC of continuous single-stage RO process
The effective desalination (filtration) time is less than the operation time of the cyclic

system. It then follows that when the down-time ratio is taken into account, the effective

permeate flow rate in each cycle (¢, +1,) has to bez, + ¢, multiplied by a factor [l—a d] .

Therefore, the equivalent permeate flow rate for a continuous single-stage RO system,

0, 5seq » 10 produce the same permeate volume in the same operational period (f-+#) 18

given by:

0, ueg =[1-2,]0, (9.3)
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and the normalized specific energy consumption SEC

ss,erd ,norm

for the single-stage RO

system with an ERD is given by Eq. 3.36 in Chapter 3 [38, 152], based on ether the log-

mean or arithmetic osmotic pressure averages Eqgs. 3.7a and 3.7b is given as:

s 1-n,[1-Y
SECss,e,.d,,m,.m=(M+lh{ : D[ e | ]] (9.4a)

4,Lx, Y [1-Y Y
SEC — Qp,sseq + 1 B Y / 2 1 B nerd [l — Y] (9.4b)
ss,erd , norm AmLpﬂ.o 1 _ Y Y

in which 7, is the fresh feed osmotic pressure and 77, , is the ERD efficiency. The two

SEC expressions based on the log-mean (Eq. 9.4a) and arithmetic (Eq. 9.4b) averages
[146] provide alternate SEC estimates based on manner of averaging the osmotic pressure
on feed-brine side for the purpose of computing the applied pressure. As shown in Figure
3-12 Chapter 3 the two averages are very close to each other and the difference resulting
in the pressure calculation from the use of the two different osmotic pressure averaging
methods (log-mean and arithmetic average) is within 4.5% for water recoveries less than
40%, but they deviate from each other for water recoveries higher than 40%. It is noted
that linear averaging of the osmotic pressure is typically accepted in RO system design
even at water recoveries higher than 40% [136, 167]. However, in order to evaluate the
difference in the two averaging procedures (i.e., log-mean and arithmetic averages), a
series of computer simulations were run in Chapter 10 for different feed pressures and
flow rates and the permeate flow rate, concentration and retentate pressure simulated. For
each simulation, the membrane surface osmotic pressure difference between the feed-

brine and permeate side is obtained by subtracting the simulated frictional pressure drop
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and net driving pressure from the transmembrane pressure. Afterwards, the simulated
osmotic pressure difference at the membrane surface is compared with the arithmetic and
log-mean averages in Figure 9-2, which suggests that the arithmetic averaging is more
accurate for water recoveries higher than 40%. Therefore, in the presentation of this
work, the arithmetical average is used to calculate the osmotic pressure at the feed-brine

side. The details of the simulation are described in Chapter 10.

3.2
3r e Simulation /|
o8l Log-mean avg. Os. Pres. a
' — = Arithmetic avg. Os. Pres. /

avg Aﬂ/ﬂ'a

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
Fractional water recovery

Figure 9-2.  Simulated feed-brine side average osmotic pressure profile in comparison
with log-mean and arithmetic average osmotic pressures computed (Eq. 3.27 from
Chapter 3) from Table 10-3 in Chapter 10 (simulation details are provided in Chapter 10
with simulation conditions listed in Table 10-1.).
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The specific energy consumption (SEC) for the cyclic RO process is defined as
the electrical energy consumed by the RO pump per product water volume produced
(Chapter 3). In the cyclic RO process, the feed pressure profile increases with time as the
osmotic pressure in the system rises due to the salt accumulation within the system
holdup volume. Therefore, the change in mixed-cup osmotic pressure in the system is
first quantified is first derived with a discussion of the effect of concentration polarization
on the computed SEC subsequently provided in Section 10.2.

The SEC for the cyclic RO process is calculated as follows:

"W
O np

SEC,,. =— 9.5)
J‘O‘ det

where 7, is the pump efficiency (a function of Qp and Py) and Q, is the permeate stream

flow rate. The theoretical minimum required rate of pump work W, at time ¢, is the

product of pressure difference and flow rate, given as follows:
W =(P, - R)0, (9.6)
where Q, is the fresh feed water flow rate, Py is the atmospheric pressure and Py is the

feed pressure to the RO module. It is noted that Eq. 9.6 evolves from the mechanical
energy equation or the extended Bernoulli equation and the velocity term and frictional
pressure drop from the raw water source to the RO module inlet (V2 ~1 (m/s)?) is at
least two orders of magnitude less than the pressure term (AP/p ~ 100,000/1,000 (m/s)* =

100 (m/s)*) for RO water desalination and therefore they are neglected in Eq. 9.6. Py in

184



Eq. 9.6 can be back-calculated from the classical dependence of the permeate flow rate

Q, on the pressure driving force in RO processes [150]:
Q,=4,L,(P,-P,—-An)=A4,L (P,—-P -f /. C+f,C,) (9.7)

where A,, is the active membrane surface area, L, is the membrane permeability, Cis the

instantaneous mixed-cup average salt concentration at the feed-brine side, P is the

permeate stream pressure. It is noted that the frictional pressure drop inside the
membrane module is neglected in Eq. 9.7 as it only accounts for less than 1% of the
applied pressure as shown in Chapter 3. Also, f,; is the osmotic pressure coefficient, and
feye 18 a correction factor to account for the concentration polarization effect. The linear
dependence of the osmotic pressure on the salt concentration [150] is assumed in Eq. 9.7
since a linear dependence of osmotic pressure on concentration was validated in Chapter
3 (Figure 3-3) for a salinity range of 1,000 ppm - 70,000 ppm, which covers the salinity

range encountered in seawater desalination.

The instantaneous location-averaged salt concentration, E', in Eq. 9.7, which is
used to calculate the average osmotic pressure inside the RO membrane module for the

cyclic operation, is determined by the salt mass balance for the system:

dC

QG -9,C, =V, — (9.8)
dt
with the following initial condition:
t=0,C=C, (9.9)
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where V, is the water hold-up volume of the cyclic RO system, C, is the fresh feed
water concentration (the system is initially assumed to be filled with the fresh feed

water), and Cp is the permeate concentration of the permeate stream collected in a time

interval from ¢ to #+dt. The integration of Eq. (9.8) with its initial condition of Eq. 9.9.9

leads to:

_ [(oc,- d
=_L(ag VQ,,C,,) t

+C, (9.10)

Substituting Eq. 9.10 into Eq. 9.7 to solve for the feed pressure Py,

0, % pisls JO(QOCO;QPC,,)dr

+C, |-C, 9.11)

f A L os

And upon substituting Eq. 9.11 into Eq. 9.10, the pump work from O to # can be

computed as follows:

0, L(e6-0c,) 0
_I AL —L 4P —B+f| fon 7 +C, |-C, ZarT (9.12)

