

















Filtration Process (VSEP) System.” Journal of Membrane
Science. Accepted manuscript 11-12-2007.

A novel approach that has been used in industrial applications but
not for treatment of potable water relies on rapid membrane
motion to induce much larger shear rates than have been used in
other applications. A commercial unit that uses this approach,
known as the vibratory shear enhanced filtration process (VSEP®,
New Logic Research, Emeryville, CA), utilizes torsional vibration of
flat-sheet membranes to induce the membrane motion. The paper
reports on efforts to control fouling in the VSEP process. These
include pretreatment to reduce the amount of foulant that enters
the system, application of a shear force near the membrane
surface (via crossflow, aeration, or gentle movement of the
membrane) to reduce foulant deposition, and/or periodic cleaning
(backwashing or chemical cleaning) to remove the accumulated
foulant.

3.2 ZLD (Zero Liquid Discharge)

3.2.1 U.S. Department of the Interior, Bureau of Reclamation.
Zero Discharge Waste Brine Management for Desalination
Plants. Agreement Number: 99-FC-81-0181 Desalination
Research and Development Program Report No. 89, December
2002.

The Zero Discharge Waste Brine Management reported here for
desalination plants consists of a salinity gradient solar pond and a
brine concentrator and recovery system. The article discusses
how the ZD is an environmentally appropriate and cost effective
way to manage brine. Models were created to test and predict
the behavior of the brine concentrator and recovery system.

3.3 Selective Recovery

3.3.1 Kylyce, O., AM. Kylyc. “Recovery of Salt Co-Products
During the Salt Production From Brine.” Desalination 186
(2005): 11-19

Sodium chloride and the secondary salts are not only mined from
evaporate deposits, but they have also been produced
economically by solar concentration of brines for centuries. In this
study, as an alternative approach, the aim was to create the
production of salt co-products together with pure sodium chloride
(NaCl) during the NaCl producing period from the Salt Lake water
by multiple evaporation-cooling methods, supplemented by
mineral and chemical processing.

3.3.2 Tanaka, Yoshinobu, Reo Ehara, Sigeru Itoi, Totaro Goto.
“lon-exchange membrane electrodialytic salt production using
brine discharged from a reverse osmosis seawater desalination
plant.” Journal of Membrane Science. 222 (2003): 71-86.

This article explains how the concentrate brine created from
reverse osmosis treatment can be utilized for salts through an
ion-exchange process. The paper explains how the salt process
works and compares what the energy requirements are to a salt
processor using seawater. The brine salt process requires only
80% of the energy required for salt production using seawater.

3.4 Dew Vaporation

3.4.1 Ettouney, Hisham. “Design and Analysis of
Humidification and Dehumidification Desalination Process.”
Desalination. 183 (2005): 341-352.

With the great success of desalination technologies such as
Reverse Osmosis and Multi-Stage Flashing, there has been less
research and development for smaller capacity technologies. MSF
and RO require a larger capacity due to the operating costs and
energy requirements. Due to those critical constraints, attention
has been focused on humidification/dehumidification (HDH)
desalting technologies. The typical HDH consists of a humidifier,
a condenser, and the feed water heater. The paper analyzes
four systems: the conventional humidification dehumidification
process, humidification vapor compression, convention
humidification dehumidification desalination process and
humidification and membrane drying. Modeling for these four
systems are presented assuming steady state conditions and

negligible losses from surroundings. Four different configurations
are analyzed showing that the major setback is the large amount
of air and water vapor created through the treatment train which
would entail great amounts of energy to cool the air.

3.4.2 Hamieh, Bassem M., James R. Beckman, Michael D.
Yhbarra. “Brackish and Seawater Desalination Using a 20 fi2
Dewvaporation Tower.” Desalination. 140 (2001): 217-226.
Much time has been taken to investigate the use of
dewvaporation desalination technology with regards to treating
mild brackish water (800 ppm TDS). A brief explanation of how
dewvaporation works is given. This is followed by a model and
equations. The model includes factors such as the energy reuse
factor, the effect of salt concentration, molar production flux,
temperature, vapor pressure, water vapor produced, and salinity
of feed water, heat and mass transfer coefficients. Experiments
were run to investigate the problem of scaling. It was found that
scaling is not an issue because evaporation occurs at the liquid-air
interface and not at the heat transfer wall. An 82-85% recovery
rate was found for mild brackish water.

