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In many settings where freshwater resources or water supply infrastructure are inadequate,
fossil energy costs may be high whereas solar energy is abundant. Further, in the industri-
alized world, government policies increasingly emphasize the replacement of fossil energy
by renewable, low-carbon energy, and so water scarce regions are considering solar-driven
desalination systems as a supplement to existing freshwater supplies. Even in regions where
petroleum resources are copious, solar-driven desalination is attractive as a means of con-
serving fossil fuel resources and limiting the carbon footprint of desalination. Finally, in set-
tings that are remote and ‘off-the-grid,” a solar driven desalination system may be more eco-
nomical than alternatives such as trucked-in water or desalination driven by diesel-generated
electricity. This article reviews various technologies that couple thermal or electrical solar
energy to thermal or membrane based desalination systems. Basic principles of desalination
are reviewed. Solar stills and humidification-dehumidification desalination systems are dis-
cussed. Membrane distillation technology is reviewed. Current designs for solar coproduction
of water and electricity are considered. Finally, photovoltaic driven reverse osmosis and elec-
trodialysis are reviewed. The article concludes by summarizing the prospects for cost efficient
solar desalination.

1. INTRODUCTION

Water scarcity is a growing problem for large regions of the world. Scarcity results when
the local fresh water demand is similar in size to the local fresh water supply. Figure 1
shows regions of the world in which water withdrawal approaches the difference between
evaporation and precipitation, resulting in scaréity. The primary drivers of increasing

water scarcity are population growth and the higher consumption associated with rising
standards of living. A lack of infrastructure for water storage and distribution is also a fac-
tor in the developing world. Over time, global climate change is expected to affect existing
water resources as well, potentially altering the distribution of wet and arid regions and
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NOMENCLATURE

area of solar collector, fn LEP
reverse osmosis membrane surfacé
area, M

PV panel area, M
PV panel performance constant, Vi,
PV panel performance constant, Mg
VK1 N
average concentration of water in n
the membrane feed channel, mg'Ln
concentration of reverse osmosis Nu
permeate water, mg 1! P
specific heat at constant pressure, pf
Jkg'K! ppm
annual net electricity delivered to Py,
the grid, kWh Puwg
membrane fouling factor Q
radiation shape factor Qleast
Gibbs energy of per mole, J mol

solar irradiation, W rm? q
gained output ratio W
enthalpy per mole, J mol

daily solar incidence on solar e

collector, J nT2day

latent heat of vaporization, J k¢
heat transfer coefficient, W ntK —*
latent heat of evaporation
(difference between the enthalpy of
saturated vapor and that of saturatey

dga

liquid at specified temperature), Ra
J kgl Rsh
PV panel current, A Re

reverse saturation current, A S
PV panel light generated current, Ag
thermal conductivity, W m!K—!
membrane permeability for water, sy
m bar!s™!

gen

membrane permeability for salt, T,
ms! T
annual fuel coste To
total investment of the plan€ Ty

annual operation and maintenance
costs€ TCF
Boltzmann constant, J &

real debt interest rate Uy

Kinsurance @annual insurance rate

liquid entry pressure, bar

distance between water surface and
glass cover, m

molecular weight, g mot!

mass flow rate of purified water, kg s
hourly distillate collected, kg m?
molar flow rate, mol s!

PV model diode ideality factor (Sec. ¥)
depreciation period in years (Sec. 6)
Nusselt number

pressure, Pa

polarization factor

parts per million, mg kg'

water partial pressure (at,), mm Hg
water partial pressure (&), mm Hg
rate of heat transfer into system, J's
minimum (reversible) rate of heat
transfer to separate, 3’5

charge of an electron, C

heat loss through still material to
surroundings (ground), W n#
convection heat transfer from water tp
glass cover, W m?

heat transfer from the glass cover to
ambient air, W nr?

evaporation heat loss from water to
glass cover, W m?

PV panel series resistande,
Rayleigh number

PV panel shunt resistance,
Reynolds number

entropy per mole, J molK—!

rate of entropy generation in system,
JstK!

specific work (per unit mass of
purified water), J kg!

PV cell temperature, K

temperature, K

system temperature, K

high temperature from which heat is
supplied, K

water permeability temperature
correction factor

heat transfer coefficient between the
basin and surrounding soil, WK !
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NOMENCLATURE (Continued)
\% PV panel operating voltage, V w water
v, volume of purified water produced
per day, mday Acronyms
Vo volume flow rate of purified water, AGMD air gap membrane distillation
ms™! CSP concentrating solar power
w rate of work transfer into system, CSP+D concentrating solar power
Jst and desalination
Wieast minimum (reversible) rate of work DCMD direct contact membrane
to separate, J3 distillation
DNI direct normal irradiance
Greek Symbols ED electrodialysis
o absorptivity LEC levelized electricity cost
B angle of inclination of glass cover LT-MED low-temperature
o dynamic viscosity of air (for Re multieffect distillation
calculation), kg m! s! LT-MED-TVC low-temperature multieffect
v kinematic viscosity, rhs™! distillation powered by
Ap pressure difference, Pa thermal vapor compression
AP average pressure applied across LWC levelized water cost
the membrane, bar MD membrane distillation
Mpump isentropic efficiency of pump MED multieffect distillation
Npw energy conversion efficiency MENA Middle East and North Africa
of photovoltaic device MSF multistage flash distillation
Mth efficiency of solar thermal PT parabolic trough
collector PT-CSP parabolic trough
ATt average osmotic pressure applied concentrating solar power
across the membrane, bar PV photovoltaic
p PVED photovoltaic electrodialysis
o Stefan Boltzmann constant PVRO photovoltaic reverse osmosis
T transmissivity RO reverse 0smosis
SEGS solar energy generating
Subscripts systems (California,
a air (ambient) 1984-1991)
b basin SGMD sweeping gas membrane
brine property of concentrated brine distillation
stream TVC thermal vapor compression
g glass TVC-MED multieffect distillation
least value in the reversible limit powered by thermal vapor
pure,p  property of purified water stream compression
saline, sw property of saline feed stream  VMD vacuum membrane distillation

raising the salinity of some coastal aquifers. Among these factors, consumption in the de-
veloped world can be moderated relatively quickly by government policies aimed at reduc-
ing per capita water use, and new supplies can be established through technology; however,
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FIG. 1. Regions of water stress, in which total water withdrawals approach the difference
between precipitation and evaporation, are show in orange arid red.

population growth can be moderated only over very long time scales and infrastructure may
not be developed quickly. All of these pressures are moving water-scarce regions toward
purification of water supplies that are otherwise too saline for human consumption.

Purification of saline water involves chemical separation processes for removing dis-
solved ions from water. These processes are more energy intensive than the standard treat-
ment processes for freshwater supplies. In many settings where fresh water resources or
water supply infrastructure are inadequate, fossil energy costs may be high whereas so-
lar energy is abundant. Such locations include sub-Saharan Africa and southern India. In
the industrialized world, particularly the European Union, government policies increas-
ingly emphasize the replacement of fossil energy by renewable, low-carbon energy, and
SO water-scarce regions such as Spain or the southwestern United States are considering
solar-driven desalination systems as a supplement to existing fresh water supplies. Even
in regions where petroleum resources are copious, such as the Arabian or Persian Gulf,
solar-driven desalination is attractive as a means of conserving fossil fuel resources and
limiting the carbon footprint of desalination. Finally, in settings that are remote and “off-
the-grid,” a solar-driven desalination system may be more economical than alternatives
such as trucked-in water or desalination driven by diesel-generated electricity.

Desalination systems are of two broad types, based upon either thermal distillation or
membrane separatidr. In a solar context, the thermal systems will heat saline water and
separate the relatively pure vapor for subsequent condensation and use; the engineer’s pri-
mary challenge is to recover and reuse the heat released in condensation, with minimal
temperature difference, so as to make an energy efficient distillation system. Membrane
separation systems usually rely on solar-generated electricity either to drive high-pressure
pumps that overcome osmotic pressure differentials or to create electric fields that drive
electromigration of ions in solution. Solar electricity, in turn, may be produced by either di-
rect solar-electric conversion or by a solar-driven thermal power cycle. Some technologies
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will embody both thermal and membrane processes; membrane distillation is an example.
All desalination systems, especially those handling seawater or certain wastewaters, must
be designed with an awareness of the scale-forming potential of the raw water. Scale forma-
tion imposes strong limitations on the thermodynamic performance of thermal desalination
systems in particular.

In this chapter, we discuss these issues in the context of various realizations of solar-
driven desalination systems. We begin with an overview of basic ideas in the design of
desalination systems.

2. BASIC CONCEPTS OF DESALINATION
2.1 Characteristics of Raw Waters

The composition of a raw water source has a guiding effect on the selection of the treatment
technology to be used. Different desalination technologies perform most economically in
different ranges of salinity, in part because some methods of desalination require greater
energy per unit mass as the salinity rises. Further, saline waters may contain a considerable
variety of dissolved ions, and the proportions of ions found in low-salinity, or “brackish,”
ground waters are typically quite different than those in high salinity seawater or those
found in wastewaters.

Salinity per se is a term related to the electrical conductivity of the water, and it gives
a bulk measurement of the total dissolved solids (TDS, typically in ppm or mg/kg). Well-
developed standards define the salinity of seawater through an electrical meas§rement,
and these standards are robust over the various oceans of the Eartlother waters, a
chemical analysis of the raw water is usually needed to determine which ions are present
and in what concentration; for example, the ions in ground waters will depend upon the
rock formations from which the water is drawn. Table 1 shows the concentrations of ions
in representative seawater of 34,500 gpand in representative brackish ground waters.
The ion concentrations of water from a typical fresh surface water supply as distributed to
end users are shown for comparisén.

In some cases, the concentration of ions is reported by giving the conductivity of water
directly, in uS/cm. For distilled water, the conductivity will be roughly 0.5 tquS/cm,
and for typical drinking water it will be below 104S/cm. Seawater, in contrast, has a
conductivity of about 54,00QS/cm.

Water quality standards fix the maximum allowable concentrations of various contam-
inants in potable water by considering the health effects of each substarideyt some
ions found in saline water will produce undesirable taste or color at concentrations well be-
low those at which a specific health effect is of concern. In general, a TDS of no more than
500 ppm is recommended in municipal supplies under US EPA secondary regultions,
and so a desalination process aims to lower the concentration of all ions in the raw water.
Many desalination technologies, particularly distillation technologies, produce very pure
water that requires significant post-treatment for compatibility with the distribution system
and for palatability This may typically include pH adjustment, recarbonation to adjust
alkalinity, and chlorination.
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TABLE 1: Representative ion concentrations for standard seawater, high and low salinity
brackish water, and a municipal water suppty? nr = not reported

Substance Standard | High brack- | Low brack- | Massachusetts
(amounts in mg/kg) | seawater | ish water ish water water resources
authority
Sodium, Na 10,556 1837 90 30
Magnesium, Mg+ 1,262 130 11.7 0.8
Calcium, C&* 400 105 96 4.5
Potassium, K 380 85 6.5 0.9
Strontium, St 13 nr nr Nr
Chloride, CI 18,980 2970 191 21
Sulfate, SG~ 2,649 479 159 8
Bicarbonate, HCQ 140 250 72.6 Nr
Bromide, Br- 65 nr nr 0.016
Boric acid, B(OH) 26 nr nr Nr
Fluoride, FI- 1 14 0.2 1
SiO, 1 17 24 3.3
Nitrate, NO; nr 5.0 nr 0.11
Total dissolved solids| 34,483 5881 647 110

The thermophysical properties of saline waters are to a first approximation similar to
pure water. Extensive data exist for seawater properties. Some primary effects of
salinity in water are to lower the specific heat capacity (by about 5% for seawater relative
to pure water), to raise the density (by about 3.5% for seawater), and to lower the vapor
pressure (about 2% lower for seawater, and reasonably well described by Raoult’'s law).
The boiling point is slightly higher and the freezing point is lower for seawater than for
freshwater. Each of these is a factor in the precise thermal design of desalination systems.
The variation of specific heat capacity with salinity and temperature is shown in Fig. 2.

Additional significant differences between saline water and fresh water stem from the
solubility limits of the dissolved ions, including the precipitation of scale-forming salts,
such as CaS) MgOH, and CaC@, and the outgassing of G@s the raw water’s alkalin-
ity and pH shift during HO removal.

2.2 Scale Formation

Scale formation on the heat transfer surfaces of thermal desalination systems normally lim-
its the top temperature of seawater desalination systems to just abc\@. ¥@explained

in Sec. 2.4 below, the low top temperature directly limits the thermodynamic efficiency that
can be obtained in thermal desalination. Further, scale formation steers distillation system
design away from direct boiling of seawater, since boiling heat transfer surfaces usually
operate at temperatures a number of degrees hotter than the local saturation temperature.
Instead, distillation systems use liquid films evaporating into a reduced pressure environ-
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FIG. 2: Seawater specific heat variations with temperature and salinity.

ment or flash evaporation processes. The top temperature range of thermal desalination
systems (roughly 60 to 10Q) is well suited to the use of low-pressure steam as a primary
heating agent. In large-scale plants, such steam is very often taken from the low-pressure
section of an adjacent Rankine or combined cycle power plant. For direct solar thermal
desalination, the top temperature limitation reduces the viability of high-temperature op-
tical concentration as a means of raising the feedwater temperature and system thermal
efficiency.

The precipitation of scale-forming compounds from saline water is a complex function
of temperature, pH, and the degree to which the ions in the raw water have been concen-
trated by upstream removal oB. Scale formation can be suppressed to some degree by
the use of additives, and by process design that confines the most concentrated waters to
the lower temperature sections of the system.

For seawater, two relatively insoluble classes of salts are present at near-saturation
concentrations. The first class is related to the presence of bicarbonate ion)(Hal
is called alkaline scale. These scales first appear at ab6GtiGdhe form of CaCQ (so-
called soft scale), becoming dominantly Mg(QH3bove about 8%C. The second class
consists of CaSQor its hydrates, which form a hard scale and which appear at tempera-
tures above about 10Q or so, depending upon the amount of water that has been removed
from seawater. CaC{Oformation can be suppressed with polyphosphate additives up to
85°C or so. The addition of acids (usually HCI 05 §0,) to the seawater provides an inex-
pensive scale prevention measure up to about@palthough with an increased potential
for corrosion. Even with careful process control, hard scale cannot be easily suppressed
beyond temperatures of 105 to 210 and so seawater desalination systems generally will
not bring the water to higher temperatupe$:'”

Apart from scale formation in seawater, plant design must also consider biofouling
and sludge formation from other material suspended in seawater. The former is especially
important in membrane desalination systems. Similar issues can affect brackish ground
water desalination systems, depending upon the ions and other material present in the raw
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water. Salts such as NaCl, MgChnd CaCJ are orders of magnitude more soluble than

the scale-forming salts mentioned here; they become a consideration only after about three-
guarters of the water is removed from seawater (as when evaporating seawater to produce
sea salt, for example).

