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Summary

The development of desalination plants in recent years and the estimation of increased
trends in desalination directions are increasing the interest in understanding desalination
plants currently in use. The cost of desalinated water is still high for many people, so
there is a need to learn how to reduce costs as well as understand how the techniques
work before trying to develop new technologies.
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This chapter describes the subject of Multi-Effect Distillation (MED). The technology,
which belongs to the field of evaporation techniques, is explained in detail and different
designs are included. Design equations are also given based on heat balance, flow
configuration and heat transfer mechanisms in the system. Related subjects such as
energy needed, the energy source, environmental issues, operational technologies and
most common problems are also explained. A comparison with other techniques and
recommendations for future improvements are given.

1. Introduction

The demand for fresh water has increased significantly since 1990 for many reasons,
including, on the one hand, the increase in world population accompanied by the
increase in standards of living, and, on the other hand, global warming followed by
climate changes and desertification. Governments and water industries are seeking
different solutions for better utilization of available water, thereby increasing the
efficiency of growth crops, solutions for better wastewater treatment, and the
development of new water sources and improved desalination techniques.

Many desalination techniques were considered over the years. Some survived the
economic battle and are currently in use in different places around the globe. Others did
not make it, yet are being reviewed from time to time in order to seek possible better
techniques. Two main directions are used for industrial water production: thermal
techniques and membrane-based techniques. Thermal techniques include the freezing
technique that was abandoned and current techniques that are still responsible for more
than 50% of the world desalination consumption: Multi-Stage Flash (MSF) evaporation,
which is still the most commonly used desalination technique, and Multi-Effect
Distillation (MED), with a variation as vapor, thermal or mechanical compression,
where the differences are in energy source and recovery (Awerbuch, 1997).

The MED technique is the most sophisticated evaporation desalination technique (Ophir
& Weinberg, 1997). It is based on know-how in fluid mechanics of falling films, as well
as on the understanding of heat transfer mechanisms and the phenomena of a double
film of condensing vapor on one side of the heat transfer surface and the evaporation of
falling film without boiling on the other side. This chapter aims at describing the
technology related to the MED process.

2. Desalination Techniques

Many desalination processes were proposed over the years; only a few survived the
crucial road to produce the cheapest, yet most valuable, product on earth — water. The
most successful techniques are summarized briefly below (Porteous, 1975; Buros et al.,
1981; Semiat, 2000; El-Dessouky & Etouney, 2002).

2.1. Membrane Processes

Membrane techniques for water desalination are based on different types of molecular

level filters — membranes. The most common technique that aims at taking over the
entire market of desalination processes is reverse 0Smosis.
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2.1.1. Reverse Osmosis (RO)

Desalination with reverse osmosis membranes is a process whereby saline water under
pressure is transferred along a membrane. The pressure applied is high enough to
overcome the osmotic pressure of the dissolved salt in feed solution. The osmotic
pressure of a solution is proportional to the concentration of the dissolved matter, salts
in water, starch or sugar, etc. (Faller, 1999). Salts rejected by the membrane are
removed from the membrane with the flow of concentrated solution while fresh salt
solution is fed to the membrane. The permeate — the fresh water product — exits the
lower pressure side of the membrane.

2.1.2. Nano-Filtration

Nano-Filtration is based on a loose membrane that allows partial passage of monovalent
ions (mainly Na* and CI) while partially rejecting the bivalent ions. It is used mainly in
the desalination of brackish water of low salt concentration. Currently, the cost of these
membranes is similar to the cost of RO membranes, so there is not much incentive to
prefer these membranes over RO membranes.

2.1.3. Ultra-Filtration and Micro-Filtration

Ultra-Filtration and Micro-Filtration membranes contain large pores that allow the
passage of free salts while preventing the passage of different sized suspended matter,
down to nano-sized particles and colloids passing through the membranes, depending
on pore size. These membranes are used mainly for wastewater treatment and have
started to take their place in the pre-treatment of water along with other desalination
techniques.