3.4.3 Hamieh, Bassem M., James R. Beckman. “Seawater
Desalination Using Dewvaporation Technique: Experimental
and Enhancement Work with Economical Analysis.”
Desalination. 195 (2006): 14-25.

Experiments were run testing the desalination technology,
dewvaporation. The experiments used both seawater, created
based on ASTM standards (42,000 ppm), and brackish water
approximately 1000 ppm. The purity of the seawater effluent on
average was close to 500ppm. There is discussion on the overall
heat transfer coefficient and the corresponding heat transfer area.
A different type of heat exchanger was proposed as an
improvement to increase energy consumption. A cost analysis
was also completed. The production rates of the project were
1000 gallons per day with a capital cost ranging from $1646 to
$2814 and operation costs of $ 3.82 to $3.43 per day.

3.4.4 Hamieh, Bassem M., James R. Beckman. “Seawater
Desalination Using Dewvaporation Technique: Theoretical
Development and Design Evolution.” Desalination 195 (2006):
1-13.

Dewvaporation is a relatively new technique for desalination
developed at Arizona State University. The purpose of the
research was to generate a theoretical model that would
sufficiently describe the process and then to develop a design for
a dewvaporation tower. The article describes the mathematical
model and explains the steps taken to design and implement a
functioning tower.

3.4.5 State of California: Department of Water Resources.
California Water Plan Update 2005. Vol. 2. Chapter 26: Other
Resource Management Strategies.

The State of California is considering using the dewvaporation
technology as a water management strategy. Dewvaporation is a
humidification-dehumidification desalination technology. The
technologies are still being developed, however Arizona State
University has constructed towers that are in operation. These
projects were funded by the U.S. Bureau of Reclamation. Some
of the issues with using dewvaporation are the cost, small scale
and concentrate disposal.

3.4.6 U.S. Department of the Interior Bureau of Reclamation.
Carrier-Gas Enhanced Atmospheric Pressure Desalination
Final Report. Cooperative Agreement No. 99-FC-81-0186
Desalination Research and Development Program Report No.
92, October 2002.

Arizona State University was funded to test the scaling potential
of the dewvaporation treatment. No scaling was observed during
testing. Dewvaporation can be used to desalinate brackish water,
seawater, reverse osmosis concentrate and evaporative pond
water. Water costs ranged from $1.70/1,000 gallons to
$3.70/1,000 gallons dependant on the available heat source.
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3.4.7 Vikram, Prajwal and Shuguang Deng. Solar Desalination
Using Dewvaporation. Department of Chemical Engineering,
New Mexico State University

The major objectives of the project were to test dewvaporation
performance using solar heat input for treating brackish
groundwater, to test the performance of the equipment when
treating concentrated brine, to assess powering the plant by solar
energy, and to perform a cost analysis.

3.5 Evaporative Ponds

3.5.1 Ahmed, Mushtaque; Walid H. Shayya, David Hoey, Arun
Mahendran, Richard Morris, and Juma A1-Handaly, “Use of
evaporation ponds for brine disposal in desalination plants”
Desalination. 130 (2000): 155-168

Due to the increase in desalination plants being used across the
globe, brine disposal has become an important issue. For
desalination plants near the sea, brine is typically disposed of by
ocean discharge. However for inland desalination plants
evaporative ponds become an economic option, especially for arid
and semi-arid regions. The paper reviews important issues that
need to be considered for evaporative pond use, such as brine
chemistry, construction of evaporative ponds, soil salinity, design
considerations, operation and maintenance, and determining
evaporation rates.

3.5.2 Arnal, .M., M. Sancho, 1. Iborra, ].M. Gozalvez, A.
Santafe’ , and J. Lora. “Concentration of Brines from RO
Desalination Plants by Natural Evaporation.” Desalination. 182
(2005): 435-439

For seawater RO plants, there is typically not an issue with brine
disposal since generally the plants are located near the coast.
Brine can be disposed of in the sea through brine pipes. Some of
the options for brine disposal from inland RO plants are deep well
injection, evaporation ponds and irrigation to halophytes or other
salt tolerant plants. Evaporation techniques are the most suitable
ones for concentrating brines, since their application generate a
solid waste more easily managed than the original waste and a
decontaminated liquid flow that can be directly discharged or
even reused. However some of the disadvantages of evaporative
ponds are the large land requirements and the long time
requirements. Experiments were run and concluded that the
efficiency of evaporation with respect to time can be increased by
using adsorbents and increasing air velocity.