Thus, the specific energy consumption (SEC) of the cyclic operation from time O to #r can

be obtained by substituting Eq. 9.12 into Eq. 9.5,

T
. 0,C,—0.C )dt
N AQZ +P =P+ £, fo k(@ °V /) +C, |-C, Gy
m—p 0 nP
SEC,, = - (9.132)
jo 0,dT
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In order to compare the cyclic process and the continuous single-stage RO process on the
same basis, a number of assumptions are invoked when using Eq. 9.13a to simplify the
analysis while retaining the essence of the quantitative comparison. First, it is noted that
the electrical energy needed to discharge the concentrated water in the cyclic system
during the down time period is negligible compared to the pressure energy for desalting
and therefore it is neglected in computing the SEC of the cyclic RO system. Also, the
additional electrical energy consumed by the circulating pump used in the cyclic RO
process and the continuous single-stage RO process is not included in the comparison as
it is reasonable to assume that these two pumps consume little energy. Generally the

permeate-side concentration is much lower compared to the retentate-side concentration

(Cp << CO) due to the high rejection of the RO membranes (> 95%); therefore the C,

term can be neglected in Eq. 9.13a. Also, the permeate pressure is usually at the
atmospheric pressure, therefore P, and P, cancel out in Eq. 9.13a; or the permeate
pressure is sufficiently small compared to the feed pressure in Eq. 9.7 and can be
neglected. The permeate flow rate O, can be assumed to be constant for the sake of
comparing the cyclic system with a continuous single-stage RO process at the same
productivity level. The pump efficiency 7, can be assumed to be 100% for the purpose
of comparing the two processes as any other efficiency would have to be assumed to also

be identical for the two processes in order to provide a fair comparison. Once the above

assumptions, Eq. 9.13a can be simplified as:

l‘/ l‘/
£ dt " [ tdt
SEC,, = 9 + /,.Co j‘) < JuOCo IO A (9.13b)
4,L, I Vo Z
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where an equivalent correction factor, f, o is introduced f, , to account for concentration

polarization and match the following equation with Eq. (9.13b):

w0,
10, AL

f;)sCO P
%,

SE CCVVC' =

+ [,/ Co+ 1, t (9.13¢)

P
For each infinitesimal time interval dt, the incremental water recovery is sufficiently

small that it is reasonable to assume that f, approaches unity (equivalent to stating that

concentration polarization is negligible for sufficiently small water recovery). Therefore

Eq. 9.13c is rewritten as:

C,
SECLLVC‘ = W = &-’- fosCO +Mtf (913d)
10, A4,.L, 2V,

which indicates that the SEC,, increases with operation time ¢, for a given Q0 , 4,
. L,,and C;. The effect of this correction factor f;, on the comparison of the cyclic

and continuous single-stage is discussed in the following paragraphs.

Combining Egs. 9.1 and 9.13d and eliminating the time variable ¢, leads to the

dependence of SEC on water recovery for the cyclic RO system:

9,
AL

m~p

f;scf Y _ Qp +ﬂ2—Y

SEC,, = _
’ 2 1-Y 4L, 21-Y

+/,Co+ (9.14a)

Therefore, the SEC normalized with respect to feed osmotic pressure 7, is given by:

SEC 0, L1=Y/2

= 9.14b
cyc,norm AmLP”O 1 _ Y ( )
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which enables comparison of the SECs for the cyclic and single-stage systems at the

same level of water recovery and normalized permeate flow rate (——2—).
T
m—p’”0

9.3. SEC comparison between cyclic and continuous single-stage RO

process

9.3.1. Comparison under 100% energy recovery in continuous single-stage RO
process and zero downtime in cyclic RO process

When the downtime ratio approaches zero and the ERD efficiency is 100%, the SEC for
the cyclic RO process (Eq. 9.14b) is the same as the SEC for the continuous single-stage
RO process when the feed-brine side average osmotic pressure is evaluated by the
arithmetic average (Eq. 9.4b). However, the SEC for the cyclic RO process (Eq. 9.14b) is
greater than the SEC for the continuous single-stage RO process when the feed-brine side

1-Y/2
>

average osmotic pressure is evaluated by log-mean average (Eq. 9.4a) since

1 1
;lnL Y} for any Y in the range of [0 1] and any normalized permeate flow rate. As an

example, the solid line of f , =1 in Figure 9-3 shows the fractional increase of the

normalized SEC, as a function of target water recovery, when switching from a

continuous single-stage RO desalting (log-mean average of osmotic pressure is used) to a

cyclic operation while producing the normalized permeate flow rate, 9, =0.5

mLpﬂ.O
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(which is 10.5 GFD for a typical seawater desalination process when Dow FilmTec RO

membrane SW30XLE-400i is used as shown in Chapter 3).

9.3.2. Impact of concentration polarization in the cyclic operation

When concentration polarization is considered, i.e., f, » >1 1. » the SEC for the cyclic
operation is underestimated as indicated by the bottom curve ( f,, =1) in Figure 9-3. A

simple evaluation of the sensitivity of the result on concentration polarization is shown

in Figure # for f , =1 (bottom curve and line), f, , =1.1 (middle curve and line) and
f., =1.2 (top curve and line). Consistent with Figure 9-2, the pressure difference results

in a similar difference between the SECs computed using the two different averaging
methods (Figure 9-3); as expected, this difference decreases as the normalized permeate
flow rate increases (Figure 9-3). It is found that the inclusion of the concentration
polarization effect does not change the conclusion that a cyclic operation is less energy
efficient than a continuous single-stage RO process with 100% energy recovery operated
at the same normalized permeate flow rate and water recovery. This conclusion is
independent on which averaging is used for the feed-brine side osmotic pressure of the

continuous single-stage RO system.
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Figure 9-3. Fractional SEC increases for cyclic RO desalting relative to a
continuous single-stage desalting with 7, , =1. f., values in both graphs are 1, 1.1

and 1.2 for curves and lines from bottom to top, respectively.
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The finding that a cyclic RO process is not more energy efficient than a
continuous single-stage RO process may appear counter-intuitive given the fact that in
the cyclic operation the operating pressure incrementally increases with time. The
incremental increase in the operating pressure resembles the approach for the multi-stage
process without the use of ERDs (analyzed in Chapter 3) in which the pressure is
increased with successive RO stages. This equivalent operation is shown schematically in
Figure 9-5 whereby the cyclic operation over a time period #; can be conceptualized as a
series of RO stages with injection of a portion of fresh raw feed into each stage, each
accomplishing a portion of the recovery at an incrementally increasing feed pressure. . In
the absence of dilution by raw feed to each stage, the multi-stage process as depicted in
Fig. 9-4 would more closely approach the operation of a thermodynamically reversible
process. Introduction of the raw water stream dilutes the inter-stage retentate stream; but
on the other hand the feed splitting concentrates the raw water stream, and thus, more
energy is required to desalt this concentrated raw water, which outweighs the energy
savings in diluting the inter-stage retentate stream and results in a higher overall SEC of
the whole system than the case of a two-stage process as proved in Chapter 5. In
summary the energy efficiencies of cyclic, single-stage, two-stage and multi-stage RO
operation can be ranked as: cyclic < single-stage with an ERD < two-stage with ERDs <

multi-stage with ERDs.
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Figure 9-4. Schematic of time evolution of cyclic operation.
9.3.3. Effect of downtime and energy efficiency
For a given downtime ratio, the corresponding minimum ERD efficiency for the
continuous single-stage operation to be as efficient as the cyclic operation, can be found

by equating Eq. 9.4b and 9.14b to solve 7, ,, and is as follows:

1-Y/2
Y [NDPW }

{(1 %)NDPW i Y( ﬂ

nerd,req = ( (9 15a)

1—

1-Y

- 1-Y/2
Y[NDPno,»mJF }
1—
- 1-Y/2
(l_ad)NDPnorer

1-Y

Uerd,req - (I_Y)

where the log-mean and arithmetic osmotic pressure averages are used in Eqgs. 15a and

(9.15b)

9.15b, respectively, in computing the SEC for the continuous single-stage RO process. If

the ERD efficiency is less than 7, . . the cyclic operation is more energy efficient;

otherwise the continuous single-stage operation is more energy efficient (Figure 9-5).
Consistently with Figure 9-2, Figure 9-5 also shows, as expected, that the discrepancy in

the SEC computation resulting from the use of the two different osmotic pressure
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averaging methods is within 5% for water recovery of 35% and within 30% for water

recovery of 70%.