2.1.4. Electro-dialysis

Electro-dialysis is based on the application of an electrical field across a pair of ion-
selective membranes, causing the different ion salts to move through the membranes
into a concentrated solution, leaving behind a diluting solution. Here, unlike other
desalination technologies, the salts are removed from the feed water. The feed water
should be free of suspended solids, organic matter and non-ionic contaminants that
accumulate in the product (Thampy et al., 1999).

While reverse osmosis may be used for all types of salt water, the nano-filtration and
electro-dialysis techniques are more suitable for brackish water.

2.2. Evaporative Techniques

Traditionally, evaporation techniques, especially MSF, have controlled the market of
desalination techniques. Since 2004,, this trend has changed since reverse osmosis has
proven to work properly and consume less energy. The question is still the final cost of
the product, while preserving the environment. Evaporation techniques not only stand
alone, but are now being considered as membrane evaporation techniques on the one
hand and possibly a second stage for increasing recovery following RO desalination,
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approaching zero discharge. These trends still have long way to go before
implementation.

2.2.1. Multi-Stage Flash

Multi-Stage Flash (MSF) distillation is based on condensing low-pressure steam as a
heat source for the evaporation of seawater. It is still considered the simplest and most
common technique in use. It has been in operation commercially for more than 60 years
(Awerbuch, 1997). The technique is based on passing seawater through long, closed
pipes passing through a series of flash chambers where hot seawater allows flashing
along the bottom of the chambers. Vapor from the flash chambers heat the feed water
flowing in the pipes. More heat is added in order to increase the temperature of the feed
water to the initial high temperature, around 110°C. This is done with the use of low-
pressure steam, usually taken from a back-pressure turbine in a power station. The
vapor condenses on the heating pipes and is pumped out as product. Usually, the
concentrated brine is recycled with the feed to improve recovery ratio. Part of it is
pumped out to sea.

2.2.2. Multi-Effect Distillation

Multi-stage evaporation comes from the chemical industry where water or solvent must
be removed in order to concentrate a product in solution (Figure 1; McCabe et al.,
2001). The evaporated liquid in the chemical industry is usually not the product, except
for cases where the solvent is recovered from a certain reaction. The evaporation
process consumes a great deal of energy. The need to save energy was the basis for the
development of this multi-stage process, whereby more equipment (investment) is
required in order to reduce the overall amount and cost of energy consumed. In most
cases, the process involves 2-4 stages, sometimes called effects, and has been used for
more than a century for solution concentration, crystallization, solution purification, etc.
Since 1950, it has been used for seawater desalination, yet in the water industry it
requires between 2-16 stages. Multi-Effect Distillation (MED) is more energy efficient
than other evaporation technigues, including the Multi-Stage Flash system (Awerbuch,
1997). It is also considered to be more sophisticated. A low-temperature source of
energy is used in most cases to feed the process. In most industrial cases, this is spent
steam at a slightly elevated pressure exiting from a steam-operated power station, a
source of heat that is available in refineries, or any low-level steam or hot fluid from
other sources (Ophir & Lokiec, 2004).

The schematic of a horizontal tube Multi-Effect MED unit is presented in Figure 2 (IDE
schematic view, old Internet publication). The steam enters the plant and is used to
evaporate heated seawater. The secondary vapor produced is used to generate tertiary
steam at a lower pressure. This operation is repeated along the plant from stage to stage.
The primary steam condensate is returned to the boiler of the power station since it is of
extremely high quality that is needed for turbine steam production. The MED technique
is based on double-film heat transfer. Latent steam heat is transferred at each stage by
steam condensation through the heat transfer surfaces to the evaporated falling film of
seawater. The process is repeated up to 16 times or more in existing plants between the
upper possible temperature and the lower possible cooling water, which depends on
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seawater temperature used for cooling the water. The product water is the condensate
that accumulates from stage to stage. A vacuum pump/compressor is used to maintain
the gradual pressure gradient inside the vessel by removing the accumulated non-
condensable gases together with the remaining water vapor after the final condensation
stage. The pressure gradient along the MED effects is dictated by the saturation pressure
of the feed stream and the saturation pressure of the condensing steam exiting the last
stage and is condensed by cooling with seawater. Typical pressure gradients of 5-50 kPa
across the system (less than 5 kPa/stage) are typical.
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Figure 1. Schematic view of industrial Multi-Effect evaporation (McCabe et al., 2001).