3.5.3 Glater, Julius, Yoram Cohen. Brine Disposal from Land
Based Membrane Desalination Plants: A Critical Assessment.
Report prepared for Metropolitan Water District of Southern
California. CEC PIER II — Contract No. 400-00-013.

The major strategies for brine disposal at inland sites fall in the
general categories; deep well injection, evaporation ponds, solar
ponds, irrigation of salt tolerant plants (halophytic crops) and
brine shrimp harvesting. Recovery of inorganic salts with
potential commercial value has also been suggested, but
construction of chemical separation facilities could be
economically unattractive. There is also a system known as the
Zero Discharge. This article discusses the advantages and
disadvantages to each disposal technique.

3.6 Deep Well Injection

3.6.1 U.S. Environmental Protection Agency (USEPA). Class |
Underground Injection Control Program: Study of the Risk
Associated with Class 1 Underground Injection Wells, March
2001. EPA 816-R-01-007.

Class I wells inject hazardous and non-hazardous wastewater
(municipal or industrial) beneath the lowermost underground
source of drinking water (USDW). The injection zone is porous
and permeable. The confining zone is above the injection zone
and is non-permeable as to confine the wastewaters from moving
vertical and entering the USDW. Wells are required to be on
stable ground where there are no faults or fractures. There are
regulations about the different layers required so as to prevent
contamination of the USDW. There are ongoing safety

inspections required for operators, such as well mechanical
integrity tests. There are also reports required for plugging and
abandonment of wells.

3.6.2 U.S. Environmental Protection Agency (USEPA).
Drinking Water Treatment Residual Injection Wells: Technical
Recommendations. December 20, 2006.

The Underground Injection Control (UIC) Program’s Mational
Technical Workshop (NTW) has been assigned the task of
evaluating the current issues and recommendations for disposal
of drink water treatment residuals (DWTR) from advanced water
treatment technologies such as reverse osmosis (RO). NTW has
found 101 permitted or authorized deep injection wells for the use
of DWTR. There are three classes of injection wells to which
DWTR may be disposed of. Class I hazardous and non-hazardous
waste injection wells, Class II enhanced oil recovery injection
wells and Class V injection wells. An area of concern has been
the chemical makeup of the brine and the interactions it could
potentially have once it is injected. DWTR is typically high in total
dissolved solids (TDS), total suspended solids (TSS), may have
high or low pH, considerable levels of heavy metals and other
compounds with their byproducts. However, as the NTW
compared the DWTR to wastes being injected into wells currently,
it was determined that the DWTR has similar characteristics. The
NTW made recommendations for the DWTR's injection well
minimum requirements, such as required federal permitting, an
area of review, public participation, financial assurance,
construction, logging, reporting, monitoring, mechanical integrity
tests internal and external, operating, closure and post closure.

3.6.3 USEPA. 2003, Introduction to the Underground Injection
Control Program. January 2003, Available at
htt,

J/lwww.epa.gov/safewater/dwa/electronic/presentations/uic/
uic.pdf.

The Underground Injection Program is one of the Safe Drinking
Water Act’s major programs enforced by the EPA. The mission of
the program is to protect underground sources of drinking water
from contamination by regulating the construction and operation
of injection wells. Currently, there are more than 400,000
injection wells known to be in operation across the United States,
The EPA is trying to prohibit injection unless authorized through
permits, to prevent contamination of ground water through
injection disposal and to enforcefimplement requirements for
record keeping, monitoring, reporting and inspection.