SECatQ /(A L n )=0.5, a =0.1,and Y =0.35
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Figure 9-5. Variation of normalized SEC for a cyclic operation and continuous
single-stage desalting with respect to the ERD efficiency.
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For example, when desalting seawater (osmotic pressure: 25 atm) with the Dow FilmTec

SW30XLE-400i, ( Lp =0.39x10""m/ s.Pa) , permeate flux at about 10.5 GFD,
———=0.5, water recovery is 35% and the downtime ratio is 10%. If the ERD

efficiency of a continuous single-stage operation is less than 97% (or 98% 1if the
arithmetic average of the osmotic pressure is applied), the cyclic operation is more energy
efficient. If the ERD efficiency of a continuous single-stage operation is larger than 97%
(or 98% 1if the arithmetic average of the osmotic pressure is applied), the continuous
single-stage RO operation is more energy efficient. The required minimum ERD
efficiency (in this example is 97% or 98% if the arithmetic average of the osmotic
pressure is applied), to allow a continuous single-stage operation as energy efficient as
the cyclic operation, decreases with increasing normalized permeate flow rate and

downtime ratio (Figure 9-6).
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Figure 9-6. Required minimum ERD efficiency of a single-stage RO vs.
normalized permeate flow rate for a continuous single-stage RO system to be as
efficient as a cyclic operation at the same water recovery and normalized permeate
flow rate.

As can be seen from Figure 9-6, if the log-mean average of the feed-brine osmotic
pressure is applied, the minimum ERD efficiency is between 97% and 98% (the range
will be 98-99.5% if the arithmetic average of the feed-brine osmotic pressure is applied)
for downtime ratio in the range of 0.05 to 0.1, where the normalized permeate flow rate
has very little impact on this required minimum ERD efficiency. It is important to note
that the comparison set the membrane module to be identical in both systems. Therefore,
Figure 9-6 implies that the cyclic operation is more cost-effective than the continuous

single-stage RO process with an ERD since the cyclic operation works as energy efficient
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as the continuous single-stage operation without the need of an ERD. This conclusion
holds for the target water recoveries less than 35% as shown in Figure 9-7 where the
required minimum ERD efficiency decreases with increasing target water recovery and

the conclusion is independent on which averaging method is used for the single-stage RO

system.
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Figure 9-7. Required minimum ERD efficiency of a single-stage RO vs.
normalized permeate flow rate for a continuous single-stage RO system to be as
efficient as a cyclic operation at the same water recovery and normalized permeate
flow rate.

In summary, at low water recovery (<35%) and normalized permeate flow rate
(<1), for example, seawater desalination at less than 21 GFD of the permeate flux if Dow

FilmTec RO membrane SW30XLE-400i is used, the cyclic RO process with a downtime
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ratio less than 10% is more cost effective than a continuous single-stage RO process with

an ERD of energy recovery efficiency greater than 97%.

9.4. Two-stage vs. single-stage

From the previous section, it is concluded that a cyclic RO process with a downtime ratio
less than 10% 1s more cost effective than a continuous single-stage RO process with an
ERD of energy recovery efficiency greater than 97%, irrespective of which averaging is
used. This section will compare the cost effectiveness of the cyclic RO process and a
two-stage RO process with an ERD of energy recovery efficiency greater than 97%. The
comparison is done indirectly by comparing the single-stage RO system and a two-stage
RO system. As concluded in Chapter 5, a two-stage/multi-stage RO process is more
energy efficient than a single-stage RO process. However, a two-stage process needs
more pumps which may cost more than a single-stage RO process which requires only
one pump. Therefore, in this section the cost of the pump will be studied for both a
single-stage and two-stage RO systems. A pump’s cost can be taken as proportional to

the product of delivered feed flow rate (Q, ) and output (feed to RO) pressure (P.),
k,*Q*P, [147], where k, has the units of $/W (in the range of 0.5-1 $/W [155]). For
the sake of adding this cost onto the energy cost, the pump cost is converted into the units
of energy (Joule). The electricity price (¢ in $/kWh), which is needed to make this

conversion, is in the range of 0.05-0.1 $/kWh. Assuming the pump’s life is #, in hrs

(usually in the range of 50,000-100,000 hrs, the specific capital cost on pumps (SPC'*¥)
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for a single-stage RO system is equal to the capital cost divided by the total permeate

produced in the life span of the pump as follows:

kp (QF *PF)
et,0,

SPC"™* = (9.16)

k
where —£- is a lumped unitless pump cost factor, which takes value in the range of 0.05

6‘tp

- 0.4 given the ranges of each variable ¢, k, and €.

Following the approach in Chapter 5, for a single-stage RO system operated up to

the limit of the thermodynamic restriction (i.e., B. =7, / (1-1)), SPC::f , the SPC
normalized to the feed osmotic pressure (7,) can be calculated as follows when the target

water recovery (Q, /0, ,Q, is the permeate flow rate) is set to be ¥:

speie—fo L 9.17)
o et Y(1-X)

t
For a two-stage RO system, the capital cost for the second pump is

k,(Qp * Py + 0Oy, * Bry) where Qp; and Qp; are the feed flow rates to the first and

second-stage respectively; Pr; and Pp; are the feed pressure to the first and second-stage.
It is noted that the capital cost of the second pump is overestimated, or this can be viewed
as the higher bound of the pump capital cost, while the lower bound of the pump capital
cost will be discussed in the following paragraphs. Assuming each pump has a lifetime of
1, (in hrs) as in the single-stage RO system, the specific capital cost for this two-stage RO
system on the pumps (SPC*'¢%) is equal to the capital cost divided by the total permeate

produced in the life span of the pump as follows:
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kp(QFl*PF1+QF2*PF2)

18
et,0, O-18)

SPCZstgs —

Following the approach in Chapter 5, one can assume that the two stages are
operated up to the limit of the thermodynamic restriction and SPC>® , the SPC

normalized to the feed osmotic pressure can be calculated as follows when the target

water recovery is set to be Y;:

SPC _k, (1-¥)+(1-1))

SPCZSth —
T, &t, Y (1 - K)
O -0
where Y, = Op =( G Fz)
Ok O (9.19)
Y. = YY) Y _ 9
2 t
l_Yl QFl
T T
P — 0 P — 0
Fl -7, F2 -y