MED and TVC
procesy sclematic

Heat Reoovvany Evapo sor Heat Rejecton Condensar

Ham Pragiuie

Feoycle Varpor Hgal Pyess ung

High Presius Steam
{far a TWC Pland)

Lowi Fresswe Steam
(for an MED Planh

I 1 * i
€ anida re ate EIl ERICII BT | =3 Frh i ater
tak iy . - - > e
L L¥ Al L J| L JT 7
Condans e % |ril|r!ud|rh‘- P"l‘ﬂ"ﬂﬁ"l‘l'l'u u‘h ol

Fabun Pump Fead Pump Faad Pump

Figure 2. Schematic view of a horizontal tube Multi-Effect Distillation plant (IDE
Design, Internet publication).

Steam condensation inside horizontal tubes and seawater evaporation on the outer side
is the heart of one of the most common MED processes. Seawater is allowed to fall
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down a tube bundle. Heat transfer on both sides of the heat transfer area is considered
highly efficient due to the low resistance of the thin falling films, which allows efficient
operation with a low temperature difference across the tube walls. The low temperature
difference is limited by the increasing boiling point elevation due to the increase in salt
concentration while evaporating part of the water.

It is also limited since at too high fluxes, the film starts to boil, nucleating bubbles,
causing dry spots that may lead to salt precipitation. This, of course, should be avoided.
The low temperature difference across the heat transfer surfaces allows designing a
large number of effects between the steam temperature at the first stage and the
temperature of the cooling seawater at the other side.

More stages increase the performance ratio, or the GOR — Gain Output Ratio, which is
actually the quantity of tons of water produced per ton of initial steam while reducing
energy consumption of the process. The GOR in MED, which depends mainly on the
initial steam temperature, can reach 15, which is higher than the maximum value of 10
for MSF. Therefore, energy/thermal efficiency is better for MED than it is for MSF
(Ophir & Weinberg, 1997).

The economy of design and operation is dictated mainly by the availability of a source
of low-cost energy. In this case, operational conditions may lead to the choice of low-
cost materials and heat transfer surfaces when corrosion problems are minimized, while
maintaining low probability of CaSO, precipitation on the tubes. Of course, the plant
design cannot tolerate future changes in the cost of energy and materials.

The experience of IDE in MED plants has led to operation at low temperature
differences across the heat transfer surfaces at good wetting of the surfaces in order to
prevent scaling. Under these conditions, a plant can be operated below 70°C using
aluminum tubes, while operating below the saturation conditions of gypsum, involving
up to 50% recovery.

Corrosion rates are very low below this temperature, there is no need to remove oxygen,
and cleaning is less frequent. Operating MED plants usually produce less than 30,000
m>/day. Several trains of MED stages are built in parallel to each other to enable larger
overall plant capacity.

Many possible MED system designs are available as horizontal or vertical tubes or flat-
sheet heat exchangers during a stage. The stages may be arranged horizontally or
vertically, and the seawater flow can be co-current or counter-current with the flow
direction of the steam produced.

These design variations affect water pumping in the system, which is related to part of
the energy losses, and they affect the occasional cleaning of the heat exchangers.
Specific process designs are sometimes developed for specific site conditions. Figure 3
illustrates a schematic view of a vertical tube evaporator design. Figure 4 shows a recent
installation of four parallel 25,000m®day MED units in
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Figure 3. Schematic view of a vertical tube evaporator design (Pepp et al., 1997).
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Figure 4. Parallel IDE MED units, 4 x MED 25,000m®day Units, Tianjin, China.

Bibliography

Abdul-Kareem Al-Sofi M. (2010). Environmental, economic and performance merits of triple production
of water, electricity and renewable energy. Desalination and Water Treatment 13 (1-3, 26-32).
[Environmental and economic issues of desalination].

Alarcén-Padilla D.C., Blanco-Galvez J., Garcia-Rodriguez L., Gernjak W., Malato Rodriguez S. (2008).
First experimental results of a new hybrid solar/gas multi-effect distillation system: the AQUASOL
project. Desalination 220, 619-625. [Report on solar energy and desalination].