3.6.4 USEPA. Safe Drinking Water Act: Underground Injection
Control (UIC) Program. August 2001. EPA 816-H-01-003.
This resource is an informational two page poster that explains
the different classes of injection wells. Class I wells include the
injection of hazardous, industrial hazardous, industrial and
municipal wastes, and non-hazardous wastes. Class II includes
oil and gas production wastes along with mining waste for
disposal through injection. Class IV wells dispose of hazardous
and/or radioactive wastes through shallow injection. Class IV
wells are now banned except when set up to inject treated
contaminated ground water back into the original aquifer. Lastly,
Class V wells which are used to manage the shallow injection of
all other fluids to prevent contamination of drinking water
resources.

3.6.5 USEPA. Technical Program Overview: Underground
Injection Control Regulations. December 2002. EPA 816-R-02-
025.

The EPA through the SDWA of 1974 enforces the Underground
Injection Control Program. This article defines the different
classes of injection wells, technical and administrative
requirements with regards to permitting, and other monitoring
and reporting requirements. It is also helpful in giving sources for
further information about general information, risk analysis,
mechanical integrity and formation tests, well construction,
plugging and abandonment, operation of deep injection wells,
Class V wells and UIC regulations.
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3.7 Ocean Disposal

3.7.1 Alameddine, 1. and M. El-Fadel, “Brine Discharge from
Desalination Plants: a Modeling Approach to an Optimized
Qutfall Design”, Desalination, 214 (2007): 241-260.

This paper provides a good introduction to the design
considerations and principles used in modeling ocean outfalls for
brine discharge from desalination facilities. The paper specifically
focuses on plume dispersion following discharge and
quantification of the sensitivity of various design parameters.

3.7.2 Cooley, H., P.H. Gleick, and G. Wolff, Desalination,
With a Grain of Salt. Pacific Institute, Oakland, California,
2006

This report provides an assessment of the benefits and risks of
ocean desalination and of the hindrances limiting its more
widespread application to address potable water needs in coastal
areas. Itincludes a good analysis of the issues associated with
marine discharge of brines and of the research that has been
conducted on its environmental impacts.

3.7.3 Squire, Deborah. “Reverse Osmosis Concentrate Disposal
in the UK.” Desalination. 132 (2000): 47-54.

The global increase in the use of reverse osmosis (RO) to create
potable water, has created an even greater push to find a good
solution for brine disposal. Brine disposal can be a costly portion
of the membrane plant, therefore the disposal options must be
evaluated during the design of the membrane plant. The paper
discussed the issues to brine disposal in the UK. Some of the
characteristics that may influence the brine disposal methods are
volume of brine, quality of brine, location of plant, costs, public
acceptance and regulatory requirements.

4. NOVEL AND EMERGING TECHNOLOGIES
4.1 Capacitive Deionization

4.1.1 Welgemoed, T.J., C. F. Schutte. “Capacitive
Deionization Technology: An Alternate Desalination Solution.”
Desalination. 183 (2005): 327-340.

Capacitive Deionization Technology (CDT) is low pressure, non-
membrane desalination technology used to reduce the total
dissolved solids of brackish water. The purpose of this paper was
to test the performance of capacitive deionization compared to
other membrane processes. Some of the attributes compared
were feed and product water quality requirements, energy
consumption per volume of water treated, pre and post treatment
requirements, ion storage capacity of electrodes, overall
desalination reaction kinetics, operation and maintenance
requirements, and fouling and scaling tendencies. The CDT
experimental data was compared to reverse osmosis and
electrodialysis data.

4.1.2 Xu, Pei, Jorg E. Drewes, Dean Heil and Gary Wang.
“Treatment of brackish produced water using carbon aerogel
based capacitive deionization technology.” Water Research.
(2008): doi:10.1016/j.watres.2008.01.011.

The paper discusses the advantages of using the desalination
technology of capacitive deionization, such as the low fouling and
scaling potential, low power requirements and electrostatic
regeneration. Pilot scale and laboratory experiments were
completed to evaluate performance of CD when treated brackish
water. The research showed that capacitive deionization needs
improvement in areas such as design and operation, including
modification of pore size distribution of aerogel, development of
high capacitance and low cost electrode materials, reducing the
dead volume after regeneration and rinsing, minimizing energy
consumption, and maximizing system recovery.
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4.2 Electrodialysis

4.2.1 Elleucha, Myriam, Philippe Sistata, Gérald Pourcellya,
Mohamed Ben Amorb. “Brackish Water Desalination by
Electrodialysis: Opposing Scaling.” Desalination. 200 (2006):
752-753.