2.3 Common Types of Desalination Systems

Desalination of seawater and brackish water has been implemented on a large scale through-
out the world. More than 15,000 desalination plants had been installed worldwide by 2010
with a cumulative production capacity of approximately 65 milliow/day'® mainly for
domestic consumption, with some used in industrial water production. Worldwide water
withdrawals for domestic consumption are roughly 1270 millictiday,'® so that cumu-

lative desalination capacity is equivalent in scale to about 5% of worldwide domestic use.
In the US, cumulative installed capacity is more than 8 milliotiday'® in comparison to
publicly supplied water capacity of about 170 milliortfabay2° Most of the US capacity

uses membrane separation for brackish water desalination. The largest desalination plants,
located in the Arabian or Persian Gulf, are thermally driven, seawater desalination plants
having capacities of about 1 millionfday. The use of desalination has grown dramati-
cally in recent years; in 2001, installed cumulative capacity was less than half that in 2010,
only 28.5 million né/day.

About 60% of world desalination capacity is based on reverse osmosis'{R@),
which saline water is mechanically pressured on one side of a membrane. The membrane
has static charge groups on its surface which inhibit the absorption of ion into the mem-
brane; water molecules are soluble in the membrane and diffuse through it from the high-
pressure saline side to the low-pressure pure water side. At large scale, these systems are
reported to produce water from seawater for as little as $0.50/ower pressure differ-
ences, and thus less energy, are required when the saline water has a lower TDS, so RO is
significantly less costly for brackish water desalination.

Most of the other desalination plants are based on thermal distillation, either through
multistage flash distillation (MSF) or multieffect distillation (MED). The design of these
plants is grounded in careful energy recovery in the vapor condensation processes; the re-
covered heat in turn either drives additional evaporation at a lower pressure or preheats the
feedwater. The energy required for thermal distillation is essentially the same irrespective
of salinity, so these systems are mainly used for seawater desalination. About 60% of the
world’s seawater desalination (as opposed to brackish water desalination) is done by ther-
mal methods, mainly MSF, although this fraction is falling steadily as new seawater RO
plants are built®

Other, less widely used types of desalination technology include electrodialysis, mem-
brane distillation, and humidification—dehumidification desalination. These are discussed
in more detail later in this article.

2.4 Minimum Work of Separation

From the viewpoint of thermodynamics, desalination is a work-driven process that undoes
the irreversible mixing of salts into water. This separation process requires the least amount
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of work when it can be done reversibly and uses greater amounts of work when the separa-
tion process generates entropy through thermal or mechanical irreversibility. A benchmark
in the design or assessment of any desalination process is therefore to determine the least,
or reversible, work that will be required to remove some percentage of the water from a
saline source.

Figure 3 shows a schematic diagram of a desalination system. A saline water stream
enters the system, and a purified water stream and a concentrated brine stream leave the
system. Work is transferred into the system to effect the separation of salts from the fresh
water stream, leaving them in the brine stream. For simplicity, we may consider the inlet
and outlet streams to have the same pressure and temperature (this in turn implies that
the system exchanges heat with the environment at the system temperature). The first and
second laws of thermodynamics applied to this system are

W + Q = (NH)pure + (NH)brine - (NH)saline (213.)

(Ns)pUTe + (Ns)bm'ne = (Ns)saline + Q/TO + Sgen (Zlb)

In these equationd}’ is the rate at which work is done on the sys;e@nis the rate at
which heat is transferred into the system (which is at temperdijreV is a molar flow
rate,H is the enthalpy of mixture per mol&,is the entropy per mole, ar,.,, is the rate
of entropy generation within the system.

These equations may be combined to eliminate the heat transfepratgh the in-
troduction of the molar Gibbs energgr (= H — T'S), the work of separation is found in
terms of the change in the Gibbs energy of the streams and the irreversibility:

W = [(NG)pure + (NG)brine - (NG)saline + TOSgen (22)
(We note that similar results may be obtained using the flow exergy rather than the Gibbs

energy?). Itis immediately seen that irreversibility directly raises the work requirements.
In the reversible limit, withS,.,, = 0, the least work of separation is obtained:

Vi/least — (NG)pure + (NG)brine - (NG)saline (23)

The least work will depend upon what fraction of the water is extracted to the pure water
stream, and this amount rises steadily as that fraction increases. The least work depends

Purified Water

Saline Water

Separator

A 4

Bring
L.

>

FIG. 3: Schematic diagram of a work-driven desalination system.
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more weakly upon the purity of the fresh water stream, with slightly less work required
to extract a 500 ppm “pure” stream than a 0 ppm pure stream. Figure 4 illustrates these
trends for seawater of varying salinity. As a representative number, at 42% water recovery
from seawater with a O ppm purified stream, the least work is 3.7 kJ/kg. For a 5000 ppm
brackish water, the corresponding least work is about 0.4 kJ/kg.

Thermal desalination may be assessed similarly. In order to do work, heat must be de-
livered at a temperaturgy above the system temperatdrg The mechanical work input
may be taken to be zero for this purpose (in practice, however, thermal systems require
substantial electrical energy for pumping, in addition to the thermal energy requirements).
With these two changes, the previous analysis leads to the heat of separation:

[(NG)pure + (NG)bm’ne:| - (NG)saline + TOSgen

@= 1—To/Ty (2:4)
and, in the reversible limit, the least heat of separation
. [(NG>pure + (NG)brine] - (NG)saline
Qleast = (25)

1—To/Th

In terms of typical numbers, the low temperature will be set by the inlet saline water, per-
haps 20C, and the high temperature will be set by scaling limitations, perhapdCL00

5
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FIG. 4. Least work of separation of water from saline water as a function of water recovery
at 25°C. The relative ionic composition of these saline waters is taken to follow that of
seawater, even at the lower concentrati@g. = salinity of saline waters, = salinity of
purified water;m, = mass of purified watem,,, = mass of saline feedwater. (Courtesy:

K. H. Mistry.)
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At 42% water recovery from seawater, the least heat is 17.3 kJ/kg. Obviously, thermal
kilojoules are not directly comparable to electrical kilojoules; indeed, the number of ther-
mal kilojoules required to generate an electrical kilojoule depends upon the temperature
at which the thermal energy is available and the generation technology applied. Put differ-
ently, a kilojoule of low-temperature thermal energy costs only a fraction of a kilojoule of
electrical energy. So, the lower energy requirement of a work-driven process relative to a
heat-driven process is not meaningful by itself.

The most efficient, large capacity reverse osmosis plants are within a factor of 3 to 4
of the reversible limit. Thermally driven systems are generally within only a factor of 10
or so. The larger difference for thermal systems is to some extent the result of cost-driven
design trade-offs. Specifically, a principal irreversibility in thermal distillation processes
is entropy produced when heat is transferred through a finite temperature difference in a
heater or condenser. Such temperature differences can usually be reduced by employing a
larger heat exchanger area, but at the penalty of higher capital cost. As a result, the design
value of thermal efficiency may be kept low in order to reduce capital expenditures, thus
lowering the overall unit cost of water.

In most thermal desalination systems, the brine and product water may both leave at
temperatures above that of the inlet seawater, whereas the least heat calculations above as-
sume equal temperatures. This temperature differential represents a loss of available work
and degrades thermal performarniée.

2.5 Gained Output Ratio and Specific Electrical Work

Several measures of performance have been used for rating the efficiency of desalination
systems. Two that will be considered here aregpecific electrical worKSW) and the
gained output ratiqGOR).

For electrically (or mechanically) driven systems, the SW is a useful metric. It is the
power input to the systeni}’, divided by the volume flow rate of purified watéf,, typi-
cally given in KWh/ni:

SW= E (2.6)
p

For example, the least work of separation for producing pure water from 35,000 ppm sea-
water at 42% recovery is SW,s; = 1.03 kWh/n¥. The specific work requirements of typ-
ical large-scale reverse osmosis plants range from 3 to 5 kWH#or mechanical vapor
compression desalination systems, SW to 14 kWh/nt.22

For systems driven by thermal energy, it is common to use an energy ratio to compare
the rate of heat additior) to the latent heat required to vaporize the mass of purified
water producedijy,his,. In the literature, this energy ratio has been referred to as either the
performance ratio, PR, or the GOR. We adopt the latter name in the present work:
mphfg

GOR= (2.7

*Both GOR and PR have also been defined in terms of mass flows of the heating$team.
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A system with a higher GOR distills more water per unit energy. Direct boiling and con-
densation would produce a GOR of 1 (or less, in view of losses). A fully reversible process
would have a GOR of about 120 at a typical MSF top temperature of aboGCF30A
typical large multistage flash distillation plant will have a GOR of roughly 6.510 At a

top temperature of about 66, which is typical of multieffect distillation, reversible GOR

is about 63; existing MED plants have achieved GORs of 9 to 10 without thermovapor
compression (TVCY® or about 15% of the reversible value; a higher GOR is achievable
by using larger heat exchangers and T¥C.

From the results previously given, we can relate GOR to entropy generation,

1 (NG)pure + (NG)b'rinej| - (NG)saline + TOS’gen

GOR ~ = To/Tu) (g re) (28)

which shows that GOR decreases directly with an increase in the entropy generation per
unit mass of product§.,, /7.

Mistry et al2! have provided detailed models for the entropy production and second
law efficiency of a wide range of desalination systems. As an example, we may consider
a reverse osmosis desalination system operating at 42% water recovery, a feed pressure of
63 barg, and a high-pressure pump efficiency of 86%. The system includes 95% efficient
pressure exchangers that use the brine flow to pressurize a corresponding mass flow of the
feedwater. The primary sources of entropy generation (per unit mass of product) are the
pressure loss as permeate flows through the membranes (at roughly 62 barg of average
head loss), the inefficiency of the high-pressure pump, and the inefficiency of the pressure
exchanger. The associated entropy production may be shown to be

A TyASie A 1
1) (5, G
P/ memb mp P pump Npump

Ap Tip + 1 62 x 10° 63 %105/ 1
2PY a—q,. P\ — 3920|422 2 (4
+( P >pe( e )< Ty ) [ 10 105 \os6
n 61 x 10°
103

TO Sgen
Mp

1
(1—0.95) <o42> = 2280 + 1027 + 726 = 4033 J/kg (2.9)

The specific work is then

].03 kg/m3 Wleast + TOSgen 103 kg/mS
SW = YA < i = =TI (3690 + 4033)
= 2.15 kWh/m? (2.10)

Hydraulic losses and inefficiencies in the booster pumps will add an additional 10 to 15% to
the power requirement of the RO train; in an overall plant estimate, intake and distribution
pumping must also be considered. The specific work obtained here is quite similar to that
reported for recently built large-scale RO plafitg?
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2.6 Performance of Solar Desalination Systems

In contrast to fossil fuel driven desalination, the daily energy supplied to solar desalina-
tion systems is cost-free. An increase in energy consumption per unit water produced is
reflected as an increase in the required area of solar collectors and thus higher capital cost.
Consequently, the performance of solar desalination systems is sometimes stated in terms
of the number of liters that may be purified per day per unit area of collector’¢tay).
Since the available daily solar energy varies by geographic location and time of year, this
figure by itself is not sufficient for performance comparisons. However, we may decom-
pose it to separate the effects of solar incidence and system design.
For an electrically driven system (such as photovoltaic-driven reverse osmosis), we
may write the volume of water purified per d&ly, per unit area of solar collectdx,,,; in
terms of the solar energy incidence per tthy;, the specific work of purification SW, and
the average daily electrical conversion efficiency of the photovoltgjcs
‘/p Hcolnpv
A" sw (2.11)
For a thermally driven system (such as solar-driven humidification—dehumidification), we
may writeV,,/A.,; in terms of the solar energy incidence per dby,;, the average daily
efficiency of the solar thermal collectotig,, the GOR, and the density of the product wa-
ter p, and latent heat of vaporization of the saline wétegy,
‘/;r) _ HcolnthGOR (212)
Acol phfg
These expressions give a first-order separation of the desalination system from the solar
energy collection system. The GOR and collector thermal efficiency will depend upon
other factors, such as the top and bottom temperatures of the desalination cycle, and these
temperatures may vary throughout the day. For both thermal- and electrically driven desali-
nation systems, energy storage may be employed to level the daily cycling and to extend
operation into nighttime hours.

3. THE SOLAR STILL
3.1 Introduction

The first man-made large-scale water desalination system, which dates back to the nine-
teenth century, is the solar still. A solar still is made of an airtight insulated basin that is
covered with a tilted glass sheet (Fig. 5). Solar radiation passes through the transparent
glass or plastic cover and is absorbed by salty (or brackish) water in the basin so that water
is heated and causes evaporation. The water vapor condenses at the inner side of the glaz-
ing and the liquid flows by gravity into a trough where it is collected. Basins are painted
black to increase solar absorption, and long wavelength radiation cannot pass from the so-
lar still through the glazing. In other words, the greenhouse effect makes the solar still look
like a heat trap. A solar still needs flushing to prevent salt precipitation and the flushing
frequency depends on the quality of feedwater.



290 ANNUAL REVIEW OF HEAT TRANSFER

W,
s

Heat lost by
Convection + Radiation

AN\

Transmitted solar energy

Trapped radiation ,convection &
and evaporation heat

Desalinated watec
Condensing surface  fz==z=zzz22222-20ooooc Sea water z========5c-s-os-o07

NN\

Heat lost through the basin

FIG. 5: Solar still.

Solar stills can be classified as passive or active stills. Passive stills will use only the
solar energy falling into the unif. In active stills, an external thermal energy source is
added to the unit to aid heat addition to the salty or brackish water. Additional heat could
be provided by a concentrating solar pattelyaste thermal energy;3 or a conventional
boiler. Another classification of solar still is based on the geometry: single’$lapshown
in Fig. 11 (below) or double slope glazing co¥eas shown in Fig. 5; vertical solar stilf;
conical solar stiff”® shown in Fig. 6; inverted absorber solar stilland multiple-effect
horizontat’=*3 (Fig. 7), or vertical solar still§}—*8 as shown in Fig. 8. A two-basin still
can have a 40-50% increase in productivity, as indicated by Lobo and AfaModels
of multistage solar collectot$*® include an external source of heat, a solar heater, and
a vacuum pump to enhance evaporation rate as depicted in Fig. 7. The modeling of a
multistage solar still follows simple heat and mass balaftés However, due to space
limitations, only the basic case of a single-stage solar still will be discussed in detail here.

Other attempts to increase the solar still productivity include increasing the heat and
mass transfer surface area through methods such as using: spongé’cwiss’! as
shown in Fig. 9; charcodP->3 which is reported to increase productivity by 15%; or violet
dye in the watef} which resulted in a 27% increase in productivity due to higher solar
absorptivity.

Glass or
Plastic cover

Seawater container
------------------- Distilled
water outlet

FIG. 6: Water-cone solar still.
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FIG. 8: Multieffect vertical solar still with a solar heater.