Examining the first equation in the equation array (Eq. 9.19), one can find that

(1-%)+(1-%,)>2(1-Y,)(1-%,) =2/(1-¥,) , where the equal sign is applied when

Y=Y, =1—1/(1—Yt) . Coincidently, the optimal water recovery in the first stage to

minimize the normalized SPC is the same as the optimal recovery to minimize the energy
consumption for the two-stage RO process. When the two-stage RO system is at its
energy optimal water recovery distribution, the normalized specific pump cost difference
between a single-stage and a two-stage RO system, or the penalty of specific pump cost

increase for adopting a two-stage RO system over a single-stage RO system, P,,., can be

obtained from subtracting Eq. 9.17 from the first equation in Eq. 9.19 and is as follows:
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P, =SPC*® —SPC"™* = k—f’M (9.20)
wooet,  Y(1-1)

As an example to evaluate the effect of the pump (capital) cost on the overall cost
savings of a continuous two-stage RO system relative to a continuous single-stage RO

system, this pump cost difference has to be added to the overall cost savings as derived in

Chapter 5 as follows:

emp __ _ _
Sov - GSEC RS'MC PSPC

(1-VI—%) & 1-20-7)
- L (9.21)
v(1-Y) &, Y(-Y)

t

BRSNS
m (1-1-%)(2-7) 1-Y v (1-Y

[ S G
JI=7 1=y ey,

where S is overall cost savings (energy, membrane and pump) of a two-stage

~

-1

RO system relative to a single-stage RO system. If the overall cost savings is greater than
zero, then the two-stage RO process is favorable; otherwise the single-stage is more

favorable. An example of seawater desalination is plotted in Figure 9-8, with m,,,,, = 0.01

k
[168] and T” =0.05 (low), 0.1 (medium), and 0.2 (high). Due to its high osmotic
&

»
pressure, seawater RO desalination is usually done at a water recovery lower than 50%.
As can be seen in Figure 9-8, when the target water recovery is lower than 50%, the
overall cost savings of the continuous two-stage RO system over the continuous single-

stage RO system, decreases with increasing pump cost factor. The break-even point of
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water recovery where the two-stage and single-stage RO systems are as efficient
increases with increasing pump cost factor. When the target water recovery is higher than
the break-even point of water recovery, the two-stage RO system is more favorable than a
single-stage RO system. When the pump cost factor is lower (0.05), the two-stage RO
system is more efficient than the single-stage RO when the target water recovery is
greater than 35%. When the pump cost factor is medium (0.1), the two-stage RO system
is more efficient than the single-stage RO when target water recovery is greater than
42%. When the pump cost factor is high (0.2), the two-stage RO system is more efficient
than the single-stage RO when target water recovery is greater than 50%.

It is interesting to note from Eq. 9.20 that when the overall water recovery is 75%
(It may not be practical due to the pressure limitation of current commercially available
pressure vessels), Py, (the penalty of specific pump cost increase for adopting a two-
stage RO system over a single-stage RO system) is zero and the overall savings in unit
production cost, normalized to the feed osmotic pressure, is independent on the pump
cost factor. This conclusion holds irrespective of the feed salinity. When the target water
recovery is lower than 75%, Py, is positive, meaning adopting a two-stage RO system
will increase the specific pump cost compared to a single-stage RO targeted at the same
overall water recovery. However, if the target water recovery is higher than 75%, Py, is
negative, meaning adopting a two-stage RO system will decrease the specific pump cost

compared to a single-stage RO targeted at the same overall water recovery.
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Figure 9-8. Overall cost savings of continuous two-stage RO process over

continuous single-stage, considering energy consumption, membrane cost, and
pump cost (pump cost model by Eq. 9.18).

The lower bound of the pump cost for the two-stage system will be

k,| O *Pry+0p, *(P.,—P,)| and the corresponding normalized SPC will be as

follows:

et,| Y (1-Y) Y

t

Spcjmgxzk_p (1-¥)+(1-%) 1 (9.22)

Following the same procedure, the overall cost savings of the two-stage over the single-
stage RO system is plotted in Figure 9-9. The break-even water recovery decreases with
increasing pump cost factor. It means that the two-stage system has a lower pump capital

cost than a single-stage RO system. This may appear counterintuitive, but it is a
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consequence of the model used here to quantify the pump cost for the two-stage RO

system, k, [Qm *P,+0,, *(PF2 -P, )] , which is exactly the energy consumption of the

two-stage system. Recalling that the single-stage pump capital cost is proportional (the
same proportionality constant) to the energy consumption of the single-stage RO system.
As established in Chapter 5, the energy consumption in a two-stage system is lower than
in a single-stage RO system, therefore, the pump capital cost is also lower for a two-stage
system. As can be seen in Figure 9-9, a two-stage RO system is more efficient than a

single-stage for water recoveries greater than 20%.

Seawater RO desalination
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Figure 9-9. Overall cost savings of continuous two-stage RO process over
continuous single-stage, considering energy consumption, membrane cost, and
pump cost (pump cost model by Eq. 9.22).
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A good estimate will be obtained by taking the average of the these two cases and thus

the pump cost for the two-stage system will be
k, [Qm *P., + (QF2 *(PF2 -P, ) +0., *P., ) / 2] and the corresponding normalized SPC

will be as follows:

SPCZStgs:k_P (I_K)+(1_Y2)_L
~ T n(en) 2

p

(9.23)

Following the same procedure, the overall cost savings of the two-stage over the single-
stage RO system i1s plotted in Figure 9-10. The break-even water recovery is between the
above two extreme cases. When the pump cost factor is low, the two-stage RO process is
more efficient than the single-stage RO process for water recoveries greater than 30%;
when the pump cost factor is medium, the two-stage RO process is more cost effective
than the single-stage RO process for water recoveries greater than 35%; when the pump
cost factor is high, the two-stage RO process is more cost effective than the single-stage

RO process for water recoveries greater than 42%.
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Figure 9-10. Overall cost savings of continuous two-stage RO process over
continuous single-stage, considering energy consumption, membrane cost, and
pump cost (pump cost model by Eq. 9.23).

The break-even water recoveries, above which the two-stage RO process will be more

cost effective than the single-stage RO process, are summarized in Table 9-1.
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Table 9-1. Break-even water recovery for two-stage processes.