One of the major issues with using the desalination technology,
electrodialysis, is scaling on the membrane surface. The paper
reports an investigation of the use of anti-scalants to prevent the
formation of scale. Not only did results prove that the scale
inhibitors worked effectively, but they also decreased the brine
volume.

4.2.2 Koprivnjak, J.F., E.M. Perdue, P.H. Pfromm. “Coupling
reverse osmosis with electrodialysis to isolate natural organic
matter from fresh waters.” Water Research. 40 (2006): 3385 —
3392,

The paper briefly explains reverse osmosis (RO) and
electrodialysis (ED). Research was conducted to evaluate the
performance of these processes in tandem to prevent fouling of
the RO membranes. The TOC and inorganic solutes were
measured prior to treatment by UV persulfate oxidation or high
temperature catalytic oxidation. Synthetic river water was
produced and had similar characteristics of natural river water
with respect to hardness, pH, TOC, sulfate and silica
concentrations. The results showed that the ED removed a good
portion of sulfate and TOC and that running ED and RO in tandem
was a great deal more efficient than stand alone systems.

4.2.3 Ortiz, J.M., LA, Sotoca, E. Exposito, F. Gallud, V.
Garcia-Garcia, V. Montiel, A. Aldaz. “Brackish Water
Desalination by Electrodialysis: Batch Recirculation Operation
Modeling.” Journal of Membrane Science. 252 (2005): 65-75.
Electrodialysis is a desalination technology in which ions are
transported through selective membranes under the influence of
an electrical field. This technique has proved its feasibility and
high performance in the desalination of brackish water, the
desalting of amino acids and other organic solutions, effluent
treatment and recycling of industrial process streams and salt
production. A mathematical model was created for desalting
brackish water. The model was developed to predict the behavior
of the system, to calculate the electrical energy consumption, and
to better estimate the time needed for a desalination.

4.2.4 Sadrzadeh, Mohtada, Anita Kaviani, Toraj Mohammadi.
“Mathematical modeling of desalination by electrodialysis.”
Desalination. 206 (2007): 538-546.

The research conducted for this paper was to create a model
predict the performance of electrodialysis desalination of brackish
water. The model started from a differential equation of steady-
state mass balance. Neglecting resistances of ion-exchange
membranes compared with resistances of bulk solutions in dilute
and concentrate compartments and substituting a relation for
solution resistance as a function of concentration, a final one-
parameter model was obtained. The concentration gradient was
also assumed to be constant along the membrane surface due to
the very short residence time in dilute compartment and
constancy of current density. The model parameter was
determined by the experimental data. The model gives
concentration of dilute compartment or separation percent for
various voltages, flow rates and feed concentrations. The model
predictions matched well with the measured experimental data
provided.

4.2.5 Tsiakis, Panagiotis, Lazaros G. Papageorgiou. “Optimal
Design of an Electrodialysis Brackish Water Desalination
Plant.” Desalination. 173 (2003): 173-186.

This paper considers the optimal design and operation of
electrodialysis (ED) desalination plants. In general an ED plant
aims to produce potable water from a high salinity source, like
brackish water or high salinity water. The system is modeled
mathematically as a mixed-integer non-linear programming
(MINLP) optimization problem - determining the number of

| desalination stages, the membrane area, and the total required



energy so as to minimize the total annual cost of the investment,
including both infrastructure and operating costs.

4.3 Electroosmosis

4.3.1 Garrido, J. “Observable Quantities for Electrodiffusion
Processes in Membranes.” J. Phys. Chem. 112 (2008): 3013-
3018.

In the context of desalination, electroosmosis is any process in
which an electric field is used to enhance the membrane
separation of ions from water. It may apply equally to reverse
and forward osmosis processes. This paper deals with the
fundamental equations and modeling approaches used to
mathematically simulate electroosmosis. The first two references
cited in the paper provide an introduction into the literature on
applications of electroosmosis in desalination technologies.

4.4 Membrane Distillation

4.4.1 El-Bourawi, M.S, Z. Ding, R. Ma, M. Khayet. “A
Framework for Better Understanding Membrane Distillation
Separation Process.” Jowrnal of Membrane Science. 285
(2006): 4-29.