Furthermore, adding energy storage units to the solar still leads to a significant in-
crease in productivity> Thermodynamic and economic considerations in solar stills are
given® whereas Abdel-Rehim and Lashé&émproposed a solar still that includes a heat
exchanger. Oil, heated by solar energy, circulates from a solar collector to a heat exchanger
placed in the still in order to heat the saline water for higher productivity. Increasing
the solar radiation into the still was also reported through the use of a reflecting surface
(Fig. 10).

Solar still designs in which the evaporation and condensing zones are separated are
described by Refs. 58 and 59. In addition, a device that uses a “capillary film distiller” was
implemented by Bouchekima et @.and a solar still integrated in a greenhouse roof is
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FIG. 9: Inclined solar still with multiple wicks.
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FIG. 10: Solar still with a reflecting surface and a separate condenser.

reported®’~%3 Another class of active solar stills raises the distillation temperature using
flat-plate collectors connected to the stitts’>

The distance of the gap between the evaporator tray and the condensing glass (or plas-
tic) surface has a considerable influence on the performance of a solar still, which increases
with decreasing gap distance. Cascaded-type solaf&tii/e been developed in which
shallow pools of water are arranged in cascade, covered by a sloping transparent enclosure.
The evaporator tray is usually made of a piece of corrugated aluminum sheet painted flat
black.

Sharma and Mullick”-%® developed a semiempirical equation to estimate glass cover
temperatures to calculate the upward heat flux and evaporation. They calculated the changes
in the heat transfer coefficients over a complete day.
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Factors influencing the still productivity were investigated by Coép&rho indicated
the upper limit of solar still productivity both theoretically and experimentally. Mimaki et
al.’® carried out measurements of performance parameters of both basin-type and tilted
wick solar stills and compared the measured values with a theoretical analysis of heat and
mass transfer processes indicating the superiority of the tilted wick still.

Yadav and Prasad investigated analytically the transient behavior of a basin-type
solar still and pointed out the effect of energy storage for continuous distillate production.
Yadav and Yadal? have also considered a solar still integrated with a tubular solar energy
collector and performed a transient analysis for the still performance.

Recently, Phadatare and Verfahowed the superiority of using a glass cover for
a plastic solar still in comparison with a Plexiglas cover in terms of heat transfer coef-
ficients as well as water evaporation and distillate productivity. Khalifah and Hafhood
investigated experimentally the correlations that were used to show how the productivity
is affected by brine depth, using a violet dye.

Antar and Zubait* studied the effect of property variation in the still performance.
They used more reliable and updated correlations to predict the heat transfer coefficients,
considering the effect of buoyancy that is attributable to the fact that water vapor reduces
the gas mixture density relative to air alone. Table 2 lists the productivity of various designs
of solar stills reported in the literature.

3.2 Modeling Solar Stills

Typical design problems encountered with solar stills relate to brine depth, vapor tightness
of the enclosure, distillate leakage, methods of thermal insulation, and cover slope, shape,
and material.

3.2.1 Mathematical Formulation

Energy balance for the solar still is shown schematically in Fig. 11. Various heat transfer
components are shown in this figure, including solar irradiation falling on the solar still,
heat transfer within the solar still that includes the thermal radiation transmitted through the
glass cover to the water surface and heat transfer by convection, radiation, and evaporation
from the water surface back to the glass cover, heat loss through the still opaque material,
and heat loss to the ambient air through both convection and radiation heat transfer modes.
It is assumed that the capacitance of the glazing is small compared to that of water and
basin and hence it is neglected in the present work. The transient energy balance equations
for the solar still as described by Duffie and Beckmambased on the original analysis of
Dunkle® are summarized in this section.

Considering the thermal capacitance of saline water, the energy balance is

dT,
o‘wTGZQQa+Qb+m0PW (31)

where energy losses from the water body to the glass cover and from the water body to the
base of the still can be written, respectively, as
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TABLE 2: Various values of still yield reported in the literature

Reference Geometry Production, Other details
L/m2-day

IsmaiP® Hemispherical 2.8-5.7

Cappelletti® Conventional 2/5 (winter/
summer)

Al-Hinai etal’® | Double slope 4 (annual av-
erage)

Al-Hinai etal?* | Single effect 4.15

Double effect 6.1

Jubran et at® Multistage solar still | 9
with expansion noz-
zle, recovery features,

and a vacuum pump

3 stages

Nijmeh et al?* Using violet 5.3 17% improvement after
dye/charcoal adding the dye/charcoal
Abdel Rahim and External solar heater| 2, 2.75 The modification is by
Lasheef’ (using a heat transfer| (conventional/ adding a heat transfer
fluid) modified) fluid in a separate circuit
to heat water in the basip
Ahmed et al? Multistage still with | 18 (forP=0.2| Yield decreases with the
an effective vacuum | bar) water heightin the basin
pump 10 (forP=1.0
bar)

q Irradiation, G
ga
Convection + Radiation //

/ (1-0g-1) G

(1-0y) TG

distillate

Seawater |
~

o1}
FIG. 11: Single-slope solar still.

Heat flux from the water to the cover by radiatiQn can be estimated using the relation

In this expressionF is the radiation shape factor. It depends on the geometry of the
still and the nature of solar radiation. The geometry can be approximated by two parallel

Qga = Gr + qc + Qe
@ = Uy (T —Tp)

qr :FSO-(T:}; —Tf)

(3.2)
(3.3)

(3.4)
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planes. The radiation involved is considered as diffuse radiation in long wavelengths, so
that specular reflection between the transparent cover and water surface is negligible. As a
result, the shape factor can be closely approximated by the emissivity of the water surface,
usually taken as 0.9 for the conditions inside the still. Thus, Eqg. (3.4) can be approximated
as

¢ = 0.90(Ts — T (3.5)

The heat flux from the water to the cover by natural convection and evaporation can be
written, respectively, as
qe = he(Tw — Ty) = heAT (3.6)

(e = mdhfg (37)

The heat loss from the transparent cover to the surroundings depends both on radiation to
the sky and convection loss coefficient due to the surrounding (ambient) air. Radiation to
the sky depends on the effective sky temperature, which is sometimes taketCaedd
than the ambient temperature. The convective portion is a function of the wind speed. This
heat transfer component (losses) can be expressed as

Gga = €g0[Ty — (Ta = 11)*] + hya(Ty — T.) (3.8)
Equations (3.1) to (3.8) represent the key equations for solar still analysis. In addition, the
convection correlations that describe convection from the water surface to the glass cover
as well as from the glass cover to the environment are described below.

3.2.2 Natural Convection within the Solar Still

Improvements to natural convection correlations within the still have been provided by
many researchers based on either experim&fftsor detailed analysis that considered the

tilt angle of the glass covét. This correlation was modified by Antar and ZuB4ifor solar

still applications by replacing the temperature difference with an equivalent temperature
difference, taking into account the added buoyancy attributable to the fact that water vapor
is lighter than air. Therefore, the modified heat transfer coefficient can be expressed as

heL 1708 (sin 1.8 8 )"° 1708 1°F
Nu = =1+4+1441|1—- 1-—
! kfiuia + [ Racos 3 Racos
+
Racos 3 1/3
-1 3.9
ey .

where the meaning of the plus sign (+) in the exponentiation is that if the term is negative
(< 0), itis taken = 0 (only positive values are considergdjs the angle of inclination of
the cover, and Ra is the Rayleigh number.

Following the approach suggested by Durl¢he modified temperature difference is
used in the Raleigh number equation. This can be written as
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P, — P,
AT = (T, T, K v 0F ) Tw+273] 3.10
( g) Pambient (Mdry air/[Mdry air_Mw vapor])_Pw ( ) ( )
By the analogy between heat and mass transfer, the distillate mass flow rate (productivity)
can be written as
mp = 9.15 x 10~ h, (P, —

Puy) (3.11)

3.2.3 Wind Loss Coefficient

There are many convection heat loss coefficient relations available in the literature dealing
with the glass cover to ambient air; however, the formula given by Sparrow’étaaid
recommended by Duffie and Beckniamppears to be the most reliable for predicting heat
loss from the glass cover. It is given by

hgal

- — 0.86 Re/2prt/3

Nu = (3.12)
This equation is based on experiments on rectangular plates at various orientations and was
found to give reliable predictions for the Reynolds number range »f1®* to 9 x 10,
where the characteristics lendtlis defined as 4 times the plate area divided by the still
perimeter.

Note that the solution of the above coupled (heat and mass transfer) equations is very
sensitive to thermophysical properties. The present solution procedure was based on vari-
able propertiesdp, |, «, p, k, h¢g, Py, Py, etc.), which were updated when any value of

the temperature is calculated.

3.3 Solar Still Performance

The productivity of the solar still follows the solar irradiation profile. It increases until
midday and then decreases until sunset, as shown in Fig. 12. The figure also shows the
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FIG. 12: Solar still performance, heat transfer rates, and productivity.
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calculated magnitude of each heat transfer component. The results show that both higher
solar intensity and effective glazing cooling (through high convection loss from the glazing

to the atmosphere) increase the solar still productivity. If the still is well insulated, the
stored heat maintains evaporation after sunset. The gained output ratio is expressed in terms
of instantaneous as well as overall efficiency by Balan &t ahd Tiwari and Singfi? The
instantaneous efficiency is given in Eq. (2.7), where instantaneous values are used in the
eqguation, whereas the overall efficiency represents these variables integrated over a defined
period of time (in the case of active solar stills, the denominator is extended to include the
energy provided by the external heat source).

The gained output ratio of a solar still is typically low (GOR.5). This performance
parameter depends on various operating parameters which were evaluated in detail by An-
tar and Zubaif* Solar irradiation, wind speed, depth of saline water, and ambient temper-
ature are among the major parameters that influence the solar still productivity.

3.4 Summary Comments on Solar Stills

From the work of a number of previous researchers, it has been shown that the performance
of the solar still is affected by many design and operating parameters. In order to improve
the performance of a solar still various steps can be taken, including: increasing the energy
input (either naturally from solar radiation in summer versus winter, or through the use
of reflecting mirrors or external heat sources as in active stills); increasing the evaporative
surface area (through the use of wicks, or sponge cubes of charcoal); lower condensing
surface temperature (by separating it from the heat absorbing basin); or introducing heat
recovery (as in multistage and multieffect stills). In addition, low ambient temperature
and lower depth of saline water are among the factors that increase the distilled water
production of the solar still.

4. HUMIDIFICATION-DEHUMIDIFICATION DESALINATION
4.1 Introduction

Solar stills generally integrate the functions of solar collection, water heating, evaporation,
and condensation into a single volume. This configuration results in considerable thermal
inefficiency. For example, the warm brine can exchange heat directly with the condenser
surface (the glazing) by natural convection and infrared radiation. As a result, solar stills
normally have a low GOR and require relatively large areas in order to produce fresh water.
Humidification—dehumidification (HDH) desalination uses separate components for
each of the thermal processes, allowing each component to be independently designed
and allowing much greater flexibility in the design of the thermodynamic cycle for vapor-
izing water into air and subsequently condensing the v&pdhe advantage of HDH over
a solar still is a significantly higher GOR, resulting in a smaller total area of solar collector
for a given water demand. More broadly, HDH systems are regarded as having an advan-
tage over some other technologies, such as reverse osmosis, in that they involve relatively
simple, inexpensive components and can operate over a wide range of raw water quality
without the need for complex maintenance operations. This makes HDH more suitable for
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deployment in the developing world, where capital investment and technical support may
be limited.

The basic drawback of the HDH system is that the thermal energy requirements are
still relatively high in comparison to other technologies.

4.2 Classification

HDH cycles may be classified according to whether air or water is heated and according
to whether the air or water circuit is open or closed loop. A water-heated, open-air closed-
water cycle is shown in Fig. 13. Air-heated cycles with open-loop water and air, closed-air
and open-water loops, and closed-water with open-air loops are shown in Figs. 14-16,
respectively.

Studies of water-heated cycles are reported by Al-Hallaj €6 ailuller-Holst et al 36
Al-Hallaj and Selmari! Dai et al.2® Orfi et al.3? and Shaobo et at’, among many others.
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FIG. 13: Water-heated system with open-air and closed-water loops.
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FIG. 14: Air-heated cycle with both air and water streams open.
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FIG. 15: Air-heated cycle with closed-air loop.
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Air heating has been investigated by Chafik eP&t.?® Fath and Ghaz¥! and Yamali and
Solmus?>?¢ Chafidf? proposed a low-cost solar collector based on polymeric materials.
However, this collector had low efficiency compared to commercial units.

Nafey et al’” used dual solar heaters to heat both air and water separately in an HDH
system. A different configuration was used by Xiong et&?] where a steam generator
and water heating tank in an HDH system with only one baffled shell and tube column was
used in place of separate humidifier and dehumidifier units. Yanniotis and Xerdfmas
considered two types of air humidifiers as a part of the multistage solar desalination pro-
cess. The first one was a tubular spray humidifier and the second one was a pad humidi-
fier. They also presented some computational results for the pad humidifier. Their results
showed no substantial differences between both types in terms of pressure drop. The evap-
oration rate was higher for a thicker pad system at high air-to-water flow rate ratios. Fath
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and Ghaz¥* reported that air-heated HDH system productivity improved with increased
solar energy for air heating, decreased wind velocity, and increased air loop flow rate up
to a certain value. They also reported that the dehumidifier size has an insignificant effect
on the performance. The latter is an issue of controversy among investigators that requires
further exploration. Table 3 lists some HDH systems in the open literature along with their
reported production rates.

4.3 Analysis

Thermodynamic analysis of these cycles is generally based on the mass and energy bal-
ances for each component in the cycle. We now discuss some of the energy balance equa-
tions that can be combined to form a whole cycle balance for any of the aforementioned
cycles. The main components of a cycle are the solar collector, the humidifier, and the
dehumidifier. Additional components may be added such as pumps and water tanks.

TABLE 3: Some HDH systems reported in the literature

Comments Production Heating Reference
mode

Solar area 6 h No energy recovery| 3 L/m?-day Water heating Ben Basha

(GOR< 0.5) et al!0!
Forced circulation of air, multipass | 12 L/n?-day Water heating Farid et
shell and tube condenser, and woode{GOR < 4) al.10?
shaving packing in the humidifier
Thermal storage, natural air draft, 38.3 L/m?-day Water heating Muller-
m? collector area (GOR=3-45 Holst

et al8¢

Packed-bed humidifier, air-cooled de9 L/day Water and air| Nafey et
humidifier heating al.l03
2 m? solar collector area, humidifier 8 L/m?-day Water heating El-Hallaj
and condenser specific areas are 14 (GOR < 2) etal®®
and 8 n¥/m?
Natural and forced air flow, heat re-Up to 5 kg/h Air heating Nawayseh
covery in the condenser (GOR< 4) etallo4
5 heating-humidification stages. 4 L/m?-day Air heating Houcine et
Forced air circulation. Total collec- (total 516 L/day al.l0s
tors area~ 127 n¥.
Single-stage, double-pass solar cpoé kg/m?-day Air heating Yamali and
lector, pad humidifier and finned tube(increased to 10 (in addition to| Solmug5-%¢
dehumidifier and 0.5 mwater stor-| kg/m?-day upon| an evacuated
age tank. No heat recovery. Wateoperating the | tubular solar
may be heated in the storage tank|twater heater) | water heater)
increase production significantly.
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4.3.1 Solar Collector Energy Balances

Glazing
mgcp,g% =TogAc + Grp—g — Ge,g—amb — Qr,g—sky — e,g—f (4.1)
Air pass
mfczxf% = ey, ; + ey ; — 15Cpf(Tt0ut = T¥in) (4.2)
Absorber plate
mpcp,p% =ToyTgAe — G,y — Qloss — Qrp—g (4.3)

Note thatri; is the mass flow rate of the fluid passing through the solar collector (air or
water),c, is the specific heat capacify,is the temperature,is time,q is the heat transfer
rate, « is the surface absorptivity; is the transmissivity, and the subscripis, g, f, p
represent radiation, convection, glass, feed, and absorption plate, respectively, whereas
is the surface area of the collector. In addition, the t€}m,, refers to the heat loss from
the absorption plate to the surroundings through the base plate:arglthe mass of the
plate.