Alarcon-Padilla D.C., Garcia-Rodriguez L., Blanco-Galvez J. (2010). Experimental assessment of
connection of an absorption heat pump to a multi-effect distillation unit. Desalination 250(2), 500-505.
[Adsorption heat pump as an energy mean for MED].

Alexis G.K. (2004). Estimation of ejector’s main cross sections in steam-ejector refrigeration system
Applied Thermal Engineering 24, 2657-2663. [Ejector design article].

Al-Jaroudi S.S., Ul-Hamid A., Al-Matar J.A. (2010). Prevention of failure in a distillation unit exhibiting
extensive scale formation. Desalination 260(1-3), 119-128. [Report on experience with production rate
decline due to scaling]

Al-Obaidani S., Curcio E., Macedonio F., Di Profio G., Al-Hinai H., Drioli E. (2008). Potential of
membrane distillation in seawater desalination: thermal efficiency, sensitivity study and cost estimation.
Journal of Membrane Science 323, 85-98.[Enrgy and costing of membrane distillation].

©Encyclopedia of Life Support Systems (EOLSS)


https://www.eolss.net/ebooklib/sc_cart.aspx?File=E6-144-44-00

WATER AND WASTE WATER TREATMENT TECHNOLOGIES- Multi-Effect Distillation(MED) — Raphael Semiat

Alrobaei H. (2008). Novel integrated gas turbine solar cogeneration power plant. Desalination 220 574-
587. [Energy cogeneration in thermal distillation].

Amjad Z. (2008). Scale inhibition in desalination applications: an overview, Corrosion 230. [Book on
scale prevention with anti-scalants]

Awerbuch L. (1997). Dual purpose power desalination/hybrid systems/energy & economics. IDA
Desalination Seminar, Cairo, Egypt, September. [Energy and economy of dual purpose thermal
desalination].

Awerbuch L. (2004). Hybridization and dual purpose plant cost considerations. Proceedings of the
International Conference on Desalination Costing, 204-221, Limassol, Cyprus. [Costing of thermal
desalination processes].

Banchero J.T., Gordon K.F. (1960). Scale deposition on heated surfaces. Saline Water Conversion,
Advances in Chemistry Series 27, 105-114, American Chemical Society, Washington DC. [Assessment of
scale deposition in thermal desalination].

Beccari M., Boari G., D-Pinto A.C., Passino R., Santori M., Spinosa L. (1973). Determination of heat
transfer coefficients for smooth and fluted tubes in LTV plants, heat and mass transfer page, 4"
International Symposium on Fresh Water from the Sea 1, 17-21, A. Delyannis and E. Delyannis (Eds.),
Heidelberg. [Calculation of heat transfer coefficients in different seawater distillation systems].

Birkett J.D. (1984). A brief illustrated history of desalination: from the Bible to 1940. Desalination 50,
17-52. [Desalination history].

Birnhack L., Penn R., Oren S., Lehman O., Lahav O. (2010). Pilot scale evaluation of a novel post-
treatment process and introduction of a modification based on CO,-calcite dissolution to attain a wide
range of product water qualities. Desalination and Water Treatment 13, 128-136. [Development of
techniques for transfer on magnesium salts to desalination product water].

Bliss H. (1955). Forced-circulation and drop-wise condensation techniques for improving heat transfer
rates for vapor compression evaporators. Saline Water Research and Development Progress Report No. 8,
Office of Saline Water. [Heat transfer mechanism in condensation].

Buros O.K., Cox R.B., Nushaum I., EI-Nashar A.M., Bakish R. (1981). The USAID desalination manual:
a planning tool for those considering the use of desalination to assist in the development of water
resources. International Desalination and Environmental Association, Teaneck, New Jersey. [A general
book for desalination].

Chacartegui R., Sanchez D., di Gregorio N., Jimenez-Espadafor F.J., Munoz A., Sanchez T. (2009).
Feasibility analysis of a MED desalination plant in a combined cycle based cogeneration facility. Applied
Thermal Engineering 29(2-3), 412-417. [Combined cycle MED].