Break-even water recovery
Pump cost factor
Extreme Case 1 Extreme Case 2 Avg. Case
Low (0.05) 35% 19.7% 30%
Medium (0.1) 42% 20.4% 35%
High (0.2) 50% 20.8% 42%

In summary, the single-stage RO process is more cost effective than two-stage at lower
recovery (<35%). If one were to split the first stage (its water recovery < total water
recovery < 35%) in the two-stage RO process, the resulted three-stage RO process will
be less efficient than the two-stage. One can keep splitting the first stage further, and it is
reasonably argued that the single-stage RO process is more cost effective than the multi-
stage RO desalting. Recall in the previous section, it is found that the cyclic RO process
with a downtime ratio less than 10% is more cost effective than a continuous single-stage
RO process for water desalination at low water recovery (<35%) and normalized
permeate flow rate (<1); therefore, it can be concluded that for water desalination at low
water recovery (<35%) and normalized permeate flow rate (<1), for example, seawater
desalination at less than 21 GFD of the permeate flux if Dow FilmTec RO membrane
SW30XLE-400i is used, the cyclic operation with a downtime ratio less than 10% is
more cost effective than a continuous single-stage, two-stage and multi-stage RO

desalting with an ERD of energy recovery efficiency greater than 97%.
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9.5. Conclusions

This chapter established a model to quantify the specific energy consumption (SEC) for a
reverse osmosis (RO) process under cyclic operation, i.e., fully recycling retentate stream
to mix with the fresh feed water stream and then feed into the RO module of the system.
The normalized SEC for this cyclic operation, with respect to the water recovery, is
derived and compared with a continuous single-stage RO operation without recycling.
When the pressure drop is neglected for both cases, the SEC for cyclic operation is larger
than the SEC for continuous cross-flow operation with 100% energy recovery of the
retentate stream. In practice, the downtime ratio in the cyclic operation, the target water
recovery and the normalized permeate flow rate determine the required minimum ERD
efficiency for the continuous single-stage RO desalting to be as energy efficient as the
cyclic desalting. Below this required minimum ERD efficiency, cyclic operation is more
energy efficient than continuous single-stage RO operation with the ERD. This required
minimum ERD efficiency decreases with increasing target water recovery and downtime
ratio in the cyclic operation. At low water recovery (<35%) and normalized permeate
flow rate (<1), for example, seawater desalination at less than 21 GFD of the permeate
flux if Dow FilmTec RO membrane SW30XLE-400i is used, the cyclic operation with a
downtime ratio less than 10% is more cost effective than continuous single-stage, two-
stage and multi-stage RO desalting with an ERD of energy recovery efficiency greater

than 97%.
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Chapter 10 Effect of concentration polarization on RO

desalination

10.1. Overview

Concentration polarization (CP) determines the osmotic pressure at the membrane
surface on the feed-side of the flow channel. Therefore, this chapter evaluates the impact
of CP on the thermodynamic restriction discussed in Chapter 3 and the conclusions
reached in previous Chapters 3-9 regarding the specific energy consumption (based on

the mixed-cup osmotic pressure).

10.2. Modeling the axial variation of permeate flux and salt passage in

RO elements in series

The effect of concentration polarization and frictional pressure drop was explored
for a single RO membrane element of length L, height H and width W as shown
schematically in Figure 10-1. The above geometry was utilized as a surrogate of an
unfolded spiral wound membrane module. The membrane length is divided into N
compartments. It is noted that in the simulation N is set to be big enough, so that the
concentration in each compartment can be taken as constant to enable the numerical

simulation. The axial position is defined as x, =nL /N . At the entrancex, =0, at the

exit, x, = L, where L is the membrane length. n
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Figure 10-1. A rectangular RO membrane module.

For simplicity, concentration polarization is quantified by the film model (Eq.

9.24)

C,(x)-C,(x) _ exp { J, (x)} 9.24)

C,-C,(x) k(x)
In which the local feed-side mass transfer coefficient, k(x) , can be calculated from [169]:

1 3Qf D_z]l/s

- 9.28
1.475 [HZW X ©.28)

k(x)

which is argued to be sufficiently accurate for RO modules with spacers [156]. The local

permeate flux, ,J (x), is determined by membrane permeability and pressure driving

force:
J()=L,| B =adPy, (0= 2H[1- B [C,]]C, 0+ 22 [1- A/ €,0]]€, (0| 925)
S A

and the salt flux is governed by the combination of diffusional and convective transport

mechanisms through the membrane as given below:
J (x)=C,(x)J,(x) =k | C,(x)~C,(x) |+ (1=0)J,(x)(C, +C,(x))/2  (9.26)

and where 7,, C,, and P, are the feed osmotic pressure, feed concentration and feed

re
pressure respectively. It is noted that the coefficients, & , f are introduced in the

permeate flux equation (Eq.9.25) to account for frictional pressure drop along the
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membrane channel and non-linearity of the osmotic pressure (designated by the function
f(Cy(x)) and f{C,(x)) for the permeate and at the membrane surface, respectively) . When
frictional pressure drop along the channel is neglected, ; @ =0 ;and when frictional
pressure drop is considered, @ =1 . When the osmotic pressure varies linearly
concentration, # =0, while =1 when the osmotic pressure is allowed to vary non-
linearly with concentration.

The frictional pressure drop, AP, is, can be approximated by the following

equation, which quantifies the pressure drop for laminar fluid flow through rectangular

slit with two equally porous walls[153]:

48 R 2R
048 Rey ) 2Rey Xy ¥ 9.27)

1 _, 24
AP, (x)=(=p)(=l
e () (va )(Re 35 Re Re H H

where \_2=Qf /HeW, Re,(x)=HJ (x)p/u, H is the channel height and W is the W

channel width.
In order to determine the optimal operating condition at which the SEC is at its
minimum an analysis was carried out for a collection of RO elements in series.. The

entire (P,,Q,) surface was searched with the constraint of P, and Q, values set by the
membrane manufacturer. For each set of (P,,Q,), a simulation based on Egs. (9.24-

9.28) as detailed in this section was performed to calculate the water recovery and the
average permeate concentration in each of the six membrane elements, from which the
overall water recovery and average permeate concentration were then obtained. The

overall average permeate concentration as may be desired for the specific water use is
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another constraint that is introduced in the optimization problem. For example, for
drinking water production, the permeate concentration is not allowed to exceed
500mg /L . In some cases, there may be a specific overall element water recovery
constraint. For example, most membrane manufacturers set the upper water recovery

limit for a given RO element at 15% in order to to reduce membrane fouling.

10.2.1. Simulation approach
In order to simulate the axial variation of the concentration along the membrane
surface and the resulting permeate flux and salt concentration for a given pair of Py and

Oy, the membrane length is divided into N compartments. At the entrance x, =0, at the
exit, x, =L, where L is the membrane length. N is sufficiently large, such that £ is

sufficiently small and thus the membrane surface concentration in a given membrane
element can be assumed constant. In the present analysis a configuration of six membrane

elements in series was considered as an example as shown in Figure 10-2.

Figure 10-2. Schematics of 6 pressure vessels series, each housing one membrane
element.

The cumulative permeate flow rate at each axial position is calculated from:

0, (x) =W [ J(x)dx' (9.29)

Then the cumulative water recovery (up to axial position x) is
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Y(x)= 9,4 (9.30)

9

and the average permeate concentration for this membrane element is

L
W j J.(x)dx
C,=—"—— (9.31)
YO,
For the second membrane element, the feed stream is the fully mixed retentate stream
from the previous element and the same protocol (described above) is used to calculate
the recovery and permeate concentration. This same approach is repeated for the third,

fourth, fifth and sixth element in order to obtain the final overall water recovery based on

the raw feed flow rate and average permeate concentration for the six elements.