These energy balance equations can be replaced by suitable equations that fit different
types of collectors such as double-pass collecto?§, parabolic trough collector¥, or
evacuated tube collecto?$ Various heat transfer coefficients may be evaluated as given in
Duffie and Beckman{® Yamali and Solmug? and Shabaneh et &7

4.3.2 Humidifier Energy Balance

Here, h is the enthalpy and the subscripts in and out represent the inlet and outlet flows
from each unit. The subscripésandw refer to moist air and water, respectively,

ma[ha,aut(t) - ha,in (t)} = mw,inhw,in(t) - mw,out (t)hw,out(t) (44)

4.3.3 Dehumidifier Energy Balance

ma [ha,in (t) - ha,out (t)] - mw,incp,w [Tw,out (t) - Tw,in(t)] + mc(t)hc(t) (45)

The subscript refers to the condensate (i.e., the product or desalinated water).

The determination of the outlet states for a humidifier or dehumidifier will in general
require integration of the heat and mass transfer equations stepwise through the device.
This is a cumbersome process for the investigation of cycle configuration, and so a dif-
ferent method based on component effectiveness has been developed by Narayh et al.
Effectiveness for a simultaneous heat and mass exchanger has been defined as the ratio
of actual enthalpy change of either stream (air or water) to maximum possible enthalpy
change:

AH
N AHH}&X

Therefore, for the humidifier, foA Hyax v < AHmax,a;

€ (4.6)
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w w,in!tw,in w,out!bw,out
. AH M P i Moy, outhaw, 4.7)
- - . . d l .
A-E’rnax,w mw,inhw,in - mw,outh:u,eo%t

AH@ 'ahuou - .ahfain
e = = Dalaout =~ Ma o, (4.8)

. d l .
A}Imax,a mah;ggt - maha,in

By specifying the effectiveness of the component, the outlet states may be determined
by control volume balances without a detailed numerical integration over the device. This
is an on-design approach, and to establish the size of the desired device, an off-design anal-
ysis would subsequently be required (for fixed inlet states and effectiveness, counterflow
humidification may not always be possible).

The system performance is expressed in terms of the GOR, given by:

GOR= mp’“g@hf g (4.9)

4.4 Comparison, Limitations, and New Trends

Several investigators reported review papers related to HDH desalination systems such as
Goosen et al” and Narayan et &t Since then, considerable progress has been achieved
that represents new trends for increasing the GOR.

A solar still has a GOR of about 0.5, air-heated HDH cycles have a GOR that ranges
from 1.7 to 3 (refer to Table 3), whereas the water-heated cycles have a GOR that ranges
between 0.3 and 4.5, as indicated in Ref. 86. Various studies indicate that the top water tem-
perature is an important parameter that influences the GOR, as is the mass flow rate ratio
of the air and water streams as indicated in several recent stdéigs$? Packing material
quality plays a more important role in the system performance of air-heated cycles than
for water-heated cycles. The multistage air-heated cycles have higher productivity but not
necessarily high GOR. Comparing these GOR values with conventional desalination sys-
tems such as RO (equivalent GOR = 35—-45 based upon an assumed efficiency of electrical
generation), MSF (GOR of about 8), and MED (GOR up to 12) indicates that there is still
room for improvement for HDH cycles to attain comparable gain output ratios. Some of
these ideas are listed below.

Other arrangements that have been considered for improvement of the HDH process in-
clude the use of direct contact dehumidifiers as proposed by Kieaird by Klausner and
Meilll (referred to as diffusion-driven desalination, DDD), although the increase in GOR
is not strong. Another improvement in the solar air-heated cycle is achieved by placing the
solar heater after the humidifier (Naray&tf) so that saturated air leaving the humidifier
would be heated and then sent to the dehumidifier. This somewhat counterintuitive change
results in a GOR of about 3.5.

Another set of suggested improvements to the cycle involves pressure variations, as
proposed by El-Shargawy et &4F and Narayan et dl” In one instance, the cycle op-
erates at low pressure, since the humidity ratios are higher at low pressures as shown in
Fig. 17. A further improvement is obtained by operating the humidifier at low pressure and
the dehumidifier at slightly higher pressure. The two-pressure cycle is shown in Fig. 18.
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FIG. 18: Varied pressure cyclg?

Depending upon the form of the compressor (mechanical or thermocompression), the GOR
can be well above 5 for this cycle.

Furthermore, extraction or injection of air or water between the dehumidifier and the
humidifier can result in a decrease in the entropy generated within the sy/StéRor
water-heated cycles without extraction, the top GOR is about 2.5, whereas a value of 4.5
refers to Muller-Holst's multiextraction ca¥9 The extraction process—either single or
multiple extraction—Dbrings the modified heat capacity ratio HER Hax o /AHmax,w
closer to unity as shown in Fig. 19, resulting in a reduced entropy generation and ac-
cordingly, a higher GOR. A cycle with water heating and multiple extractions is shown
schematically in Fig. 20.
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FIG. 19: Entropy generation in humidifier versus heat capacity ratio for various inlet rela-
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FIG. 20: Multiextraction water-heated cyclé?

4.5 Summary Comments on HDH

Current research trends have achieved substantial improvements in the GOR of the HDH
system, but lower specific energy consumption is needed to compete with RO and conven-
tional desalination techniques on an energy use basis. The HDH system remains attractive
for small-scale deployment in the developing world, owing to its potentially low main-
tenance requirements and low capital investment. Considerable research is currently in
progress in this regard.
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5. SOLAR-DRIVEN MEMBRANE DISTILLATION
5.1 Introduction

Membrane distillation (MD) is a thermally driven separation process of aqueous solutions
that involves the transport of vapor molecules through a hydrophobic microporous mem-
brane. The membrane supports a vapor-liquid interface at the pores; the surface tension
forces of the hydrophobic membrane prevent liquid molecules from entering the pores,
while vapor passes due to a difference in vapor pressure at both sides of the membrane.
The latter is established by a difference in temperature.

The main advantage of MD is that it operates at lower pressures than other separation
processes based on membranes, since the driving force is not a difference in hydrostatic
pressure. Typical operating pressures are on the order of zero to a few hundred kPa. Also,
it operates at lower temperatures than conventional distillation, since it is not necessary to
heat the liquids above their boiling point. Feed temperatures typically range frogt60
90°C, so low-exergy heat sources like solar energy are suitable for the process. Another
advantage is the high efficiency in solute rejection, theoretically a 100% of nonvolatile
components. This is achieved if the pores act efficiently as a barrier for the liquid phase,
which requires that the liquid has low affinity for the membrane material (hydrophobicity).
However, if the solution has surface active components, pore wettability can take place
and allow liquid to pass to the other side of the membrane. Therefore, MD is mainly suited
for applications in which the major component is water. Extensive reviews of the differ-
ent MD applications (from concentrating water solutions to wastewater treatment) have
already been published®—'2° When using MD for desalination the main advantages are
the lower operating pressure compared to other membrane-based processes, the possibil-
ity of obtaining purer water, and the ability to treat solutions with very high sallAity.

In fact, MD is used to process brine effluents from other desalination processes in or-
der to increase the recovery factor or even to obtain valuable salts in combination with
crystallization!22-123

5.2 Fundamentals of Membrane Distillation

The vapor pressure difference across the membrane which drives the MD process can be
established with different configurations (Fig. 21).

The most simple is when a solution colder than the feed is in direct contact with the per-
meate side of the membrane (direct contact membrane distillation, DCMD). The volatile
molecules evaporate from the liquid—vapor interface of the warmer feed solution, pass
through the membrane, and condense in the liquid—vapor interface created at the other
side of the membrane by the cooling solution. However, the direct contact with the cool
condensing solution significantly increases the sensible heat losses through the membrane.
In order to diminish them, an air gap can be left between the permeate side of the mem-
brane and a condensing surface in contact with the coolant solution (air gap membrane
distillation, AGMD). The air gap increases the conductive heat transfer resistance of the
membrane, but also the mass transfer resistance, so the permeation fluxes are lower. Larger
temperature differences at both sides of the membrane can be applied to compensate for
this deficit.
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FIG. 21: Configurations of MD.

The reduced mass transfer resistance of AGMD can be avoided if a cold inert gas is
used to sweep the permeate side of the membrane, carrying the vapor molecules so that
condensation takes place outside the membrane module (sweeping gas membrane distilla-
tion, SGMD). The sweeping gas can be replaced by the application in the permeate side of
a vacuum pressure lower than the saturation pressure of volatile molecules to be separated
from the feed solution (vacuum membrane distillation, VMD). In this case the conductive
heat losses through the membrane are reduced even more. However, the risk of membrane
wetting is larger due to the higher pressure difference. The hydrostatic pressure across the
membrane must not exceed the liquid entry pressure (LEP) of the pores, which has typical
values between 1 and 4 bar for commercial membranes and depends on the surface tension
of the feed but also on the physical properties of the membrane itself (material, pore size,
etc.). Therefore, the membranes used in VMD have smaller pores (i.e., less tham0.45
diameter) than the ones used in other configurations.

Due to the hydrophobic nature of the membrane, a liquid—vapor interface is established
at the entrance of each pore of the membrane. Water and volatile solutes from the feed so-
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lution evaporate from this interface, diffuse across the pore, and condense on the other
side of the membrane. Since no liquid transport occurs inside the pores, the diffusion of
nonvolatile molecules is not possible and therefore they are rejected. In MD it is assumed
that the vapor and the liquid are in the equilibrium state corresponding to the temperature
at the membrane surface and the pressure within the pores. Mass transport takes place: (i)
from the bulk feed to the membrane surface at the feed side in liquid form; (ii) through the
pore in gaseous phase; and (iii) from the membrane surface at the permeate side to the bulk
permeate in gaseous or liquid phase, depending on the configuration. Mass diffusion across
the boundary layers next to the membrane limits the mass transfer. The concentration of
nonvolatile solutes at the membrane surface becomes higher than at the bulk feed as the
separation process takes place, creating a concentration polarization layer which increases
the mass resistance and in extreme cases can lead to scaling on the membrane surface and
wetting if the crystals break the hydrophobicity. Inside the pores, resistance to mass trans-
fer comes from collisions between the diffusing molecules (molecular diffusion) or with
the membrane itself (Knudsen diffusion), as well as the viscous drag from the membrane
(Poiseuille flow).

Together with this mass transfer, heat transfer is established by the temperature gradi-
ent. Heat transfer from the feed solution to the membrane surface is usually the strongest
limitation in the mass transfer, since the boundary decreases the heat supplied to the mem-
brane surface for the evaporation. A temperature polarization effect takes place so that the
bulk feed temperature is gradually decreased and therefore the temperature difference at
the liguid-membrane interfaces is lower than that applied at the bulk phases. Heat trans-
fer from the membrane surface to the bulk permeate side similarly creates a temperature
polarization effect, although it depends on the configuration (in VMD, vacuum obviously
prevents it). Across the membrane, the two most important heat transfer mechanisms are
(i) conduction across the membrane matrix and the gas-filled pores (convection within the
membrane pores is negligible); and (ii) transfer of latent heat of vaporization. The former
is considered the main heat loss and should be minimized to increase the efficiency. The
latter heat flow is unavoidable in MD, since it is the one associated with the mass trans-
fer.

The parameter commonly used to evaluate the efficiency in thermal desalination pro-
cesses is the GOR. As multieffect has rarely been contemplated in MD, the usual parameter
considered is the more intuitive specific energy consumption, that is, the thermal energy
added per unit volume of distillate produced.

Energy efficiency in MD is diminished mainly by: (i) polarization effects in tempera-
ture and concentration; (ii) mass transfer resistance within the pores; and (iii) conduction
heat losses through the membrane. However, energy efficiency can be increased by heat
recovery. In DCMD and AGMD, the latent heat of evaporation can be recovered by the
coolant flow, which is preheated to be used as the feed flow on the other side of the mem-
brane (in the latter case, heat from the distillate flow can also be recovered). In SGMD and
VMD condensation takes place in an external condenser and the heat recovery depends
on its efficiency. In the case of SGMD, heat recovery is more difficult since a small vol-
ume of permeate is vaporized in a large volume of sweep gas, which needs to be handled
accordingly.
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5.3 Operation and Performance

The effect of the different operating variables on the MD permeate flux for each configu-
ration has been comprehensively revieW€d?* based on a long list of published papers,
so only some basic results will be given here.

In all MD configurations, a linear increase in the permeate flux with the transmembrane
vapor pressure difference is generally expected.

An increase in the feed temperature produces an exponential increase in the vapor
pressure. However, the temperature polarization increases with the feed temperature as
well and can mitigate the increase in permeate flux.

The effect of the feed concentration depends on the type of solution. When nonvolatile
solutes increase, as is the case with desalination of saline water, the partial vapor pressure
is reduced and the polarization effects increase, although the effect of the temperature
polarization is usually more important.

The feed flow rate must be high enough to ensure turbulent flow (which increases heat
transfer in the feed and reduces the concentration polarization effects) but not so much that
the hydrostatic pressure of the membrane surpasses the liquid entry pressure of the feed
solution into the pores.

In AGMD the most important parameter, together with the feed temperature, is the
width of the air gap (about 10-100 times larger than the membrane thickness). Increasing
the width reduces conduction losses but beyond 2 mm the mass transfer resistance due
to the layer of stagnant air overcomes the increase in the energy effi¢féritiie mass
transfer resistance of the cold solution is small compared to the others. A decrease in the
coolant temperature has a small effect on the distillate production and even smaller on the
thermal efficiency. Only reducing the thermal conductivity of the membrane contributes to
significantly improve the thermal efficiency of the process by reducing heat losses. This ef-
fect is less for membranes of high porosity, due to the larger volume of the pores compared
to the solid matrix of the membrane.

In SGMD, both an increase in the velocity of the gas and a decrease of its temperature
has a positive effect on the distillate production. However, there is a limit in the sweeping
gas velocity, established by the pressure difference across the membrane (which must be
smaller than the LEP). In VMD, the key factors for distillate production are the feed tem-
perature and the vacuum pressure. Sensitivity to the former is stronger for larger vacuum
pressure and to the latter for lower temperatures.