Clark R.L., Nabavian K.J., Bromley L.A. (1960). Heat of concentration and boiling point elevation of
seawater in saline water conversion. Advances in Chemistry Series 27, 21-26, American Chemical
Society, Washington DC. [Boiling temperature rise in seawater systems]

Darwish M.A., El-Dessouky H. (1996). The heat recovery thermal vapor-compression desalting system: a
comparison with other thermal desalination processes. Applied Thermal Engineering 16(6), 523-537.
[Analysis of thermal heat consumption in desalination].

Dean D., Hammond R.P., Eissenberg D.M., Emmermann D.K., Jones J.E., Sephton H.H., Standiford
F.C., Scott R.E., Rider W.J. (1995a). Seawater desalination plant for Southern California: Part 1.
International Desalination and Water Reuse 5(1), 10-16. [Design of vertical MED].

Dean D., Hammond R.P., Eissenberg D.M., Emmermann D.K., Jones J.E., Sephton H.H., Standiford
F.C., Scott R.E., Rider W.J. (1995b). Seawater desalination plant for Southern California: Part 2.
International Desalination and Water Reuse 5(2), 19-24. [Design of vertical MED].

El-Dessouky H.T. (2004) Review of VC fundamentals and costing. Proceedings of the International
Conference on Desalination Costing, 79-94, Limassol, Cyprus. [Review on thermal desalination costing].

El-Dessouky H.T., Ettouney H. (1999a). Single-effect thermal vapor-compression desalination process:
thermal analysis. Heat Transfer Engineering 20(2), 52-68. [Thermal analysis of Single effect VC].

©Encyclopedia of Life Support Systems (EOLSS)



WATER AND WASTE WATER TREATMENT TECHNOLOGIES- Multi-Effect Distillation(MED) — Raphael Semiat

El-Dessouky H.T., Assassa G.M.R. (1985). Computer simulation of the horizontal falling film
desalination plant. Desalination 55, 119-138. [Simulation of heat transfer in horizontal MED].

El-Dessouky H.T., Ettouney H.M. (1999c). Multiple-effect evaporation desalination systems: thermal
analysis. Desalination 125(1-3), 259-276. [Thermal analysis of MED]

El-Dessouky H.T., Alatigi .M., Ettouney H.M., Al-Deffeeri N.S. (2000a). Performance of wire mesh
mist eliminator. Chemical Engineering and Processing 39(2), 129-139. Report on mist elimination].

El-Dessouky H.T., Ettouney H.M., Al-Juwayhel F. (2000b). Multiple effect evaporation-vapor
compression desalination processes. Chemical Engineering Research and Design 78(A4), 662-676.
[Review on MED processes]

El-Dessouky H.T., Ettouney H.M., Mandani F. (2000c). Performance of parallel feed multiple effect
evaporation system for seawater desalination. Applied Thermal Engineering 20(17), 1679-1706. [analysis
of MED plants]

El-Dessouky H.T., Ettouney H.M. (Eds.) (2002), Fundamentals of salt water desalination. 690 pp.
Elsevier, Amsterdam, Netherland. [Book on desalination processes].

El-Dessouky H.T., Ettouney H., Alatigi I., Al-Nuwaibit G. (2002). Evaluation of steam jet ejectors.
Chemical Engineering and Processing 41(6), 551-561. [Ejector analysis for TVC].

El-Dessouky H.T., Ettouney H.M. (1999b). Multiple effect evaporation desalination systems: thermal
analysis Desalination 125, 259-276. [Thermal analysis of MED]

El-Nashar, A.M. (1997). Energy and economic aspects of cogeneration plants for power and fresh water
production. IDA Desalination Seminar, Cairo, Egypt, September. [Economic and energy in thermal
desalination].

El-Sayed Y.M., Silver R.S. (1980). Fundamentals of distillation, Chapter 2. Principles of Desalination.
Second edition, Part B. K.S. Spiegler and A.D.K. Laired (Eds.), Academic Press, NY. [comprehensive
analysis of thermal desalination equations]

Ettouney H.M., El-Dessouky H. (1999). A simulator for thermal desalination processes, Desalination
125(1-3), 277-291. [simulation analysis of thermal desalination processes]

Ettouney H.M., El-Dessouky H.T., Alatigi 1. (1999a). Understand thermal desalination. Chemical
Engineering Progress 95(9), 43-54. [Review on thermal desalination]

Ettouney H., El-Dessouky H., Al-Roumi Y. (1999b). Analysis of mechanical vapor compression
desalination process. International Journal of Energy Research 23(5), 431-451. [Analysis of MVC].