10.2.2. Simulation results

Simulations (See Appendix for the Matlab Code) were carried out for a collection of six
membrane elements in series. The Dow FilmTec XLE-2540 RO membrane elements
were selected for the simulations. The simulations were carried out for a 3500 mg/L NaCl
feed solution for the conditions listed in Table 10-1. The pressure was set to be double
that the feed osmotic pressure to test the water recovery and check its agreement with the
prediction (50% water recovery at thermodynamic restriction) in Chapter 3. The overall
recovery of the 6 pressure vessels in series is 51.2% and the normalized SEC is 3.91 and
permeate concentration is within 467 ppm. The normalized SEC is lower than 4 because

the salt rejection in this case is only required to be 86.7% (Rej = 1 — 467/3500 = 86.7%),
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which is much less than 100%. The profiles of different variables in the first element and

the last (6™ element) are shown below.
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Table 10-1.

Simulation conditions.

Membrane width (m) 2.9 [162]
Membrane length (m) 0.895 [162]
Half channel height (m) 0.355%107 [162]
No. of pressure vessels 6

No. of membrane element per vessel | 1

Solution density (kg/m”) 1*10°

Solution diffusivity (m™/s)

1.6%10”°(Nerst theory for diluted NaCl
aqueous solution)

Water permeability (m/s/Pa)

2.22%107[167]

NaCl permeability (m/s) 2.15%107[167]
Feed salinity (ppm) 3500

o 1

B 0

c 1

Cross-flow velocity (cm/s)

4-8 (Re =Hull/I= 14-28, laminar flow)

Feed pressure (psi)

80
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Figure 10-3. Simulation results for the first element.
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Figure 10-4. Simulation results for the last element.
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Figure 10-5 and Figure 10-6 show that as the number (#) of elements increases, the
system overall water recovery approaches the thermodynamic limit (50% water recovery
in this case when the feed pressure is twice that of the feed osmotic pressure). However,
as the number (#) of elements increases, the overall permeate water concentration

increases.

10.2.3. Comparison of this work with the commercial Dow FilmTec RO simulator
(ROSA)

In order to evaluate the accuracy of the current model in assessing the effect of the
concentration polarization and frictional pressure drop on the membrane performance,
showed the comparison between this work and ROSA [167] running at the same feed
flow rate and feed pressure using Dow FilmTec XLE-2540 RO membranes in six
pressure vessels and each vessel has one RO membrane in it. It is concluded that the
simple film model predicts the water recovery within 10% deviation from ROSA, while
the permeate concentration is within 20% of deviation. a similar membrane performance
as the software package provided by the membrane manufacturer. It is noticed that: for
constant feed pressure simulation, the water recovery and permeate concentration
increases with the decreasing feed flow rate. The comparison between the normalized
SEC with the SECtr/m, show that the system approaching the thermodynamic restriction
as the feed flow rate is reduced. When the feed flow rate was reduced to 1.1 gpm, the
permeate concentration is only 1% lower than the drinking water standard and the
corresponding SEC is only 8% higher than the thermodynamic restriction (R/Y(1-Y)). The

normalized SEC can be lower than 4 because the salt rejection in this case is only
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required to be 86% since the feed water salinity is 3500 ppm (R = 1 — 500/3500 = 86%),

which is much less than 100%.

Table 10-2. Comparison of this work with ROSA simulation
(inputs: Pr and Qy, outputs: C, and Y).

Cp Y

psi  gpm this ROSA this A SEC/mq ;let SECtr/my SEC/SEC,,
work work

80 3 301 236 0.271 0.293 7.38 0.91 4.63 1.60

80 2 351 288 0.375 0.381 5.33 0.90 3.84 1.39

80 1.6 393 326 0.435 0.433 4.60 0.89 3.61 1.27

80 1.2 467 386 0.512 0.506 3.91 0.87 3.47 1.13

80 1.1 495 407 0.536 0.529 3.73 0.86 3.45 1.08

(Simulation parameters see Table 10-1.)

10.2.4. Optimum water recovery and SEC

As shown previously, the RO operation for a given feed pressure will reach its minimum
SEC when the water recovery reaches its maximum while satisfying the permeate product
water quality (500 ppm). In other words, this pressure is the minimum pressure to achieve
the recovery while satisfying the product quality requirement. This datum set of water
recovery and SEC (computed from feed pressure divided by water recovery) will be one
point of the locus of minimal SEC for producing drinking water at different water
recovery levels. From this locus, one can find the optimum water recovery and
corresponding minimum SEC. The detailed approach to find the optimum water recovery
for this example is as follows: for the following values of feed pressures: 72, 76, 80, 84,
88, 92, 96, 100 and 104 psi, feed flow rate values were decreased from 2 gpm (these

values were chosen because they are in the vicinity of the optimal operating pressure
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predicted in Chapter 3) until the permeate concentration reaches within 1% of the
drinking water standard, i.e., about 495 ppm. The operating conditions under which is the
permeate concentration were 495 ppm were recorded in Table 10-3 from which it is can
be deduced that the minimum SEC will occur at a water recovery between 56.8% and the
corresponding normalized SEC is about 3.7 and it is about 6% away from the
thermodynamic restriction. The deviation from the theoretically predicted water recovery

(50%) and normalized SEC (4) is due to the fact that the salt rejection is much less than

100%.
Table 10-3. Minimum SEC operation for different given feed
pressure values.
Pf_ n Cr (ppm) Fractional Y SEC/1, ;let SECtr/my, SEC/SEC,,
psI gpm
72 1.15 495 0.458 3.930 0.86 3.46 1.14
76 1.12 494 0.5 3.800 0.86 3.44 1.11
80 11 495 0.536 3.731 0.86 3.45 1.08
82 1.1 494 0.551 3.721 0.86 3.47 1.07
84 1.09 496 0.568 3.697 0.86 3.50 1.06
86 1.1 496 0.581 3.701 0.86 3.53 1.05
88 11 494 0.594 3.704 0.86 3.56 1.04
9% 1.11 495 0.639 3.756 0.86 3.72 1.01
100 1.13 494 0.657 3.805 0.86 3.81 1.00
104 1.14 495 0.67 3.881 0.86 3.88 1.00

10.3. Conclusions

The film model in this chapter is in good agreement with commercial software in
predicting the membrane performance. Simulations presented in this chapter show that

for constant feed pressure, the water recovery and permeate concentration increase with
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decreasing feed flow rate. The local minimum SEC for a given feed pressure approaches
the thermodynamic restriction with the salt rejection factor taken into account. The global
minimum SEC and corresponding optimal water recovery were 3.7 and 56.8%,
respectively. The deviation from the simplified model in Chapter 3 is due to the fact that

the required salt rejection is only 86%, much less than 100%.
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Appendix A

Comparison of Forward Osmosis and RO Desalination

A.1. Introduction

Forward osmosis (FO) is a membrane desalination process that utilizes a draw
solution having a high osmotic pressure to extract water from a saline water source. The
challenge in FO is to regenerate the draw solution while extracting the permeated water
as a water source of sufficient use quality. This requires separation of the active
ingredient of the draw solution for the purpose of both reusing the draw solution
chemicals while also recovering the permeate product water at a sufficient level of purity.
As an illustration, Figure A-1 depicts the FO process along a distillation process for
regeneration of the draw solution chemicals and product water recovery. Effective FO
process requires a draw solution that has a high osmotic pressure and with the active
(draw solution) solute that is more volatile than water; the latter requirement is necessary
if the active draw solution ingredient is to be recovered via a distillation process.
Although the permeation of water from feed to the high osmotic draw solution requires
little energy input, relative to the process of RO desalination, heat energy may be
required for the draw solution regeneration. For example, when ammonium carbonate is
used as the active draw solution ingredient, the separation of the ammonia and CO, from
the spent draw solution requires heat energy which is also utilized for the accompanying

process of evaporating large volumes of water.
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In order to assess the relative energy consumption for FO relative to RO a
demonstrative analysis was carried for a desalination of an aqueous NaCl solution with a
target water recovery of 50%. This recovery level was selected since it is the optimal
recovery level at which the specific energy consumption is at its minimum for RO
desalting without energy recovery. Both FO and RO system were assumed to operate up
to the thermodynamic restriction (at the exit region of the membrane modules) in order to
have a common baseline for comparison of the two processes. For the above target
recovery of 50%, the osmotic pressure of the draw solution needs to twice that in order to
achieve 50% water recovery. In the present analysis aqueous NH4CO3 (2 mol% and 3
mol%) solution was selected as the draw solution given the recent literature claims of low

regeneration cost for this draw solution [20].
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Figure A-1. Water desalination: forward osmosis followed by distillation.