5.4 Characteristics of the Membranes and the Modules

The membrane must be hydrophobic and microporous. It does not need to be selective,
since it acts just as a barrier, but it needs to show low resistance to mass transfer, high
LEP for water, and low thermal conductivity, as well as thermal stability and chemical
resistance.

The permeate flux increases with the porosity of the membrane and the size of the
pores, and decreases with the membrane thickness and its tortuosity (relation between the
average length of the pores and the membrane thickness). The typical size of the pores
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ranges from 0.01 to ium. The size is mainly determined by the requirement that the hy-
drostatic pressure across the membrane does not exceed the LEP of the pores. Smaller
pores increase the mass transfer resistance. Usual values for the porosity are between 30
and 85%. High porosity decreases the conductive heat losses and offers large surface for
evaporation. Membrane thickness increases the resistance to mass transfer but also de-
creases the conductive heat losses. Optimal thickness has been modeled to be between 30
and 60um. The general trend is that for larger thickness the permeate flux is lower except

in AGMD, where the resistance of the air gap dominates that of the membrane thickness.
For the membrane tortuosity a value of 2 is frequently assumed.

At the moment, no membranes are specifically designed for MD. As a result, those
made for microfiltration are commonly used. Many are on the market, commonly made
using polytetrafluoroethylene (PTFE), polypropylene (PP), and polyvinylidene fluoride
(PDVF). Membranes used in MD modules can be flat sheet, tubular (capillary), or hol-
low fiber.26

Flat-sheet membranes can be arranged in plate-and-frame or in spiral-wound modules.
The former require porous support plates and spacers. Several cassettes can be stacked
together, each consisting of frames containing two membranes, intermediate feed channel
for warm feed, and condensing walls. The whole stack is inserted between two end plates
in an appropriate housing. Packing density, which is the ratio between the membrane area
and the given packing volume, varies from 100 to 40Umi, depending on the number
of membranes used. In spiral-wound modules flow channels are made by spiral winding of
membrane and condenser foils (Fig. 22). The packing density rises to 300—208, m
depending on the channel height. The larger membrane surface allows high values of heat
recovery and therefore a decrease in the thermal energy consumption, but the trade-off is a
decrease in the specific production due to the reduction of the transmembrane temperature
difference.

Tubular membranes are used in shell-and-tube membrane modules, which resemble
shell-and-tube heat exchangers with membranes replacing the tubes through which a ra-

FIG. 22: Schematic diagram of the spiral-wound MD module concept with internal heat
recovery. Cold brine enters at (1), circulates along condenser channel (2), and leaves pre-
heated at (3). After receiving extra heat, it re-enters at (4), circulates along evaporator chan-
nel (5), and leaves at (6). Evaporation passes through the membrane (7), condenses on the
condenser foil (8), and circulates along the distillate channels (9) before leaving the module
(10). (Adapted from Ref. 131.)
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dial mass flow takes place (Fig. 23). The diameter of tubular membranes typically varies
between 1.0 and 2.5 cm, with a packing density of approximately 3@@High veloc-

ities should be achieved in the feed to minimize polarization effects. In capillary modules,
packing density increases to 600-1208/mv by arranging a large number of capillary
membranes (inner diameter between 0.2 and 3 mm) in parallel as a bundle in a shell tube.
In these cases, the membrane is an integral part of the modules and cannot be replaced,
unlike flat-sheet membranes.

Hollow-fiber membranes (diameter 0.5 mm) provide the highest packing density (3000
m?/m?) but their softness and small fiber diameter make them susceptible to fouling and
damage.

A well-designed membrane module should provide high rates of heat and mass transfer
between the bulk solution and the solution—-membrane interface, since in most cases the
productivity of the MD process is limited by the heat and mass transfer resistances in
the boundary layers. When coupling with solar energy, the operation differs from that at
steady-state conditions in the laboratory with a constant source of heat, so heat recovery is
very important to the productivity of the modules, even limiting the potential to raise plant
capacity by increasing the membrane ar&a.

5.5 Experiences in Solar MD

There are many theoretical studies but few demonstration plants have been installed and
analyzed (see Table 4). One of the first pilot experiences was in Austfélidhe system
consisted of a solar circuit (static solar collector and regulation tank) connected to a DCMD
hollow-fiber module and an external heat exchanger for heat recovery. The system was
found technically feasible and compatible with the transient nature of the solar energy. Heat
recovery (60-80% required) had a very strong influence in the capital cost. Simulations
resulted in values of the specific thermal energy consumption between 50 and 110kWh/m
and distillate flow between 6.5 and 7.6 L/ mf membrane. Experimental production
rates were about 10% less. However, the calculated distillate production per unit collector
area (17 L/d r for Sydney in the summer) significantly improved on that of other solar
distillation systems like solar stills.

The integration of a shell-and-tube MD module with a solar still was evaluated using
the hot brine in the latter as feéé. The permeate flow showed a strong dependence on
the temperature and flow rate of the feed and a very weak dependence on its salinity.

distillation

coolant

FIG. 23: Schematic diagram of a shell-and-tube AGMD module.
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TABLE 4: Summary of experiments using solar MD for desalination. Shown for each case
are type of module (h-f: hollow-fiber; s-t: shell-and-tube; s-w: spiral-wound; f-s: flat-sheet);
membrane area (MA); membrane propertieprosity; r: mean pore sizé;,,: thickness

of the membranes,: air-gap width; d: internal diameter of hollow fiber; I: length of hollow
fiber); specific thermal energy consumption (STEC) in kWhéridistillate; distillate flow

(DF) in L/h m? of membrane surface; productivity in L/d’nof collector surface; and
salinity of distillate.

Type of | MA[m?2] | Membrane STEC Dist. flow | Prod Salinity | Ref.
module properties [kwh/m?3]| [L/hm?] | [L/dm?] | [uS/cm] | no.
DCMD | 0.17 e : 70%; 50-110 5.9-6.9 <17 - 128
(h-f) r:0.2um
DCMD | 0.036 r:0.2um " <16 <9 " 129
(s-t) Om:1.5mm
AGMD | 10 ¢: 80% 150-200 | 1-2.5 ~9 < 10 130
(s-w) r: 0.05-0.2um
d4:30um
AGMD | 10 e: 80% 200-300 | < 2.5 <19 <5 132
(s-w) r:0.2um
85:35um
AGMD | 4x10 ¢: 80% 200-300 | < 1.5 2-11 40 133
(s-w) r: 0.2um
dg:35um
AGMD | 5x10 e: 80% Not given | 1.5-1.6 < 13.3 Not 134
(s-w) r:0.2um given
d4:35um
AGMD | 2.94 Not given ” <55 ” 5-30 135
(f-s)
AGMD | 3x2.8 Not given 810-2200| 5-6.5 " > 20 137
(f-s)
AGMD | 9 Not given > 1805 < 3.2 ** 2-5 139
(f-s)
AGMD | 3x3 Not given 294-379 | 3-5.1 " 2-5 139
(f-s)
VMD 0.09 r:0.1um 7850 < 32.2 <2 <4 141
(h-f) d: 371um
[:0.14m
" Simulated.

" Not measured.

Another solar MD plant was constructed in the island of Ibiza (Spain), but using
AGMD configuration with latent heat recovery integrated in a spiral-wound membrane
module!®? The additional mass transfer resistance associated with the AGMD configura-
tion caused a reduction in the transmembrane flux and distillate flows were around 1-2.5
L/h m?, with a thermal consumption of 150-200 kWH/nSimilar modules were devel-
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oped by Fraunhofer-ISE (now marketed by Solarspring). A stand-alone MD system pow-
ered by solar thermal collectors specially conceived for solar desalination was designed and
developed3! Simulation calculations showed that a very simple, compact system with a
collector area of less than 6°ntould produce 120-160 L/d in the summer in a south-
ern country. Several of those were developed in the framework of the EU project called
SMADES! Six compact systems (100-500 L/d) were installed and operated in different
countries (Jordan, Morocco, Egypt, Germany, and Spain). The units had direct circulation
of the feedwater through a 74solar collector. Long-term performance tests demonstrated

a durable operation even with very low maintenance. The compact system installed at the
campus of the Jordan University of Science and Technology in Irbid, Jordan was com-
prehensively evaluated? The specific thermal consumption (200-300 kW#ymas less

than half that of solar stills, while the daily production (19 /of collector for 7 kwh/nd

daily irradiation) was about 4 times larger. The recovery ratio (not larger than 4%) was
worse than in other desalination systems (in MSF and MED figures are double and in RO
can reach to 50%), although the quality of distillate was excellent: less th&icen, de-

spite high values (4@S/cm) at the beginning of the operation which improved quickly
with the production of distillate. Also, a larger system was designed with thermal storage
and a heat exchanger to separate the solar and the desalination circuits. The system was
installed in Agaba, Jordan, working with seawater from the Red Sea## solar col-
lectors and four MD modules operating in parallel, with an extended operation 6 h after
sunset thanks to the heat storage tank. The production varied between 2 and P1df/d m
collector ared33 A larger system (90 tof solar collectors and five MD modules) was
installed in Gran Canaria (Spain) but limited data are avail&l@he performance of the

large systems seems slightly worse than for the compact systems, which shows the ineffi-
ciencies associated with the additional heat exchanger and the larger scale of operation.

A flat-sheet AGMD module was evaluated using thermal energy from a solar pond,
taking heat from the bottom and using brine from the top of the pond as cdétabistil-
late flow reached maximum values of 5.5 L/R miorking with temperatures around 8D
and salinity of seawater. The investigation was based on the influence of the operational
variables more than the energy efficiency or cost. A linear increase in the distillate flux
with the transmembrane temperature difference was observed, as well as a significant de-
crease with increasing salinity and a weak dependence on hot side temperature. This latter
fact and the continuation of flux at very low temperatures mean that the technology could
take advantage of very low grade heat energy. However, leakage proportional to the pres-
sure drop was encountered, which limited the pressure of the hot water passing through the
module.

Similar AGMD modules, developed and manufactured by the Swedish company Sca-
rab, were used in the context of the European project MEDESOL, where a solar multistage
concept to minimize energy consumption was tried for seawater desalin#tidnpilot
plant was built consisting of three modules coupled with a static solar collector field. The
performance of the system was analyzed as a function of operational variables and salt
concentratior?” Distillate production seemed not to be limited by vapor diffusion, as

tPV and thermally driven small-scale, stand-alone desalination systems with very low maintenance
needs.
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expected from an AGMD system, but by the transfer of heat, namely the heat transfer to
the membrane surface, as would be the case of a DCMD system. A linear flux increase
was observed with the temperature difference across the membrane, with only a slight
dependence on the hot side absolute temperature. The modules showed specific distillate
flux values up to a maximum of 6.5 L/h’nfior a transmembrane temperature difference of
65°C and 1 g/L salt solution as feed. A productivity decay around 14% was observed with
increasing salinity (from 1 to 35 g/L). The specific thermal energy consumption varied
between 810 and 2200 kWh?mSurplus thermal energy consumption in the range 100-
400 kWh was observed for an increase in the salinity of the feed from 1 to 35 g/L. Apart
from leakage problems faced during the experimentation, distillate conductivity got higher
(i.e., from values< 10 uS/cm to average values of 40—68&/cm) with increasing salinity

and lower transmembrane temperature difference, which correspond to the conditions for
which the distillate flow decreases. Such low salt rejection values seemed to indicate that
the membrane used was not the most adequate for desalination of seawater. As for the
multistage concept, a general improvement of the efficiency was observed with increasing
the number of stages but limited experimentation could be performed due to the module’s
continuous leakage.

The Memstill consortium developed another concept of AGMD configuring the module
so that evaporation took place under ideal flow conditions, allowing for a high recovery of
latent heat. Limited data exist on this technology and the operation of the pilot plants built
to evaluate it. Researchers claimed that their modules had specific energy consumption
between 22 and 66 kWh/hi38 The technology, patented by Dutch company TNO, has
been licensed to two companies that are now testing industrial fabrication processes of the
modules, Dutch Aquastill and Singaporean Keppel Seghers. Several modules of the latter
have been evaluated at PSA in SpaihThe latest was a module designed for a three-stage
configuration in series. Tests were done for simulated seawater, feed temperat€,of 80
and cooling temperature of 30, and results showed a trade-off between the production
and the energy efficiency. For the minimum operational value of the feed flow rate (10
L/min), the specific thermal energy consumption was the minimum (294 kWhiot
also the distillate flow (3 L/h /). For the maximum value of the feed flow (twice larger),
maximum distillate flow was reached (5.1 L/F nbut also maximum thermal consumption
(379 kWh/n¥). The distillate was in all cases of very high quality (in the range of 2-5
uS/cm).

VMD has been proposed for desalination, and it has great potential based on calcula-
tions!4Y A recent study proved the feasibility of producing potable water from under-
ground water by means of a hollow-fiber module coupled with a solar energy collector
(n24). The largest permeate flux obtained was 32.2 L7lman experiment with 0.09
of membrane area and an & solar energy collector in Southern China. However, the
technology needs scaling up to become a feasible option. Theoretical investigations of sea-
water desalination by coupling solar energy and VMD recently showed that the use of
solar collectors was more efficient than the coupling with a solar pond, predicting a maxi-
mum permeate flux of 142 L/h frfor a vacuum pressure of 500 P&. A semi-industrial
pilot plant is now in operation in Tunisia using VMD and flat-plate solar collectors in
order to verify the simulations against experiments. The Memsys Company also recently



314 ANNUAL REVIEW OF HEAT TRANSFER

launched another VMD module which delivers high flux and has a very good energy recov-
ery by working in a true multieffect distillation (several evaporation/condensation stages).
Demonstration plants are now being built.

In conclusion, the application of solar-driven membrane distillation for desalination is
still a promising concept with only a few applications outside the laboratory and as yet on
a very small scale. Although the performance in energy and productivity has been shown
to be capable of improving on other small-scale processes like solar stills, the potential to
compete with other solar thermal desalination technologies, such as multieffect distillation,
is yet to be demonstrated.

6. SOLAR THERMAL COPRODUCTION OF WATER AND
ELECTRICITY

6.1 Introduction

Due to the high energy consumption of desalination processes, large desalination plants
are typically associated with or close to power production facilities. In the case of thermal
desalination processes (MSF, MED), the plants are normally integrated into electricity pro-
duction plants using steam extracted from a conventional Rankine cycle. In this context,
the idea of integrating desalination in solar power plants is, therefore, very attractive as
solar radiation is usually abundant in places where fresh water is scarce. With the current
commercial development of CSP technology all over the sunny areas of the world, solar
power-water cogeneration plants (CSP+D) appear as a possible means of sustainably re-
ducing power and water problems in many arid and semiarid areas of the Woilthis
situation is clearly reflected in the MENA region (Middle East and North Africa), which
has very large and important development of desalination and also a very high potential
for CSP technology development and implementation; large projects, such as the Desertec
Initiative and the Mediterranean Solar Plan, are currently undelitays

The concept of combining CSP and desalination facilities is a very attractive solution
for the following reasons:

1. At many locations with high solar potential, combined water-power projects can be
more attractive to local stakeholders than stand-alone power production projects.