Fabuss B.M., Korosi A. 1966. Boiling point elevations of sea water and its concentrates. Journal of
Chemical and Engineering Data 11(4). [Data on Boiling point elevation is seawater].

Faller K.A. (1999). Reverse osmosis and nanofiltration, AWWA Manual of Water Supply Practice, M46.
[Manual for membrane based desalination].

Fernandez-Lopez C., Viedma A., Herrero R., Kaiser A.S. (2009). Seawater integrated desalination plant
without brine discharge and powered by renewable energy systems, Desalination 235(1-3), 179-198.
[Renewable energy for desalination].

Fink F.W. (1960). Corrosion of metals in sea water. Saline Water Conversion, Advances in Chemistry
Series 27, 27-39, 05-114, American Chemical Society, Washington DC. [Review on the corrosion
problem in seawater desalination].

Fiorini P., Sciubba E. (2007). Modular simulation and thermoeconomic analysis of a multi-effect
distillation desalination plant. Energy 32(4), 459-466. [Simulation and analysis of MED plant]

Glater J., York J.L., Campbell K.S. (1980). Scale formation and prevention, Chapter 10. Principles of
Desalination. Second edition, Part A. K.S. Spiegler and A.D.K. Laired (Eds.), Academic Press, NY.
[Chapter on scale prevention].

Gusman G., Montesperelli G., Forte G., Olzi E., Benedetti A. (2005). On-line corrosion resistance tests in
sea water on metals for MED plants. Desalination 183(1-3), 187-194. [minimizing corrosion in MED
plants].

©Encyclopedia of Life Support Systems (EOLSS)



WATER AND WASTE WATER TREATMENT TECHNOLOGIES- Multi-Effect Distillation(MED) — Raphael Semiat

Hanemaaijer J.H. Memstill. (2004). Low cost membrane distillation technology for seawater desalination,
energy and process innovation. Desalination 168(1-3), 355. [Costing and energy estimation of membrane
distillation].

Haris A. (1983). Seawater chemistry and scale control. In Desalination Technology, Developments and
Practice. A. Porteous (Ed.), Applied Science Publishers: London and New York, 31-56. [Chapter on
scaling in desalination processes].

Hasson D. (2001). Scale formation and prevention. Workshop on Scaling in Seawater Desalination.
Martin Luther University, Halle Wittenberg, Germany. [Review on scaling and anti-scalants].

Hodgson, T.D., Elliot, N.M and Jordan, T.W., Calcium Sulphate Scaling in Falling Film Evaporators,
Desalination, 14 (1974), 77-91. [Report on scaling in vertical MED]

Hodgson, T.D. and Jordan, T.W., Scaling in Vertical Tube Falling Film Evaporators”, Fifth Intern. Symp.
Fresh Water from the Sea, 1 (1976), 295-303. [Report on scaling in vertical MED]

Howarth J.R. (1983) .Vapor compression. Desalination Technology, Developments and Practice. A.
Porteous (Ed.), Applied Science Publishers: London and New York, 1113-1126. [A book on MED
process].

Hussain A.A., Al-Rawajfeh A.E. (2009). Recent patents of nanofiltration applications in oil processing,
desalination, wastewater and food industries. Recent Patents in Chemical Engineering 2(1), 51-66.
Bentham Science Publishers Ltd. [NF membranes for removal of Calcium from seawater]

Kafi F., Renaudin V., Alonso D., Hornut J.M. (2004). New MED plate desalination process: thermal
performances. Desalination 166(53-62). [Evaporators and Heat transfer surfaces in MED].

Kafi F., Renaudin V., Alonso D., Hornut J.M., Weber M. (2005). Experimental study of a three-effect
plate evaporator: seawater tests in La Spezia. Desalination 182(1-3), 175-186. [Evaporators and Heat
transfer surfaces in MED].

