
Energy Cost Optimization In Membrane Desalinationand the Thermodynami Restrition∗†‡§¶‖∗∗††Aihua Zhu, Panagiotis D. Christo�des and Yoram CohenDepartment of Chemial and Biomoleular EngineeringWater Tehnology Researh CenterUniversity of California, Los Angeles, CA 90095-1592, U.S.A.September 21, 2008Reverse osmosis (RO) membrane water desalination is now well established as a maturewater desalination tehnology. However, there are intensive e�orts to redue the ost of ROwater desalination in order to broaden the appeal and deployment of this tehnology. Thewater prodution ost in a typial RO desalination plant generally onsists of the ost ofenergy onsumption, equipment, membranes, labor and maintenane and �nanial harges.Energy onsumption is a major portion of the total ost of water desalination1�3 and anreah as high as about 58% of the total permeate prodution ost as shown in Fig. 1. Theenergy ost per volume of produed permeate (i.e., the Spei� Energy Consumption orSEC) is signi�ant in RO operation due to the high pressure requirement (up to about 1000psi for seawater and in the range of 100-600 psi for brakish water desalting). Considerablee�ort has been devoted to �nd means for reduing the transmembrane pressure required fora given water permeate produtivity level dating bak to the initial days of RO developmentin the early 1960's.
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Figure 1: Annual operating ost distribution of a seawater reverse osmosis faility4.Early researh in the 1960's5�8 foused on unit ost optimization with respet to waterreovery, energy reovery system e�ieny, feed �ow rate and the applied transmembranepressure. E�orts to redue the SEC also onsidered inreasing the permeate �ow rate, ata given applied pressure and feed �ow rate, by either optimizing the membrane modulewith respet to its permeate �ux9�16 and/or by using more permeable membranes17�20. Forexample, studies have shown that spei� permeate produtivity of spiral wound RO andnano�ltration modules ould be improved by optimizing module on�guration (e.g., feedhannel height, permeate hannel height, and porosity)13.The introdution of highly permeable membranes in the mid 1990's with low salt passage17has generated onsiderable interest given their potential for reduing the pumping energyrequired to attain a given permeate17�20. Wilf17 and later Spiegler21 reported that operationlose to the minimum level of applied pressure (i.e., pressure approahing the onentrateosmoti pressure plus fritional pressure losses), would result in the lowest energy ost.Clearly, in the absene of pressure drop in the membrane module, the minimum requiredapplied pressure when a highly permeable membrane is used would be very lose to theosmoti pressure of the RO onentrate that would be reahed at the membrane outlet17,22�24.As illustrated in Fig. , in order to ahieve a given water reovery and utilize the entiremembrane area, there is a minimum pressure that must be applied and this pressure mustbe greater than the osmoti pressure of the onentrate exiting the proess, but this appliedpressure an approah the osmoti pressure of the brine stream when highly permeable2



membranes are used. It is noted, that the requirement of a minimum pressure, for thelowest energy ost, will apply even when one onsiders onentration polarization, albeit therequired pressure will be based on the osmoti pressure at the membrane surfae at moduleexit22.
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Figure 2: Shemati illustration of the thermodynami restrition for ross-�ow RO desalting22.In order to redue energy onsumption, energy reovery from the onentrate streamhas been implemented using a variety of energy reovery devies (ERDs), in addition tooptimization of the on�gurations of the RO membrane arrays. The e�et of an energyreovery devie (ERD) on the SEC was �rst studied in the early 1960's6,7. Avlonitis et al.25disussed four kinds of ERDs (i.e., Pelton wheel, Grundfos Pelton wheel, Turbo harger,Pressure exhanger) and reported that the pressure exhanger was the most e�ient energyreovery devie. More reently, Manth et al.1 proposed an energy reovery approah, inwhih a booster pump is oupled with a Pelton turbine (instead of a single-omponent high-pressure feed pump), or is used as an interstage booster for dual-stage brine onversionsystems.Simpli�ed proess models to optimize the struture of RO membrane desalination plantshave been proposed in the literature26�33. Early studies have shown that the �Christmastree� on�guration developed in the early 1970's was suitable for the early generation of ROspiral-wound membranes. However, with the emergene of higher permeability membranes,it is unlear if the above on�guration of membrane modules is also optimal for ultra lowpressure RO modules26. It has been argued that the SEC an be lowered by utilizing a largenumber of RO membrane units in parallel so as to keep the �ow and operating pressure low29.It has also been laimed that the SEC dereases upon inreasing the number of membrane3