2. Technological synergies can be identified to potentially reduce the cost of combined
power and water production relative to the independent production of the same items.

3. Financial arrangements can also benefit, as water and power cost can be better
adapted to the specific local conditions of the facility.

4. Politically, the exportation of electricity to other countries can be justified (in many
cases, this is the only reasonable way to make the electrical projects bankable) and,
at the same time, the basic needs of the local population can be addressed by locally
distributing the water, partially financed by the sale of power.

However, the concept also has some drawbacks:
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1. The CSP+D concept obviously needs facilities to be located near the sea, where land
cost and availability can be a significant problem.

2. DNI (direct normal irradiation) is normally lower in the areas close to the sea.

3. Some technological aspects are not yet solved, and specific research, development,
and demonstration activities are needed to define the best concepts and $§5tems.

6.2 Concentrating Solar Power Plants

The first commercial application of CSP technology occurred nearly 100 years ago in
Meadi (near Cairo, Egypt) in 1912, when the American inventor Shuman developed and
installed a parabolic trough collector system (5 rows of 62 m lengthm aperture each)
to produce steam and drive a 120 HP steam turbine, in an effort to avoid the transportation
of coal from England to Egypt!” However, real commercial development of solar power
generation technology happened in the early 1980s in California (USA) with the construc-
tion of the first Solar Energy Generating Systems (SEGS): five 30 MW hybrid parabolic
trough power plants totaling 150 MW capacity, commissioned in 1986-1988, were con-
structed in Kramer Junction and another four (Daggett, 14 and 30 MW, and Harper Lake,
2 x 80 MW), totaled a combined installed solar power of 354 MV/The conceptual
scheme of these plants, still in operation today, was the use of a large parabolic trough
collector field (around 2.210° m? in the 30 MW plants and 4:710° m? in the 80 MW
ones) to heat thermal oil, circulating by the absorber tube located at the focus of collec-
tor parabola, from 295 to 398 (SEGS VI and VII). This heat transfer fluid was used to
produce steam at 100 bar and 3Z1which was expanded in a conventional steam turbine
producing powet*®

After the SEGS plants, a period of 16 years followed with no commercial CSP activity
until 2007, when the PS10 (Seville, Spain) and the Nevada Solar One (Las Vegas, NV)
solar plants started their activity. After that many solar commercial projects followed, with
Spain the most active country in the period 2007-2011 (2340 MW will be operative in that
country, in about 60 CSP plants, by the end of 2013). Among all the CSP technologies that
are in clear development (parabolic troughs, linear Fresnel, central tower, parabolic dishes),
the present market dominance clearly corresponds to parabolic troughs. A second gener-
ation is currently being implemented based on a solar field of aboutl8® m? and the
introduction of thermal storage based on molten salts to achieve a nominal power produc-
tion of 50 MW with 7.5 h of thermal storage from the molten salts. Thermal storage, which
does imply an important increase in the needed investment, provides power dispatchability
(guarantee of power supply to the grid), which is a unique advantage, not existing with any
other renewable energy technology to date. Additional advantages of thermal storage are
to provide:

1. Higher potential value for the produced electricity, as the power can adapt to the
demand and be dispatched at the request of power grid operators.

2. Lower cost, as thermal storage in CSP power plants is cheaper than turbine capacity
increase and allows the use of all collected solar energy.
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3. Grid stability, as the plant is not affected by abrupt changes into the output power, as
is very common in PV plants.

4. Higher plant capacity factor (ratio of the actual output of the plant over a period of
time to its potential output if it had operated at faiminal capacity, which directly
translates into lower electricity costs.

The current-state-of-the-art thermal storage for CSP plants is based on a eutectic mix-
ture formed by 60% of sodium nitrate and 40% of potassium nitrdt@his mixture has
a fusion temperature of 22€C. In a typical 50 MW plant, 2.85% 10* tons of these salts
are used (nominal storage capacity of 1010 MWYlo get the equivalent of about 7.5 h of
nominal power generatiol?! The indicated mixture is used because it has the following
advantages:

1. High density of energy storage (per unit of mass and volume) with reduced thermal
losses.

. Good heat transfer performance and mechanical and chemical stability.

. Chemical compatibility with the conventional heat transfer fluid (synthetic oil).
. High number of heat charge—discharge cycles with low degradation velocity.

. Good relationship between heat storage capacity and cost.

. Very low vapor pressure at working temperatures.

N oo o b~ w0 DN

. Contains neither flammables nor contaminants (the salts are normally used as fertil-
izer) and it is easily managed.

With regard to parabolic trough technology, current designs are based on either LS-3
or Euro-Trough-type developments, using a parabola aperture of about 5.7 m and lengths
between 100 and 150 m per individual collector. Optical efficiency is around 80%, without
considering any ancillary zones such as expansion bellows, supports, glass—metal union
items, etc.

Third-generation parabolic trough power plants are currently under development with
the start of construction in the US of several CSP plants with nominal capacity in the range
of 250 MW. This higher size is expected to significantly reduce the electricity generation
cost.

6.3 Integration of Multieffect Distillation and Reverse Osmosis Desalination
Technologies into Concentrating Solar Power Plants

Studies of different basic integrated power and desalination plant configurations have been
published, such as the description of the operation of low-temperature multieffect distilla-
tion (LT-MED) desalination plants using low-grade steam from different power plahts.
Other studies address the energy cost analysis to produce water from an integrated power
plant into LT-MED and thermal vapor compression MED (TVC-MED) unitsgvaluate
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the benefits of integrating RO units with existing power/desalination plants in the Middle
East!®* or perform thermoeconomic analysis of different configurations for the combina-
tion of a reverse osmosis subsystem to produce drinkable water and a steam power plant
to generate electricit}?® Considering the specific case of CSP+D plants, some studies
show the potential of CSP plants coupled with desalination systems (RO and MED) for
deployment in the MENA regiok’® and other studies technoeconomically analyze the
combination of parabolic trough power plants for electricity production with MED and
ultrafiltration/RO plantg57-158

When the possible options to combine power production and desalination in dual-
purpose plants are analyzed, the best options are MED and RO. This is because these are,
respectively, the most efficient thermal and electrical desalination technologies. In the case
of RO the integration is a straightforward issue by simply using the produced electricity
to feed the desalination unit. In addition, the power and desalination plants do not need to
be physically close to each other, a fact that could impart a significant advantage due to
the previously mentioned inconvenience that DNI is normally lower at the areas close to
the sea. Thus, the solar power plant can be placed at better inland locations and the RO
desalination plant can be by the sea, minimizing seawater pumping requirements.

If a cold water source of about 30 (or lower) is easily available for the cooling
process of the power cycle, then the option of RO would always be the preferred one.
This is because in this case the expansion in the steam turbine can be made up to 0.07
bar (about 40C), so that the penalty of any steam extraction to drive a MED desalination
process would be very high, making the RO technology more energy efficient. One recent
study which considered the case of Cyprus confirms this concldigion.

The second option, CSP and MED facilities, is based on the use of low-grade steam
from the power cycle (typically a Rankine one) to provide the thermal energy needed by
the desalination process. This means that the MED unit needs to be physically located
close to the steam turbine. The first, immediate inconvenience is that distance to the sea
must be carefully analyzed to optimize and balance the global power and water production
output (direct function of DNI potential), the pumping energy requirements, and the initial
capital investment. This combination provides additional advantages such as reducing or
eliminating the cooling requirements of the power cycle by using the desalination MED
process to partially (or completely) replace the conventional cooler associated with the
power block. In addition, challenging ambient conditions in specific regions, such as the
Middle East/Persian Gulf with seasonal high seawater temperatures and saline concentra-
tions, imply the necessity to increase the temperature level at turbine exhaust steam output
to make cooling feasible. In these conditions, the penalty to power production that results
from using steam to drive an MED process is substantially reduced, and it is, from a ther-
modynamic point of view, very attractive against the RO option, which is normally heavy
penalized when high salinity water is used, from both the energy and maintenance points
of view.

When integration of CSP and MED technologies is analyzed, two different types of
configurations can be considered: using the exhausted steam from the CSP plant as the
source of the heat (LT-MED), and a novel system consisting of a low-temperature multi-
effect distillation plant powered by the steam produced from a thermal vapor compressor
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(TVC). In this case, unlike a typical TVC-MED process, the vapor to be used in the steam
ejector comes from the exhausted steam of the CSP plant instead of an intermediate effect
of the desalination unit. This new concept (LT-MED-TVC) has a strong potential since it

is useful for the coupling of any thermal desalination process to a CSP plant, as different
schemes can be considered depending on the quality (pressure) of the steam extracted from
the low-pressure turbine, to be used as the motive steam in the ejector. Figures 24 to 26
show the systems under consideration:

1. Configuration 1: LT-MED unit integrated into a PT-CSP plant (Fig. 24).

2. Configuration 2: LT-MED-TVC unit integrated into a PT-CSP plant with steam ex-
tractions in the low-pressure (LP) turbine (Fig. 25).

3. Configuration 3: RO unit connected to a PT-CSP plant (Fig. 26).

As can be observed in the figures, the thermal energy from the solar field in all configura-
tions is exploited by a power conversion system consisting of a preheater, an evaporator,
and a superheater. The resulting steam is sent to a high-pressure turbine where it expands
before being reheated and expanded again in a low-pressure turbine, producing power. The
configuration shown in Fig. 24 consists of an LT-MED unit integrated into a PT-CSP plant.

In this option, the desalination plant is directly fed by the low-temperature steam from the
turbine outlet, with the MED unit acting as the cooler of the power plant.

In the second configuration (Fig. 25), a steam ejector uses part of the exhaust steam
from the turbine to provide the energy needed by the MED unit. With this scheme, different
possible configurations can be achieved, depending on the enthalpy of the steam extracted
to be used as motive flow in the ejector. The resulting compressed vapor is injected into the
first effect of the distillation unit. A dry cooling system is considered for condensing the
remaining exhaust steam from the turbine. This cooling option is usually the one selected in
arid areas, since typical wet cooling towers consume between 2 and 3 metric tons of water
per MWh of produced electricit}® The use of seawater as a cooling option (sensible heat)
would imply a higher (than dry cooling) energy consumption, due to the large amount of
water that would need to be pumped and the distance from the sea that the whole facility
is likely to be located (from about 2 to 5 km).

373°C
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Superheater 18.5 bar
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FIG. 24: Diagram of the LT-MED unit integration into a PT-CSP plant.
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FIG. 25: Diagram of the LT-MED-TVC unit integration into a PT-CSP plant (two of several
possible configurations).
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FIG. 26: Diagram of the RO unit integration into a PT-CSP plant.
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Finally, in the third configuration (Fig. 26), the RO plant is driven by the power output
from the PT-CSP plant.

Operating conditions of the solar power plants shown in the previous configurations
(Figs. 24 to 26) were taken from the power cycle of Andasol-1 pi&ntyhich was the
first commercial CSP plant to introduce a molten salt thermal storage system.

6.4 Case Study: Port Safaga (Egypt)

To determine the efficiency of these different configurations, a thermodynamic analysis
using a steady-state computer model is needed. This can be done by assessing the net



320 ANNUAL REVIEW OF HEAT TRANSFER

thermal output capacity (which is the thermal power required by the power cycle, provided
by the solar field), the overall efficiency, and the cooling requirements. This yields a set of
nonlinear, algebraic equations for each thermodynamic cycle and the steady-flow energy
equations of all the components associated with the power cycle (pump, reheater, heat
exchanger, condenser, turbine, etc).

This study was performed for the specific location of Port Safaga in Egypt (Red Sea),
which can be considered as a representative case in the Middle East and Persian Gulf
region. A DNI value of 2496 kWh/myr was estimated for this location from satellite
images. In all cases, a net CSP plant power production of 50 MWe was considered, since
this is a typical size of most existing solar plants. This means that all internal electrical
consumptions (pumps, desalination unit, dry condenser, etc.) are considered and deducted
to achieve the net production of 50 MWe. The following parameters, assumptions, and
boundary conditions have been taken into account in the computer Afédel:

¢ Plant location: Port Safaga (Egypt) (longitude 33.&1 latitude 26.79N).
Design point: 27 September (radiation at solar noon 968.993\86:189 C).

e Parabolic trough solar field based on the LS-3 type collector.

¢ North—South orientation (of parabolic trough collectors). Main characteristics: 99.0
m longitude, 545 rhof aperture area, 0.76 of peak optical efficiency.

¢ Distance to the sea of CSP+D facility: 3 km.

e Thermal storage (molten salts) system for 24 h solar operation at design day. This
implies an equivalent thermal storage capacity of about 13 h, with possibility to run
24 h from midspring to midautumn.

e Thermal oil (heat transfer fluid) type: Monsanto VP-1.

e Inlet temperature to the field: 296.

e Outlet temperature from the field: 390.

¢ Actual expansion and compression processes have been considered.

e Anisentropic efficiency of 0.852 has been taken for the high-pressure steam turbine,
and an isentropic efficiency of 0.85 for the low-pressure steam turbine.

e An isentropic efficiency of 0.75 has been taken for the pumps of the power cycle.

e Dry cooling is used for the power cycle steam condensing but seawater is used in
the case of MED cooling. This is due to the large amount of seawater that would
be needed to pump in the case of Rankine cycle, which would significantly increase
pumping energy consumption.

e Condensing conditions at LP turbine (configuration 1$.G@0.31 bar), as needed
by the MED unit.
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e Condensing conditions at LP turbine (configurations 2 and 3)C§8.18 bar). This
is a consequence of high ambient temperatures and the use of dry condé&hsers.

e Condensing temperature of MED last effect’@((seawater temperature at°&).

¢ A specific electric consumption of 2.11 kWhirhas been assumed in the case of
an MED plant (this figure includes the pumping consumption of needed seawater,
including MED cooling requirements) and 5.46 kWH/in the case of RO, which
are the estimated values for the selected Egypt location.

e The GOR has been assumed to be 8.4 in all cases of MED plant.

e The power required by the cooling unit has been taken from a study of a dry-cooled
parabolic trough plant located in the Mojave Desert, which showed 5% less electric
energy produced annuaf§’

e When not all the steam from an LP turbine is taken to the condenser, the energy
consumption estimated by the dry cooling system is proportionally lower.

In all analyzed cases, nominal desalination plant production was: 38* m3/day,
an amount defined by the configuration PT-CSP + LT-MED (configuration 1) when all the
steam from the turbine outlet at 70 feeds the MED unit. With these data, several thermo-
dynamic simulations have been performed for the LT-MED-TVC and RO configurations
(configurations 2 and 3, respectively). In the case of configuration 2, the simulations have
been performed using part of the steam that is extracted from the low-pressure turbine (at
pressures 1.17, 3.04, 6.18, and 14.0 bar) as motive steam. Table 5 shows the results of
the thermodynamic analysis for all configurations, calculating the total thermal energy re-
quired by the integrated power and desalination facility (provided by the thermal storage
system), cooling requirements, the solar field size needed according to the DNI potential
of the selected location, and the overall combined facility efficiency, always considering
the same net power and water production (50 MWe anck31®* m?/day, respectively).

