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SYSTEMS AND METHODS FOR WATER
DESALINATION AND POWER GENERATION

Cross-Reference to Related Application(s)
This application claims priority to co-pending U.S. Provisional Application
serial number 61/683,966, filed August 16, 2012, which is hereby incorporated by

reference herein in its entirety.

Background
Desalination is not only necessary to overcome fresh water shortage issues of
the future but is also important for the oil-gas-coal industry, which generates
substantial amounts of waste water during the production of oil, natural gas, and
coal. Multi-effect distillation (MED), multi-stage flash (MSF), and reverse osmosis
(RO) are the dominant desalination processes with RO having the largest installed
capacity. When handling brackish water or even seawater, the RO process is energy

efficient. However, it requires stringent pretreatment and a dramatic osmotic
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pressure increase with increased salt concentration. This limits the RO process to
low concentration feed water desalination applications.

On the other hand, a thermal process, such as MED, is robust, requires less
pretreatment, and could handle high concentration water sources. Because thermal
desalination is regarded as energy intensive, seawater desalination and hydraulic
fracturing flowback water desalination require more energy than conventional water
treatment due to the higher salt concentration. It would be desirable to have a
thermal desalination system that could use alternative energy sources and
technologies to reduce environmental concerns. Furthermore, it would be desirable

to improve the energy efficiency of thermal desalination.

Brief Description of the Drawings

The present disclosure may be better understood with reference to the
following figures. Matching reference numerals designate corresponding parts
throughout the figures, which are not necessarily drawn to scale.

Fig. 1 is a block diagram of an embodiment of a water desalination and power
generation system.

Fig. 2 is a cross-sectional view of an embodiment of an ejector that can be
used in the system of Fig. 1.

Fig. 3A is a graph that illustrates osmotic pressure change and specific area
change compared to standard seawater 34 g/kg salt concentration osmotic pressure.

Fig. 3B is a graph that illustrates specific area increase percentage compared
to seawater 35 g/kg when the MED has constant PR = 9 and condenser approach

AT =2°C.
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Figs. 4A-4C are graphs that illustrate (A) percent ratio of condensing load to
heat input, (b) specific heat exchange, and (C) percent of vapor condenses in
preheater (for PR = 9, condenser approach AT = 2°C).

Fig. 5 is a block diagram that provides a general representation of a thermal
desalination process.

Figs. 6A and 6B are graphs that illustrate the variation of specific energy
consumption with vapor fraction (A) and recovery when final product is at 35 °C and
(B) final product temperature when recovery is 50%.

Figs. 7A and 7B are graphs that illustrate the effect of power cycle high
pressure on system parameters and show (A) system exergy efficiency and power
cycle efficiency and (B) Entrainment ratio and mass ratio of primary flow to feed
brine.

Figs. 8A and 8B are graphs that illustrate the effect of ejector efficiency on
system parameters and show (A) system exergy efficiency and power cycle
efficiency and (B) entrainment ratio and turbine pressure ratio.

Figs. 9A and 9B are graphs that illustrate the effect of salt concentration on
(A) system exergy efficiency and power cycle efficiency and (B) ejector entrainment

ratio and ratio of the ejector destruction to system exergy destruction.

Detailed Description
As identified above, it would be desirable to have a thermal water desalination
system that could use alternative energy resources and that is more energy efficient.
Disclosed herein are examples of such systems. In one embodiment, the system

takes the form of a water desalination and power generation system that can be
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used to both desalinize water and generate mechanical or electrical power. In some
embodiments, the system is driven by low-grade heat sources, such as solar energy,
geothermal heat, or waste heat from an industrial process. Instead of wasting the
latent heat of steam that remains after the desalination process, the latent heat is
continuously recovered by the system and reused in the desalination process. In
some embodiments, the system combines an organic Rankine cycle (ORC) or a
supercritical organic Rankine cycle (SORC) subsystem, an ejector, and a multi-effect
distillation (MED) desalination subsystem, and can be used for seawater or
concentrated brine, such as hydraulic fracturing flowback water produced during
natural gas mining.

In the following disclosure, various specific embodiments are described. It is
to be understood that those embodiments are example implementations of the
disclosed inventions and that alternative embodiments are possible. All such
embodiments are intended to fall within the scope of this disclosure.

Fig. 1 illustrates an embodiment of water desalination and power generation
system 10. Generally speaking, this example system 10 comprises three
subsystems: a power generation subsystem, a water desalination subsystem, and an
ejector that links the two subsystems.