Kern D.Q. (1950). Process heat transfer, McGraw-Hill pp. 442-447. [Basic book of practical heat
transfer]

Mandani F., Ettouney H., EI-Dessouky H. (2000). LiBr-H,O absorption heat pump for single-effect
evaporation desalination process. Desalination 128(2), 161-176. [Absorption process for vapour
compression].

McCabe W.L., Smith J.C., Harriot P. (2001).Unit operation of chemical engineering, sixth edition,
McGraw Hill, International Edition. [A book for unit operation technology].

Meijer J.A.M., Van Rosmalen G.M. (1984). Solubilities and supersaturations of calcium sulfate and its
hydrates in seawater. Desalination 51(255-305). [On the solubility of calcium sulfate].

Miller S., Semiat R. (2011). Energy and environmental issues in desalination. Desalination, Trends and
Technologies (to be published). [Review on desalination environmental issues].

Moalem-Maron D., Semiat R., Sideman S. (1980). Enhanced heat transfer in horizontal evaporator -
condenser with straight-edged grooved tubes. Desalination 34(289-309). [Improvement of Heat transfer
surfaces in horizontal MED].

Moalem-Maron D., Sideman S., Semiat R. (1977). Performance improvement of horizontal evaporator-
condenser desalination units. Desalination 21(221-233). [Improvement of Heat transfer surfaces in
horizontal MED].

Morse J.W., de Kanel J., Craig H.L. Jr. (1979). A literature review of the saturation state of seawater with
respect to calcium carbonate and its possible significance for scale formation on OTEC heat exchangers.
Ocean Engineering 6(3): 297-315. [Review on saturation-concentration of calcium salts in seawater].

Ophir A., Lokiec F. (2004). Review of MED fundamentals and costing. Proceedings of the International
Conference on Desalination Costing, 69-78, Limassol, Cyprus. [MED costing analysis].

Ophir A., Weinberg J. (1997). MED (Multi-Effect Distillation) desalination plants. A solution to the
water problem in the Middle East. IDA World Congress on Desalination and Water Science, Madrid,
October. [Report on MED process].

©Encyclopedia of Life Support Systems (EOLSS)



WATER AND WASTE WATER TREATMENT TECHNOLOGIES- Multi-Effect Distillation(MED) — Raphael Semiat

Ophir A., Gendel A. (2007). Steam driven large Multi-Effect MVC (SD MVC) desalination process for
lower energy consumption and desalination costs. Desalination 205(224-230).[Energy and MV C].

Pankratz T. MED tube thickness, material at issue. (2010).Water Desalination Report 46, Number 33.
[Report on corrosion-wetting — water distribution of seawater in MED]

Pepp F., Weinberg L., Lee D., Ophir, A., Holtyn C. (1997). The vertical MWD-MED (Multi-Effect
Distillation) process. IDA World Congress on Desalination and Water Sciences, Madrid, October.
[Descripyion of Vertical MED process].

Porteous A.P. (1975). Saline water distillation processes. Longman Group Limited (corrosion and scale,
fluted, HT, MED).

Sayyaadim H., Saffari, A. (2010). Thermo-economic optimization of Multi-Effect Distillation
desalination systems. Applied Energy 87(1122-1133). [Energy economy for MED].

Semiat R. (2000). Desalination — present and future. Water International 25(54-65). [Review on
desalination processes].

Semiat R., Galperin, Y. (2001). Effect of non-condensable gases on heat transfer in the MWD Sea water
distillation plant. Desalination 140(27-46). [Non condensablr effect on VTE].

Semiat R. (2008). Energy demands in desalination processes. ES&T 42(22), 8193-8201.[ Analysis of
energy consumption in desalination processes].

Semiat R., Moalem-Maron D., Sideman S. (1980). Transfer characteristics of convex and concave rivulet
flow on inclined surfaces with straight-edged grooves. Desalination 34, 267-287. [Heat transfer
simulation of corrugated surfaces].

Sideman S., Moalem-Maron D., Semiat R. (1975). Development of horizontal condenser evaporator:
theoretical analysis of horizontal condenser - evaporator conduits of various cross sections. Desalination
17(167-192). [Theoretical analysis of different shapes of heat transfer surfaces in horizontal MED].