With defined conditions, the integration of an LT-MED unit into a PT-CSP plant gets
the best results, which means that the reduction of power production for this configura-
tion due to the higher pressure of the exhaust steam is less than the extra power that the

TABLE 5: Main data of different CSP+D configurations analyzed to Port Safaga (Egypt)
case study (50 MWe and 35.018 faiay in all configurations)

Thermal ene-| Cooling re- | Parabolic CSP+D
Desalination system rgy consump-| quirements | trough field | efficiency
tion (MW ;) | (%) area (m?) (%)
Conf. 1| LT-MED 161 0 733,570 31.1
LT-MED-TVC (1.17 bar) 180 19 824,040 27.7
Conf. 2 LT-MED-TVC (3.04 bar) 191 27 872,000 26.2
LT-MED-TVC (6.18 bar) 198 30 905,790 25.2
LT-MED-TVC (14 bar) 208 34 948,300 24.1
Conf. 3| RO 175 100 798,970 28.6




322 ANNUAL REVIEW OF HEAT TRANSFER

CSP must generate in configuration 3 for RO desalination process. In addition, no power
plant cooling would be required in this configuration and therefore no condenser would
(theoretically) be necessary.

LT-MED-TVC configurations show worse results than configurations 1 and 3, as it
uses a high-exergy steam to feed a steam ejector which provides the steam required by
the MED desalination process. However, it has the advantage over the RO configuration
of lower cooling requirements. In addition, when compared to the first configuration, the
integration of an LT-MED into a PT-CSP plant by replacing the cooling unit has a major
disadvantage in the fact that the desalination plant must be very close to the turbine since
the exhaust steam has very low density, and therefore pipes with very large diameters are
needed to conduct the steam to the desalination plant. This is why the thermal compression
of the steam (LT-MED-TVC) can also be considered as a feasible option.

6.5 Cost Estimates

To estimate the power and water costs of the more efficient configurations from the previ-
ous case study described (PT-CSP/LT-MED and PT-CSP/RO), the following definition of
levelized electricity cost (LEC) can be us&d:

CTf X Kinvest + Kognm + Kfuel
Enet

ka (1 + kq)"
(14 kg)" — 1

wherekK;, surance 1S @nNual insurance rate (typical value = 1%),,.s: IS total investment
of the plant,K,.; is annual fuel cost (not applicable in the case of solar energy without
backup);k, is real debt interest rate (value used = 8%ijs depreciation period in years
(value used = 25 yearsiKpg s IS annual operation and maintenance costs, Bpgd is
annual net electricity delivered to the grid.

Additional data used to calculate the cost of the solar power are the following:

LEC =

6.1)

CT’f = + kinsurance (62)

1. From a practical point of view, a CSP plant is considered with 13 h of thermal stor-
age, working 24 h from midspring to midautumn, and also at nominal turbine capac-
ity the rest of the year.

2. Investment cost of the 50 MW PT-CSP plant without thermal storage: S30Q/-
nominal.

. Investment cost of thermal storage:&fkWh-stored.
. About 200 hectares of flat land needed.
. Plant availability: 96%.

. Consumption for the cleaning of the mirrors: 0.07/MWh,.165

N o o0~ W

. Land costs are not considered.
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The same procedure will be used to estimate the levelized water cost (LWC). Addi-
tional data to calculate the cost of the desalination plant:

1. Investment cost of RO facility: 858/m? day installed (availability: 92%).

2. Investment cost of MED facility: 105&/m?3 day installed (availability: 98%).

w

. Specific electricity consumption by RO plant: 5.46 kWHA/m

N

. Specific electricity consumption by MED plant: 2.11 kWR/m

ol

. Chemical consumption, manpower, membrane replacement, spare parts, and all other
fixed and variable costs were also considered.

The main cost results are summarized in Table 6.

6.6 Summary Comments on Coproduction

Solar thermal coproduction of water and electricity can only be made at large CSP plants,
with RO and MED the two most reasonable options for desalination technology. Under the
considered hypothesis and scenarios, the RO option would be more efficient in most cases,
having also the advantage of not constraining the geographical location of the solar plant,
potentially avoiding typical problems of land availability and lower DNI levels close to
seashore.

However, when ambient temperatures drastically limit the expansion at steam turbines
and the only reasonable solution to exhaust steam condensing is dry cooling, there is some
room for a more energy efficient, and maybe even more economical, MED option. The
results have shown that, at 0.18 bar in the turbine outlet conditions, the configuration that
involves LT-MED is more efficient thermodynamically than the coupling of the CSP plant
with an RO desalination plant and needs a smaller solar field for the same production
of electricity. Moreover, this configuration has the advantage of not requiring any power
plant cooling. The results obtained are valid for arid regions, where RO has higher specific
electric consumption and dry cooling is used in CSP plants; and, coincidentally, nearly all
locations in which thermal desalination technologies have an important market (Middle
East and Persian Gulf region) have these constraints.

TABLE 6: Comparative costs of power (50 MWe nominal net production) and water
(40,520 ni/day nominal net production) cogeneration with PT-CSP/RO and PT-CSP/LT-
MED configurations

Coaeneration svstem Investment so-| Investment desali-| LEC LwcC
9 y lar plant (M €) | nation plant (M€) | (€/kWh) | (€/m?)

PT-CSP /RO 406.76 29.83 0.178 | 0.649

PT-CSP / LT-MED 380.38 36.84 0.169 | 0.706
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Finally, a novel configuration of MED plant with thermocompression, named LT-MED-
TVC, can also be considered. This configuration requires a larger solar field than the com-
bination of CSP + RO when the motive steam comes from the high-pressure turbine. How-
ever, the energy losses to the ambient are lower for this configuration, since the plant cool-
ing needs decrease from the CSP + RO case. Simulations show that more efficient thermo-
dynamic configurations can be achieved at lower pressures of steam extractions from the
low-pressure turbine. In the case of pressure values slightly higher than 1 bar, the results
obtained in the integration of the LT-MED-TVC desalination unit into the CSP plant are
very similar to those obtained with CSP + RO.

7. PHOTOVOLTAIC POWERED DESALINATION SYSTEMS
7.1 Introduction

Previous sections have discussed the use of solar thermal energy to desalinate water. In
this section, systems which convert solar radiation into electricity using photovoltaics are
reviewed. For both seawater and brackish water desalination, photovoltaic reverse osmosis
(PVRO) systems have been develop&t177,179,183,185,189-201 Fqr prackish water de-
salination, photovoltaic electrodialysis (PVED) has been expléfed’S Both of these
systems have the potential to provide clean water to remote and water-stressed areas.
Here, we provide an overview of the PVRO and PVED approaches. First, the fun-
damentals of photovoltaic operation and their performance limits are reviewed. Next, the
technical details and fundamental challenges of the two systems are described. Finally, cost
considerations for photovoltaic-powered desalination systems are presented.

7.2 Overview of Photovoltaic Performance
7.2.1 Photovoltaic Devices

Photovoltaics convert light energy directly to electrical energy when photons raise elec-
trons in a semiconducting material from the valence band to the conduction band. Photo-
voltaics have many advantages such as no moving parts, free energy, and simple operation
and maintenance. As with solar thermal systems, once set up, solar photovoltaic systems
have no greenhouse gas emissions.

A PV cellis composed of two or more layers of doped semiconducting materials. When
exposed to sunlight, electrons are excited and conducted by electrical contacts to an exter-
nal circuit. A typical PV cell produces only a few watts of power. Cells are typically strung
together in series and are encapsulated in a PV module to provide adequate voltage. These
modules are then strung together in array to provide enough power for a given application.

Due to the bandgap of the semiconductor, photovoltaic cells can only convert a portion
of the solar spectrum into electrical energy. The remainder of the solar energy is lost to heat.
Conversion efficiencies of photovoltaic cells vary depending upon the material and process
used to produce the cells. Many different types of semiconducting materials are used in
PV cells. The majority of commercial PV modules on the market today are made of silicon
(Si), which can be divided into three main categories: monocrystalline silicon, which is
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the highest efficiency and cost, polycrystalline silicon, which has a less ordered crystal
structure and lower efficiency, and amorphous silicon, which is a thin-film technology with

relatively low efficiency. Other compounds that are commonly used in solar cells include
cadmium telluride (CdTe), gallium arsenide (GaAs), and copper indium gallium selenide
(CIGS). Common efficiencies for commercial monocrystalline silicon modules are 15—
18%. The highest observed conversion efficiency of 42.3% was for a multijunction GaAs
concentrator solar celf® Some common and the best observed conversion efficiencies for
the different technologies are listed in Table 7.

7.2.2 Solar Panel Model

The basic operation of a solar cell can be represented using the classic one-diode model.
In this model, depicted in Fig. 27, the current produced by a solar module is given by
Ref. 167:

(7.1)

IR, IR,
szph_lo[exp<v+ R )_1}_V+ R

nchell/q Rsh

wherel ,, is the light generated currem, is the reverse saturation current which is affected
by temperaturey is the panel operating voltageis the operating currenR;, is the panel
series resistanc®,;, is the panel shunt resistangeis the diode ideality factok is the
Boltzmann constant ..;; is the cell temperature, angs the charge of the electron. Note
thatlg, Rs, Ry, andn are all panel specific parameters. The light generated current can be
represented by

Iph = Apanel (CO + Cchell) GTad (72)

whereA,,; is the area of the solar pan@,.q is the incoming solar radiation normal to
the cell, andC, andC, are panel specific constants.

TABLE 7: Terrestrial single-junction solar module conversion efficiencies

Common conversion| Best observed conver
Technology efficiency?®” sion efficiencie$®® {
Silicon
Monocrystalline 15-18% 21.4%
Polycrystalline 12-16% 17.5%
Amorphous 6-8% 8.2%
CIGS 10-14% 15.7%
CdTe 8-11% 10.9%
I ANN——
Ip1 R, |
loh Rsh V

FIG. 27: Electrical circuit representation of the five-parameter solar module model.
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From the above equations, the output current of the photovoltaic module is dependent
on many factors including the operating voltage, the solar radiation, and the solar cell
temperature. A typical solar panel output current and power for different operating voltages
and levels of solar radiation are shown in Fig. 28. In these figures, for each solar radiation
level, there exists an operating voltage for which the solar panel produces the maximum
amount of power. In general, connecting a load directly to a solar panel will not result in the
voltage that gives maximum power output. Typically a power converter with a maximum
power point tracking algorithm is required to optimize the power outfjt.

Temperature is also an important factor affecting the performance of PV panels. The
variation in power output with temperature of a typical PV panel for a given level of solar
radiation is shown in Fig. 29. Temperature has a substantial effect on the power output
of the panel; increasing the temperature by one degree Kelvin results in a 0.4% decrease
in power output for silicon solar panel$’ Temperature also greatly affects the position
of the optimal operating point. A maximum power point tracker is required to ensure the

panel output is optimized. Both of these effects must be considered when designing a
photovoltaic powered desalination system.
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7.3 PVRO Systems

Reverse osmosis systems can be coupled to PV panels to desalinate water. PVRO systems
have many different configurations. A simple reverse osmosis system with energy recovery
and batteries is shown in Fig. 30. In this system, the control electronics direct power from
the PV panels and the battery to the pumps to pressurize the incoming water. The water is
driven through the reverse osmosis membrane array by the high pressure, producing high
salt concentration brine on the pressured side and fresh water on the low-pressure side at
the end of the array. The high-pressure brine passes through an energy recovery device,
such as a pressure exchanger or turbine, to recover the useful energy in the brine before
it exits the system. These systems can be used to desalinate seawater or brackish water.
Details of the individual system components are provided below.

7.3.1 Pretreatment

Pretreatment of the saline water is an essential step for reverse osmosis systems. Pretreat-
ment methods are often custom designed for the specific characteristics of the raw water.
Common methods employed for pretreatment in small PVRO systems start with simple
filters which remove particulates from the incoming water. Usually these consist of two
stages of filters to remove particles larger thanrb. Carbon filters are also commonly

used to remove free chlorine from the incoming water. If the feedwater has high levels of
bacteria, ozonation or chlorination are used to protect the reverse osmosis membranes from
biofouling.16?

Mineral scaling can also reduce the life of reverse osmosis membranes. This is particu-
larly an issue for brackish water reverse osmosis systems where the recovery ratios tend to
be higher. Methods of mitigating scale formation include the addition of antiscalants and
decreasing the recovery ratio of the PVRO systétn.

7.3.2 Pumps

Positive displacement pumps are commonly used for PVRO systems. Many systems in the
literature use rotary positive displacement pumps such as vane ptim{gg or progres-
sive cavity pumps’4175 Reciprocating pumps such as diaphragm purfpS” or piston
pumps 0174 are also commonly used. The type of pump is chosen based on the flow rates

Reverse
Feed High Osmosis

Salt ~ Water Pressure Membranes Fresh
PV Array Water Pump Pump > Water [~ post.
Intake Pre- " | treatment
treatment
I I
Tracking System
Control Energy
| Electronics Recovery
| Device
Batteries Brine

FIG. 30: PVRO system with energy recovery.
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and pressures of the particular reverse osmosis system. Typical operating pressures for sea-
water reverse osmosis systems are between 55 and 70 bar. The typical operating pressures
for a brackish water reverse osmaosis system are usually substantially less, between 15 and

30 bar.

7.3.3 Reverse Osmosis Membranes

The reverse osmosis membranes are the essential component affecting separation. The
prevalent construction used in PVRO systems are composite, spiral-wound membranes.
The membrane itself is composed of a thin, nonporous polyamide active layer supported
by a thicker, porous polysulfone backing. The membrane is configured as a cross-flow
separator wherein a portion of the water is recovered. The rest leaves the membrane module
as high concentrate brine.

The flow rate of clean water across the membrane is proportional to pressure difference
minus the osmotic pressure difference, given by

V= K4Amem (TCF) (FF) (AP — A7) (7.3)

whereA,,...., is the membrane surface aréd, is the membrane permeability for water,
TCF is the water permeability temperature correction factor, FF is the membrane foul-
ing factor, AP is the average pressure applied across the membrané\amslthe aver-
age osmotic pressure applied across the membrane. This equation shows that increasing
the membrane area, permeability, and driving pressure result in increased water produc-
tion.

Unfortunately, the membranes are not perfect and also allow salt to be transmitted. The
concentration of salts in the water produced is given by Ref. 178

K Aem (0f) (TCFIC.

C. =
p Vp

(7.4)

whereK z is the membrane permeability for sagiff is the polarization factor, anGy.

is the average concentration of water in the membrane feed channel. This equation shows
that the membrane area and salt permeability both affect the permeate concentration. These
factors must be considered during the design process.