A.2. Analysis

A schematic representation of the FO process along with the distillation
regeneration scheme is shown in Figure A-1. For the system inside the dashed box of
Figure A-1, the enthalpy change is zero if one assumes that only water molecules can
pass through the FO membrane and the final product obtained (right corner of Figure A-
1) is pure water. From a theoretical thermodynamic viewpoint, a process for which there
is no enthalpy change does not require heat input. It means that if the heat released by the
system to its surrounding and can be recovered at a 100% efficiency for reuse where

heating is needed (i.e., the heater preceding the distillation column), then the heat
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consumption for the distillation process after the FO process is zero. On the other hand, if
all the above three elements cannot be reutilized the energy consumption of the FO-
Distillation process will be Q;+Q,+Qs. Therefore, in the present analysis a heat energy
recovery efficiency, ny, is defined such that the normalized specific heat consumption
(SHC,,orm) of the integrated FO-distillation system for producing pure water is given as
follows:

SHC orm = (1- Mn)*(Q1 +Qa+ Q3)/7o (A.1)
where 7 is the saline source water osmotic pressure. It is noted that if n, is unity,
SHCorm 1s zero. On the other hand if 0y, is zero, SHC orm = (Q1 +Q2+ Q3)/ 7o,

The heat flow terms Q;, Q, and Qs (Figure A-1) are quantified by noting the following:

a) Heat released by condensation of the top stream in the distillation column (Q)), is
equal to the decrease in the enthalpy when the top stream (D+L, where D:
distillate stream, L: reflux stream) in the distillation column is brought from its
dew point to its bubble point. This heat value depends on the required draw
solution concentration. In the current calculation, zero reflux is assumed (meaning
there is no rectifying section of the distillation column), which results in an
underestimation of the heat consumption in the distillation column.

b) Heat released by the distillate when its temperature is decreased from its bubble
point to 20°C (Q,), is equal to the enthalpy change due to the temperature

decrease.
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c) Heat released by the bottom pure water, when its temperature is decreased from

100°C to 20°C (Q3), is equal to the enthalpy change due to the decrease in

temperature.

Two different draw solution concentrations were evaluated in the analysis (Table A-1) in

assessing Q) targeting a desalting operation of 50% water recovery.

1.

ii.

Case 1: An aqueous draw solution consisting of 2 mol% (NH4),CO;
having osmotic pressure of 50 atm and feed saline water having osmotic
pressure of 25 atm. When the FO system operates up to the
thermodynamic limit, the feed saline water concentration can be doubled
to match the osmotic pressure of the draw solution. It is noted that due to
the counter-flow pattern in the FO membrane system (Figure A-1), the
draw solution is diluted to match the osmotic pressure of feed saline water.
Case 2: An aqueous draw solution consists of 3 mol% (NH4),CO3 having
osmotic pressure of 80 atm with saline feed water of 40 atm osmotic

pressure.
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Table A-1.  Enthalpy values the streams in the FO-distillation process (generated
from OLI simulation according to the condition specified in the table).

Case # (NH4)2CO3 Temperature Enthalpy Q1 Q2 Q3 Q1+Q2+Q3
mole % Ac J/mol J/mol J/mol J/mol J/mol
land 2 0 20 -286,207
land?2 0 100 -280,169
1 1 20 -292,513
1 2 20 -298,880 45,338 4,506 6,038 55,882
1 2 76.77 (b) -294,374
1 2 98.45 (d) -249,036
2 1.5 20 -295,692
2 3 20 -305,273 46,999 4,428 6,038 57,465
2 3 74.9 (b) -300,845

2 3 97.7(d) -253,846
(b: bubble point, d: dew point)

From Table A-1, the SHC for the two cases: 1 and 2 can be calculated as follows:

Case 1: SHCorm= (1- nn)*(Q1 +Qat+ Qs3)/mp = (1- p)*1242

Case 2: SHC orm= (1- nn)*(Q +Qat Q3)/mo = (1- 1p)*798

In which m( is the saline feed osmotic pressure. For the equivalent product water
recovery, the normalized specific energy consumption while for RO desalination (see
Chapter 3) is given as SEC,om = 4 (without an ERD) and SEC,om = 2 (with 100%
efficient ERD). Accordingly, the comparison between FO-Distillation and RO

desalination is depicted in Figure A-2 for the two case studies.
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Figure A-2. Comparison of the specific energy consumption for FO-distillation
and RO process.

The comparison shown in Figure A-2 clearly indicates that FO-distillation is less energy
efficient than RO process at 50% water recovery even for high salinity feed water of 40
atm osmotic pressure, since it is unlikely that heat recovery efficiency (for FO) would
reach 99%. It is also noted that the SEC for RO with energy recovery is significantly
lower than FO. FO may be more efficient than RO provided that near complete heat
recovery can be attained, but this is clearly a challenge that even if could be attained

would be accompanied with significant capital cost.
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Appendix B

Matlab Code for Concentration Polarization Simulation

Main Code File for Simulating Concentration Polarization

clear all;
clc;

% constants (M3 system size)

Am = 2.6;

W = Am/0.895/2; %Dow FilmTec XLE 2540. length is 0.895 m. only simulate
the half channel height

Lp = 2.22E-11; % water permeability

alpha = 1; %correction factor for frictional pressure drop
rho = 1.0E3; %solution density

H = 3.55E-4; %half channel height

mu = 1E-3; %solution viscosity

D = 1.6E-9; %solution diffusivity

ks = 2.15E-7; % salt permeability

fos = 7.87E7;% osmotic pressure coefficient

Qf0 = 1.2*6.165E-5; % m"3/s. Tfeed Fflow rate (1 gpm = 6.165e-5 m"3/s).
Qf0 = Qf0/2; %flow rate for the half channel height and half width

Qf = Qf0;

CfO = 3.5E-3;% kg salt/kg solution

Cf = CfO;

PfO = CfO*fos*2; % ** 3 <- 10 points from [2, 10] in Pa
Pf = PTO;

pz0 = CFO*fos; %feed osmotic pressure
%%%6%6%%%6%6%%%6%6%%%6%6%%%6%%%%6%%% % %% % %% %% %% %% %

t_min = 0;

t max = 0.895; %t is length. t max = 0.895 m. for Dow FilmTec XLE-2540
ns = 0.001;

t = t.min : ns :© t_max;

nn = length(t);

nm = 6;