Simpson H.C., Hutchinson M. (1967). Calcium sulphate scale deposition in sea water evaporators.
Desalination 2(308-324). [Analysis of the scale deposition in thermal distillation].

Standiford F.C., Bjork H.F., Badger W.L. (1960). Evaporation of seawater in long-tube vertical
evaporators. Saline Water Conversion, Advances in Chemistry Series, No. 27, American Chemical
Society, Washington DC, 115-127. [Discussion on vertical tube evaporators].

Tellez D., Lom H., Chargoy P., Rosas L., Mendoza M. (2009). Evaluation of technologies for a
desalination operation and disposal in the Tularosa Basin, New Mexico. Desalination 249(3), 983-990.
[Energy for desalination processes].

Thampy S.K., Rangarajan R., Indusekhar V.K. (1999). 25 years of electrodialysis experience at Central
Salt & Marine Chemicals Research Institute, Bhavnagar, India. International Desalination and Water
Reuse 9(2).[Review on electro-dialysis processes].

Trostmann A. (2009). Improved approach to steady state simulation of multi-effect distillation plants.
Desalination and Water Treatment 7(1-3), 93-110. [Simulation of MED plants]

Voutchkov N., Semiat R. (2008). Seawater desalination. In Advanced Membrane Technology and
Applications. N.N. Li, W.S. Winston Ho, A.G. Fane and T. Matsuura (Eds.), John Wiley & Sons, Inc.
[Review on RO systems].

Weinberg J., Ophir A. (1997). Ashdod experience and other dual purpose desalination plants based on
multi-effect desalination with aluminum tubes. Symposium of Desalination of Seawater with Nuclear
Energy, Taejon, Korea, May. [Economy and costing of MED].

Wildebrand C., Glade H., Will S., Essig M., Rieger J., Buchner K.H., Brodt G. (2007). Effects of process
parameters and anti-scalants on scale formation in horizontal tube falling film evaporators. Desalination
204(448-463). [Experimental results on scale formation on MED with horizontal tubes MED]

©Encyclopedia of Life Support Systems (EOLSS)



WATER AND WASTE WATER TREATMENT TECHNOLOGIES- Multi-Effect Distillation(MED) — Raphael Semiat

Biographical Sketch

Raphael Semiat is a professor in the Chemical Engineering Department, Technion, Israel Institute of
Technology, Haifa, Israel. He holds the Yitzhak Rabin Memorial Chair in Science, engineering and
management. He is the former director of the Grand Water research Institute and in charge of the Rabin
Desalination Laboratory within the GWRI. He obtained his B.Sc. degree in Chemical Engineering from
the Technion in 1973 and obtained his D.Sc. degree on MED Desalination in 1978 at the Technion.
Expert in separation processes with industrial experience in IMI (TAMI), a subsidiary of Israel Chemicals
Ltd, where he served as a senior research engineer and as the head of the Heat and Mass Transfer
Engineering Research Department.

R. Semiat joined the Chemical Engineering Department, Technion, in 1990. His main research interests
are: Process Development; Separation Processes with emphasis on Desalination. Of particular relevance
are the research subjects associated with membranes processes and membrane fouling prevention. He has
published over than hundred papers in scientific journals and similar number in conference proceedings.
Most of his current research subjects are associated with the Israeli industry.

The GWRI’s mission is to advance the science, technology, engineering and management of water,
through inter-disciplinary research and development and dissemination of information, with emphasis on
the water issues that face Israel. The GWRI is the Israel’s leading institute of water research, closely
linked with the water sector and industry.

The Rabin Desalination Laboratory, named in honor of the late Prime Minister of Israel, Yizthak Rabin,
was founded in June 1996, as part of the Water Research Institute. The Rabin Desalination Laboratory is
equipped with facilities for studying thermal and membrane separations (RO, NF, UF, MF and ED).
Current projects include researches related to sea-water, brackish water desalination, sewage water
recovery, drinking water quality etc. The laboratory has acquired special expertise in the field of scaling
and fouling and their mitigation in both thermal and membrane processes.

©Encyclopedia of Life Support Systems (EOLSS)