As can be seen in the equations above, the water flow rate through the reverse osmosis
membrane is dependent on the driving pressure. Note the temperature correction factor: an
increase in feedwater temperature of 4 degrees Kelvin will cause the product flow rate to
increase by approximately 10% assuming that all other variables remain cort@hese
effects should be considered when designing a PVRO system for a particular location.

7.3.4 Energy Recovery Devices

The brine exits the reverse osmosis module at high pressure. Energy from the high-pressure
brine can be harnessed to perform useful work by introducing an energy recovery device.
These devices can substantially reduce the power requirements for the reverse osmosis
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process. This difference is shown in the energy flow diagrams. Figure 31 shows the energy
flows in a reverse osmosis system without energy recovery. In this system, the majority
of energy is lost in the pressure control valve that reduced the brine pressure to discharge
pressure; the calculated specific energy consumption for this system is 9.8 kKwh/m
water produced. Figure 32 shows the energy flows in a system with a pressure exchanger
energy recovery unit. In this case, less energy is required per unit of water produced: the
calculated specific energy consumption is 3.8 kWh/m

Energy recovery devices can greatly reduce the power requirements of a reverse os-
mosis system, but the available energy recovery options for small-scale PVRO systems
are limited and tend to be expensive. As a result, many seawater PVRO systems have not
incorporated energy recovery devices. Recently, energy recovery devices that can operate
at lower flow rates have been developed. Devices that are incorporated in modern PVRO
systems include Clark pumps, pressure exchangers, and hydraulic motors. Due to the lower
pressure requirements and higher recovery rates, only a few brackish water reverse osmosis
systems have incorporated pressure exchanger energy recovery devices.

7.3.5 Control Strategies and Batteries

Batteries are often a requirement in PV systems to store energy for times when the sun
is not shining. However, in a PVRO system, we can store the energy in the form of clean

water, eliminating the need for batteries. Therefore, including batteries in a PVRO system

is a choice of the system designer. This section provides an overview of the pros and cons
of including batteries in a PVRO system and control strategies that can be employed for

PVRO systems.
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FIG. 31: Energy flows in reverse osmaosis system without energy recovery.
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FIG. 32: Energy flows in reverse osmosis system with energy recovery.
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Pros and Cons of BatterieBatteries are included in a PVRO system for many reasons.
Batteries can greatly simplify the operation of a system. Batteries allow for operation of
the system at a constant set point. In addition, batteries can be used as a buffer to smooth
out power variations over the course of the day and to operate during the nighttime hours.

Steady operation is believed to limit membrane biofouling. Researchers suggest
that variable and intermittent operation can increase the rate at which biofouling
occurst™179-181 Thjs is a particular concern for the hot climates where PVRO systems
are typically deployed. However, the majority of biofouling research has been conducted
for membranes at a fixed operating point. Studies have shown that the degradation of mem-
branes under variable and intermittent operation is not a major concern over the short
term,\75:179:182 byt studies that quantify the long-term effects have yet to be completed.
These long-term degradation effects should be factored into design decisions.

Despite simplifying system operation, the use of batteries has substantial drawbacks.
First, batteries are expensive; installation and replacement costs of batteries significantly
increase the lifetime cost of a PVRO system. Second, batteries require periodic mainte-
nance. The absence of maintenance may result in greatly reduced battery life. Third, when
charge controllers and wiring are considered, batteries result in a much more complicated
PVRO system. Finally, batteries introduce energy conversion losses. Energy is lost when
the electrical energy from the PV is converted to chemical energy in the battery and when
the chemical energy is converted back to electrical energy to drive the pumps. These losses,
shown in the energy flow diagrams (Figs. 31 and 32), decrease the overall system effi-
ciency.

System Control Technique¥/hen using batteries, the control scheme for a PVRO
system is simplified. Typical operation of a PVRO battery system is shown in Fig. 33. In
these systems, the panel set point is controlled to maximize the power transferred to the
batteries, the RO system is operated at a fixed point, and a simple controller determines the
start-up and shutdown time.

3000

2500
Solar Array Pawer

2000

Reverse Osmosis

System Power
1500 F

Power (W)

1000
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a 4 g 12 16 20 24
Time (hours)

FIG. 33: Typical operation of a PVRO battery system.
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Different techniques have been employed to determine the start-up and shutdown time
of the battery-operated system. A simple technique checks the charge of the battery at
sunrise and calculates a start-up time. At noon, the status of the batteries is measured and
a shutdown time is determiné& Other simple approaches use a set battery voltage to
trigger the system to turn on, and then use another battery voltage set point to turn the
system off:33:184 More complex dynamic regulation strategies have also been developed
which delay the shutdown of the reverse osmosis system to ensure that frequent start-ups
and shutdowns do not occti#®

System control without batteries becomes more complex. In this case, the system must
respond to changes in environmental conditions such as solar radiation, water salinity, and
temperature in real time. Without energy storage, this becomes a power management prob-
lem in which the controller varies the operating point of the pumps and other actuators
in the reverse osmosis system. This type of control has been an active research area, and
methods have been developed to optimize the PVRO system output under variable sunlight
conditions!73:178,183,185=187 \When using one pump, one method optimizes system per-
formance by controlling the operating power of the reverse osmosis pump to correspond to
the maximum the PV panel power outgt. In other methods, optimal operating points
for the multiple pumps are determined offline and the controller tracks these points as the
available solar power chang&$:18” As noted above, biofouling is a concern, especially
for variable operating systems without batteries. As a result, protocols are often imple-
mented for battery-less PVRO systems that shut down the main reverse osmosis pumps
and initiate flushing cycles during levels of low solar radiatioh!33:18

Thermal Control Technique#:was shown in Sec. 7.2.2 that PV modules operate more
efficiently when their temperature is lower. It was also shown in Sec. 7.3.3 that reverse
osmosis membranes transmit more water when the input feedwater is warm. Techniques
are currently being studied which exploit these complementary properties for a PVRO
system.

In one approach, the reverse osmosis feedwater is run through a heat exchanger, which
is affixed to the rear side of the PV pan&t. This has the dual effect of cooling the PV, al-
lowing it to produce more electricity, and warming the reverse osmosis feedwater, reducing
the overall energy requirements of the reverse osmosis system. Furthermore, this approach
allows for the addition of low-cost solar concentrators, which further boost the output of
the reverse osmosis system. Careful control is required to ensure that the temperature lim-
its of the PV and the RO are not exceeded. This approach has been shown to increase the
overall performance of a PVRO system by 50%.

7.3.6 Overview of Deployed PVRO Systems

Many PVRO systems have been built and field tested. All of these systems are community
scale, producing between 100 L and 60 ofiwater per day. These systems can be divided
into two main categories: brackish water systems and seawater systems.

Brackish water PVRO systems have been designed and tested in a wide range of
locations!70—173,175,176,189—197 Many of these systems are simple and do not incorpo-
rate an energy recovery device due to the small scale and reduced pressure requirements
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for brackish water PVRO systems. Examples include a small system designed by Carvalho
and Riffel in Brazil!*" a system designed and tested by Cheah in the Southwestern United
States,™ a small system was tested by Abdallah in Jortftrand a small system tested
by Joyce in Portugdl”™> Some small brackish water PVRO systems incorporate energy
recovery devices. The most notable of these systems is SolarFlow, which has been tested
in the Outback of Australia?® Some characteristics of these systems and estimated water
costs are presented in Table 8.

Seawater PVRO systems have also been develgped?179:183,185,198—201 \jgny
of the early systems were simply a photovoltaic array and battery bank used to power
an existing reverse osmosis system. Such systems were found to be inefficient, so re-
cent research has focused on increasing system efficiency, with some success. The Ca-
nary Islands Technological Institute has developed a small battery-based $§stén.
Battery-based systems have also been commercialized by Spectra Wateftakeesl-
dition, hybrid solar/wind reverse osmosis systems have been devefopée.!® Re-

TABLE 8: A selection of brackish water PVRO systems

Water |Water PV power Batteries | Ener Water
Location salinity | production | rating (KWh) recoggr cost Year
(mg/L) | (m*/day) |(kW,) Y ($Us/m?)
Amman, Jordah* 400 0.1 0.07 No No N/A  |2005
Cituis, Indonesi&?® 3500 12.0 25.7 132 No $3.68 [1983
Coite—Pedreiras, 1200 0.55 1.1 9.6 No $12.76 |2004
Brazil'92
Concepcion del Oro,| 3000 0.71 2.5 No No N/A 1978
Mexico!90
El-Mamrawein, 5000 53.0 18.5 200 No N/A 1986
Egypt193
Gillen Bore, 1600 1.2 0.52 Yes No N/A 1993
Australig 70
Giza, Egypt™? BW 6.0 7.0 Yes No N/A 1980
Hammam Lif, 2800 0.05 0.59 No No $8.00 |2005
Tunisid?®
Heelat Ar Rakah, 1010 5.0 3.4 9.6 No $6.52 1998
Oman 71,191
Lisbon, Portugal® 2549 0.02 0.1 No No N/A 2000
Mesquite, Nevadd® | 3910 1.5 0.54 No No $3.46 (2003
Perth, Australi&™ BW 0.55 1.2 Yes No N/A 1982
Pine Hill, Australid™ | 5,300 1.1 0.6 No Yes N/A  |2008
Sadous, Saudi 5700 5.7 10.1 264 No N/A 1994
Arabia?0
White Cliffs, 3500 0.5 0.34 No Yes N/A 2003
Australig 72
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search has also led to the development of cost-effective seawater PVRO systems without
batteries.”4177,179,183,198,200 5ome characteristics of these seawater PVRO systems and
estimated water costs are presented in Table 9.

Cost analyses of PVRO systems have been performed by multiple researchers. The re-
sults of these analyses are summarized in Tables 8 and 9. Reported numbers range between
$3.00 per m and $12.76 per th These numbers will vary greatly for different locations
due to the variation in solar resource. There have been dramatic decreases in the cost of PV
panels in the past few years, which should make PVRO systems more cost competitive.

7.4 PVED Systems
7.4.1 System Overview

Electrodialysis (ED) is an electrochemical process that can be used to desalinate water.
Due to the energy requirements of the process, electrodialysis is much more cost effective
for lower salinity water, and it is typically implemented for purification only with brackish
water sources. The typical PVED system can be seen in Fig. 34, consisting of a PV panel
array, control electronics, a battery, a feed pump, an electrodialysis membrane stack, and
pre- and post-treatment systems.

The principle of the electrodialysis process is shown in Fig. 35. In this process, the
saltis separated from the water based on an electric charge. In this system, two conductive
electrodes are connected to a voltage source and are placed in contact with the brackish

TABLE 9: A selection of seawater PVRO systems

Water |Water PV power Batteries | Ener Water
Location salinity | production |rating (KWh) recoggr cost Year
(mglL) |(m*/day) |(KW,) Y susin?)
Athens, Greecd’ 40,000 0.35 0.85 No Yes $11.45 | 2008
Boston, MA'7 35,000 0.4 0.23 No Yes N/A 2010
Canary Islands, 35,500 3.0 4.8 60 Yes $9.60 |1998
Spain!83198
Massawa, Eriti&417 | 32,800 3.0 2.4 No Yes $3.00 |2001
Feed Low Fresh
PV Ara vsatlt \évjrfg P:JS;L:;G Electrodialysis | VAl [ Post-
Y Intzlfg Membrane " | treatment
Pre- Stack
I I “ | ” g : treatment g ; r— l Concentrate
Discharge
Control
Electronics

Batteries

FIG. 34: Typical operation of a PVRO battery system.
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FIG. 35: Typical operation of a PVRO battery system.

water. An electric field is established and charged ions migrate toward the electrode with
the opposite charge. Two types of selectively permeable membranes are placed between
the two electrodes. An anion exchange membrane is positively charged and only allows
transmission of negative ions (anions), while a cation exchange membrane is negatively
charged and only allows transmission of positive ions (cations). These membranes are
stacked in an alternating fashion, as shown in Fig. 35, resulting in alternating channels of
diluate and concentrate which can easily be collected.

7.4.2 Deployed PVED Systems

Photovoltaic electrodialysis systems have been successfully constructed and tested in the
field. The majority of these systems use batteries to provide a constant power source. Lab-
oratory scale systems include systems built at the University of BatfaBystems have

also been field tested at the University of Alicante in Sgéfnat Fukue City in Japaff*

at Rajasthan in Indi&® and at the Bureau of Reclamation in New Mex#6 Details of

these systems are given in Table 10.

TABLE 10: Summary of deployed PVED systems

Water |Water PV power Water
Location salinity | production | rating Batteries | cost Year

(mg/L) |(m3/day) |(kW,) ($US/n?)
Alicante, Spaif®? 5100 15 3.8 No N/A | 2008
Fukue City, Japaii* 1000 200 N/A Yes N/A | 1994
Rajasthan, Indi4° 5000 1.0 0.45 Yes $5.80 | 1986
Spencer Valley, New 1000 2.8 3.3 Yes $16.00 | 1998
Mexico??6
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Cost analyses of PVED systems have been performed by multiple researchers. The
results of these analyses are overviewed in Table 10. Reported numbers range between
$5.80 per m and 16.00 per rh Note that these cost numbers were reported prior to 1998.
Since then, there has been a dramatic decrease in the cost of PV panels, which should make
PVED systems more cost competitive.

7.5 Summary Comments on PV Powered Desalination

This section provided an overview of different PV powered desalination options. The fun-
damentals of photovoltaic system technology were discussed, and the properties of PVRO
and PVED systems were presented. This section also summarized PVRO and PVED sys-
tems that have been built and tested under field conditions. Cost analysis for the deployed
PVRO systems show water cost ranges between $3.00 pemnoh $13.00 per h Re-

ported cost numbers for PVED systems range between $5.80%andan$16.00 per m

These prices are high when compared to large-scale desalination plants, but with decreases
in the costs of PV materials and improvements in system technologies, these systems are
expected to become more financially viable.

8. FINAL COMMENTS

Solar desalination is attractive as a renewably powered means of providing fresh water at
both large and small scales, and many of the world’s water-scarce regions have abundant
solar energy. This review has considered basic concepts of desalination, simple solar stills,
solar-driven humidification—dehumidification systems, solar-driven membrane distillation,
concentrated-solar-driven combined water-power coproduction, and photovoltaic-driven
desalination. While solar stills are a relatively well-established and low-efficiency tech-
nology, most of the other, higher efficiency systems are the targets of considerable ongoing
research and development, and the cost of water from each is dropping rapidly. Some of
these technologies (HDH, MD, PV) are probably best suited for smaller scale or off-the-
grid applications, but the concentrated solar distillation technologies show considerable
potential for large-scale water production, with estimated costs well bel&imE. Many
water-stressed regions are also rapidly developing substantial solar power generation ca-
pacity, and it is clear that for those regions solar electrical generation will be a major driver
for the development of solar desalination technologies. It can be predicted that solar-driven
desalination will have a significant role in supplying the world’s fresh water in the years to
come.
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