The article is a review of membrane distillation. The theory of
membrane distillation is clearly explained along with the
configuration for the experiments that were conducted. MD can
be used to desalinate water, waste clean up, water reuse, food
processing and biomedical applications. There are various
configurations for MD such as direct contact membrane
distillation, air gap membrane distillation, sweeping gas
membrane distillation and vacuum membrane distillation. All of
these configurations have been used for desalination of brackish
water. The research also investigated variables that could affect
the performance of MD, for instance, temperature of feed water,
feed inlet concentration/a need for pretreatment, circulation
velocity, and vapor pressure. Various membrane parameters
were also taken into consideration.

4.4.2 Khayet, M., J.I. Mengual, T. Matsuura. “Porous
Hydrophobic/Hydrophilic Composite Membranes Application
in Desalination Using Direct Contact Membrane Distillation.”
Journal of Membrane Science. 252 (2005): 101-113.

The article discusses a new type of membrane that is available for
the membrane distillation treatment process.

4.4.3 Lawson, Kevin W., Douglas R. Lloyd. “Membrane
Distillation.” Journal of Membrane Science. 124 (1997): 1-25.
The paper explains the process of membrane distillation. There is
considerable discussion about the benefits of membrane
distillation, the membrane characteristics, flux decay, vapor-liquid
equilibrium, heat and mass transfer and the applications for
membrane distillation. The authors state there is still not enough
known about the long-term performance of membrane distillation.

4.4.4 Song, Liming, Baoan Li, Kamalesh K. Sirkar, and Jack L.
Gilron. *Direct Contact Membrane Distillation-Based
Desalination: Novel Membranes, Devices, Larger-Scale
Studies, and a Model.” Industrial and Engineering Chemistry
Research, 46 (2007): 2307-2323.

Membrane Distillation is a technology that may be cheaper than
reverse osmosis and multi-stage flash distillation. The article
summarizes the results from a pilot study conducted on direct
contact membrane distillation.

4.4.5 Tun, Chan Mya, Anthony Gordon Fane, Jose Thomas
Matheickal, Roya Sheikholeslami. “Membrane Distillation
Crystallization of Concentrated Salts-Flux and Crystal
Formation.” Journal of Membrane Science. 257 (2005): 144—
155.

Membrane distillation crystallization is a treatment technique
where water is recovered and crystals are produced from the
supersaturated concentrate brine. The article goes through the
theory behind membrane distillation and the crystallization

process. There are also models available to predict the flux rates.
Direct contact membrane distillation was the configuration used
for the experiments. The experimental results concluded that MD
can perform efficiently with high salt concentrations in the
untreated water, Some of the critical factors to be taken into
consideration are temperature, polarization, concentration and
vapor pressure. Membrane fouling can occur if there is a drastic
decrease in flux lower than that of the critical supersaturation.

4.5 Electrochemical Pretreatment

4.5.1 U.S Department of the Interior, Bureau of Reclamation,
Technical Service Center, Environmental Resources Services
Division, Water Treatment Engineering and Research Group.
Evaluation of Reverse Osmosis Scaling Prevention Devices at
High Recovery. Advanced Water Treatment Program, Report
No. 91, March 2003.

The objective of this study was to evaluate the effectiveness of a
magnetic device (MD) and a high voltage capacitance device
(HVC) as possible alternatives to chemical addition for reducing
scaling and improving the performance of reverse osmosis (RQ)
systems. The control of scaling would enable RO operation at
higher recoveries in the treatment of almost all water supplies.
The HVC and MD were determined to be ineffective alternatives
for reducing RO scaling at high recovery. Significant calcium
sulfate scaling was observed with the MD installed on membrane
unit 1 (MU 1) feed tank and with the HVC installed on both the
suction line to the MU 1 high pressure feed pump and on MU 1
interstage. The overall recovery, where calcium sulfate scaling
occurred, was approximately 91 percent. The addition of
approximately 2.0 milligrams per liter (mg/L) of sodium
hexametaphosphate (SHMP) was successful in avoiding scale at
recoveries of approximately 93 percent and is recommended for
high recovery operation on main outlet drainage extension
(MODE) water.