%%9%6%6%%%6%6%%%6%6%%%6%6%%%6%6%%%6%6%%%6%6%%%6%6%% % %% %

%fval = zeros(3, nn);
options = optimset("Display”, "off");

%%%%%6%%%0%%%%%6%%%0%%6%%%6%%6%% %% % %6%%%% %% % %%

yt = 1;
ys = ones(nm, 1);
Xs = zeros(3, nn);
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xp = [CF, 1E-3 * Cf, 1E-3];

ocsm=0;
for kk=1:nm %nm # of element in a stage
% depending paramaters
pz = Cf*fos;
v=0QF/ (H*W
Re =H *v * rho /7 mu;
QFf0_norm(kk) = 2.*Qf0/Am/Lp/pz0/kk  %QFfO norm up to kk element.
normalized Qf value for Paper_1.
for ii=1:nn
f = 0Q)myFun(x, t(ii), PF, Qf, CF, W, Lp, alpha, pz, D, rho, H,
mu, v, Re, ks); % pass paramters into the function
[xs(:, i1)] = Fsolve(Ff, xp, options); %xs is the array of
X(1):Cm, x(2):Cp, x(3):Jdv.
xp = xs(:z, 1i);

% display(t(ii));
end

dPf = 0.5 * rho * v*2 * (24 / Re - 648 /7 35 * H * xs(3, nn) * rho
/ mu/Re) * (1 -2*H*xs(B, n) *rho/ mu/ Re * t max / H) *
t max / H;

y = zeros(l, nn);
st = 0;
for 1i=2:nn
y(ir) = y(ii-1) + 0.5 * (xs(3, 1i-1) + xs(3, ii)) * ns; %local
permeate flux Jv(x)
sf =sf + 0.5 * (xs(2, 1i-1) * xs(3, 1i-1) + xs(2, ii) * xs(3,
ii)) * ns;
end

y=y.* (W7 Qf);

sF =sf *W; %salt fFlux

mcp = sF /7 y(nn) /7 QF; %cumulative average permeate concentration
for each membrane element

ocsm = ocsm + sF; %overall accumulated salt mass.

%6%%6%6%%%6%6%%%6%6%%%6%6%%%6%6%%%6%6%% %6 %6%% % %% %% %% %% %% %% %% %% %%

%for a single module, plot the Cm Cp permeate flux profile.

Qf_gpm = 2*round(Qf0/(3.785E-3/60)*10)/10; %use both upper and
bottom half channel to run ROSA simulation

CFf_ppm = round(CfO0*1E6);
Pf psi = round(Pf0/6894.75729);
figure

title({["Feed Tlow " num2str(Qf _gpm) " gpm, " " concentration
num2str(Cf_ppm) ° ppm, * " feed pressure " num2str(Pf _psi) " psi."]})

subplot(2,2,1)

plot(t, xs(1,:)/Cf);
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xlabel ("Axial distance from entrance (m)")

ylabel ("Local CP modulus (Cm/Cf)*)

wtitle({["Feed flow * num2str(Qf_gpm) * gpm, * ° concentration -
num2str(Cf_ppm) * ppm, * ° feed pressure * num2str(Pf_psi) " psi-"]})

subplot(2,2,2)

plot(t, xs(2,:)*1E6);

xlabel ("Axial distance from entrance (m)")

ylabel ("Local permeate conc. (ppm)")

Wtitle({["Feed flow * num2str(Qf_gpm) " gpm, " " concentration
num2str(Cf_ppm) * ppm, * ° feed pressure * num2str(Pf_psi) " psi-"]})

subplot(2,2,3)

plot(t, xs(3,:)/4.71543992E-7);

xlabel ("Axial distance from entrance (m)")
ylabel ("Local permeate flux (GFD)®)

subplot(2,2,4)

plot(t,y)

xlabel ("Axial distance from entrance (m)")

ylabel ("Cumulative water recovery"®)

title({[ "Feed flow " num2str(Qf_gpm) * gpm, ° " concentration
num2str(Cf_ppm) " ppm, " " feed pressure " num2str(Pf_psi) " psi."]1})

06%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6 %6666 %6%6%6%6%6%%

%%

CF = (CF -y(n) *mcp) /7 (1 - y(nn));
Qf = Qf * (1 - y(hn));
PFf = PF - dPT;

PresDp(kk) = PFfO - PF %cumulative pres drop
yt =yt * (1 - y(hn));

ys(kk) = ys(kk) - yt;

ocp_ppm(kk) = ocsm/ys(kk)/QFf0*1E6;

% kk
ys.*Qf0.*2/6_.165E-5 %cum. perm. Flow
% ysS
% (Pf0-2.*ys.*Qf0./kk./Am_./Lp)./pz0 %-(PFO-PF)./2
% PT
end
figure

title({[ "Feed flow " num2str(Qf_gpm) * gpm, ° " concentration
num2str(Cf_ppm) * ppm, " " Teed pressure " num2str(Pf_psi) " psi, 6
element."]1})

%subplot(2,1,1)

plot(1:nm, ys);

xlabel ("# of elements”, "fontsize”,12)

ylabel ("Cumulative fractional water recovery-®, "fontsize",12)
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% %%%%

% Figure

% title({["Feed flow " num2str(Qf_gpm) " gpm, ® " concentration
num2str(Cf_ppm) ° ppm, * * feed pressure num2str(Pf_psi) ° psi, 6
element."]1})

% %subplot(2,1,1)

% plot(ys, (Pf0./pz0-Qf0_norm.*ys"-PresDp.*2/pz0),"d",ys,-log(1-
ys)./ys,"+",ys,(1-ys/2)./(1-ys),">");

% legend("This simulation®,“Log-mean avg.", "Arithmetic avg.")
% xlabel("Cumulative fractional water recovery®,"fontsize",12)
% ylabel("Normalized average osmotic pressure®,"fontsize",12)
%%%%

figure

title({[ "Feed flow " num2str(Qf_gpm) * gpm, ° " concentration
num2str(Cf_ppm) * ppm, " " feed pressure num2str(Pf_psi) " psi, 6
element."]1})

%subplot(2,1,2)

plot(l:nm, ocp_ppm);

xlabel ("# of elements®, "fontsize”,12)

ylabel ("Cumulative permeate concentration (ppm)-","fontsize®,12)

YysS
OoCp_ppm

Function myFun

function F = myFun(x, t, Pf, Qf, Cf, W, Lp, alpha, pz, D, rho, H, mu, v,
Re, ks)

F=Ix(D) - x(2) - (CF - x(2)) * exp(X(3) * 1475 * (H2 *W*t/ (3 *
Qf * D2))™(1/3));

x(3) - Lp * (PF - alpha * 0.5 * rho * v2 * (24 / Re - 648 / 35 *
H*x(@) *rho/ mu/Re) * (1 -2*H*x(3) *rho/ mu/ Re *t / H)
*t /H-pz/7CF* X(Q-x(2)));

x(1) - x(2) - x(2) * x(3) / ks;
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