elements in a vessel3. In the mid 1990's researhers have suggested that a single-stage ROproess would be more energy e�ient34. However, it has also been laimed that two-stageRO is more energy e�ient than single-stage RO29. The above on�iting views suggest thatthere is a need to arefully ompare the energy e�ieny of RO desalination by appropriatelyomparing single and multiple-stage RO on the basis of appropriately normalized feed �owrate and SEC taking into onsideration the feed osmoti pressure, membrane permeabilityand membrane area.Optimization of RO water prodution ost with respet to apital ost has also beenaddressed in order to explore means of reduing the total spei� ost of water produ-tion29,34. Suh optimization studies have onsidered the osts assoiated with feed intake(primarily for seawater) and pretreatment, high pressure pumps, energy reovery system, andmembrane replaement34. The problem of maximizing RO plant pro�t, onsidering energyost, amortized membrane plant ost, leaning and maintenane ost, and amortized ostof proess pumps in the absene of energy reovery devies has also been addressed29. Themajority of the existing studies have aepted the standard operating proedure wherebythe applied pressures is set to be signi�antly higher than the minimum required pressurelimit that would orrespond to the lowest SEC. Moreover, a formal mathematial approahhas not been presented to enable an unambiguous evaluation of the optimization of the ROwater prodution ost with respet to the applied pressure, water reovery, pump e�ieny,membrane ost and the use of energy devies.It is important to reognize that previous studies that foused on optimization of the SEChave only evaluated the SEC dependene on water reovery at one or several normalizedfeed and permeate �ow rates. Previous researhers have reported the minimum SEC forone or several �ow rates or a range of produt water reoveries5�20. However, the globalminimum SEC has not been identi�ed along with SEC optimization via a general theoretialframework. Motivated by the above onsiderations, the urrent study revisits the problemof RO energy ost optimization when highly permeable membranes are used, via a simplemathematial formalism, with respet to the applied pressure, water reovery, feed �owrate, and permeate �ow rate and aounting expliitly for the limitation imposed by theminimum required applied pressure. Subsequently, the impat of using an energy reoverydevie, brine disposal ost, membrane hydrauli permeability and pressure drop within the4



membrane module are disussed for one-stage RO. Additionally, an analysis is presented ofthe energy e�ieny of a two-stage RO relative to one-stage RO following the formalismproposed in the present study.In previous work35, we systematially studied the e�et of the thermodynami restrition(i.e., the fat that the applied pressure annot be lower than the osmoti pressure of theexit brine stream plus pressure losses aross the membrane module) on the optimization ofthe spei� energy onsumption of an RO proess35. Spei�ally, we omputed the optimumSEC, orresponding water reovery, and permeate �ux for single-stage and two-stage ROmembrane desalination systems. We also studied the e�et of energy reovery devie, mem-brane ost and brine disposal osts on SEC. The developed approah an also be utilized toevaluate the energy savings of a two-stage RO system over single-stage RO and the drawbakof extra membrane area onsumption of two-stage over single-stage. In the present work, weextend our previous results35 to inlude the e�et of membrane salt rejetion on SEC and tostudy the energy onsumption optimization of a two-pass membrane desalination proess asshown in Fig. . The two-pass on�guration is a relatively new on�guration used in seawaterdesalination in whih the permeate water from the �rst-pass goes through a seond-pass.Previous work on energy onsumption optimization of two-pass membrane desalination hasaddressed a number of issues; spei�ally, Noronha et al. �rst studied the spei� energyonsumption optimization of a two-pass (alled �produt-staging� in their work) membranedesalination proess with reirulation pumps for eah pass' retentate stream but withoutenergy reovery devies36. Based on their study, they argued that the lower the water reov-ery in the �rst-pass, the lower the spei� energy onsumption of the two-pass system. Lateron, Cardona et al. ompared the energy onsumption of a two-pass membrane desalinationproess (alled �double-stage� in their work) without energy reovery devies to a single-stageRO proess without an energy reovery devie and reported that two-pass has a potentialfor energy savings on the order of 13-15% when the overall water reovery is less than 50%and the salt rejetion is 98.3%37. Both papers did not address the e�et of thermodynamirestrition on the omputation of the optimal solution.The wide appliation of low pressure membrane modules, owing to the development ofhigh permeability RO membranes, has enabled the applied pressure in RO proesses toapproah the osmoti pressure limit. Therefore, it is now possible to optimize RO mem-5
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Figure 3: Shemati of a two-pass RO/NF proess with ERDs.brane proesses with respet to produt water reovery, with the goal of minimizing energyonsumption, while onsidering onstraints imposed by the thermodynami ross-�ow re-strition and feed or permeate �ow rate. In the present study, an approah to optimizationof produt water reovery in RO membrane desalination when highly permeable membranesare utilized was presented via a number of simple RO proess models. The urrent resultssuggest that, it is indeed feasible to re�ne RO desalting so as to target the operation at theondition of minimum energy onsumption, while onsidering the onstraint imposed by theosmoti pressure as spei�ed by the thermodynami ross-�ow restrition. The impat ofenergy reovery devies, membrane permeability, proess on�guration, brine managementost, pump e�ieny, and fritional pressure drop an all be onsidered using the proposedapproah as shown in a series of illustrations. Overall, as proess osts above energy ostsare added, the operational point for ahieving minimum energy onsumption shifts to higherreoveries. Although the newer generation of highly permeable RO membranes an allowhigh reovery operations, limitations due to mineral saling and fouling impose additionalonstraints. The inorporation of these phenomena in an expanded optimization frameworkis the subjet of ongoing researh. To provide a lear piture to the problem of energy6
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