With reference to the upper left corner of Fig. 1, the system 10 includes a
boiler 12 that boils a working fluid supplied by line 14 to produce steam that flows
through line 16. In some embodiments, the working fluid is an organic fluid. By way
of example, the working fluid can comprise a refrigerant, such as R152a or R32. The
heat used to drive the boiler 12 is supplied by a heat source via supply line 18. The

fluid then returns to the heat source via line 20. As described above, the heat source
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can be a low-grade heat source, such as a solar energy source, a geothermal
source, or an industrial process source (i.e., waste heat from the process). By way of
example, the fluid supplied by the heat source is at a temperature of approximately
50 to 300°C (e.g., 150°C).

The steam in the line 16 has an elevated temperature and pressure. By way
of example, the steam can have a temperature of approximately 50 to 300°C (e.g.,
140°C) and a pressure of approximately 0.01 to 12 MPa (e.g., 5 MPa). The elevated
temperature and pressure of the steam can be utilized to perform mechanical and/or
electrical work. Accordingly, the steam can be delivered to an expander 22 that
converts the heat energy in the steam into mechanical and/or electrical power. By
way of example, the expander 22 can be a scroll expander that generates
mechanical energy.

In conventional power systems, the steam that exits an expander such as that
shown in Fig. 1 is typically delivered to a condenser to return the working fluid to
liquid form. In the system 10, however, the steam that éxits the expander 22 is
delivered via line 24 to an ejector 26 so that it can be used as primary steam for the
desalination process. Although this steam has a lower temperature and pressure
than the steam within line 16, it is still has a relatively high temperature and
pressure. By way of example, the steam in line 24 has a temperature of
approximately 50 to 135°C (e.g., 127°C) and a pressure of approximately 5 to 4500
kPa (e.g., 4006 kPa). In some embodiments, the ejector 26 comprises a converging-
diverging nozzle that is simple in design and therefore inexpensive to construct and
purchase. Although conventional ejectors can suffer from low efficiencies, high-

efficiency ejectors have been both theoretically and experimentally evaluated that
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have efficiencies as high as 90% under specific conditions. The diverging portion of
the nozzle accelerates the steam from line 24 to create a strong vacuum that
entrains secondary steam having relatively low temperature and pressure from line
28 to form a mixed steam that flows through line 30.

Fig. 2 illustrates an example ejector in the form of a pressure exchange
ejector 26' that could be used in the system 10. As shown in Fig. 2, the ejector 26'
generally comprises a housing 110 that includes a first inlet 112 for a primary flow
and a second inlet 114 for a secondary flow. Provided within the housing 110 is a
nozzle 116, such as a supersonic converging-diverging nozzle, through which the
primary flow passes and a shroud 118 in which a portion of the nozzle is positioned
and through which both the primary flow and the secondary flow pass. Also
positioned within the shroud 118 is a cone 120 and a rotor 122 from which a shaft
124 extends. The mixed primary flow and secondary flow then exits the housing
through an outlet 126.

Returning to Fig. 1, the steam within line 28 that is entrained into the steam
from line 24 is the working fluid that has already passed through the desalination
subsystem (described below) and that has been boiled using a condenser 32. More
particularly, the working fluid is delivered in liquid form at a temperature of
approximately O to 40°C (e.g., 33°C) and a pressure of approximately 1 to 2500 kPa
(e.g., 752 kPa) to the condenser 32 via line 34 and is boiled by heat provided by
freshwater steam that exits the desalination subsystem via line 36. By way of
example, the freshwater steam within line 36 is at a temperature of approximately 10
to 50°C (e.g., 35°C) and a pressure of approximately 1.23 to 12.33 kPa (e.g., 5.6

kPa). In conventional thermal desalination systems, the latent heat of condensation
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within that steam would normally be wasted and would generate thermal pollution
that, for example, would be output into the ocean. In the system 10, however, the
latent heat of the freshwater steam is continuously recovered and is reused in the
desalination process by providing latent heat within the working fluid steam of line 28
that can be delivered to the desalination subsystem. The steam within line 28 that
results from the heat transfer in the condenser 32 is at a relatively low temperature
and pressure. By way of example, the steam within line 28 has a temperature of
approximately 0 to 45°C (e.g., 33°C) and a pressure of approximately 5 to 2500 kPa
(e.g., 752 kPa). Despite those relatively low values, the steam within line 28 has
substantial latent heat that can be released when the steam condenses into a liquid.

The freshwater steam from line 36 is also used to heat the source water that
is to be desalinized by the system 10. In this example, the source water is assumed
to be seawater. By way of example, seawater is supplied to the condenser 32 via
line 38 at a temperature of approximately 15 to 40°C (e.g., 25°C) and leaves the
condenser via line 40 at a temperature of approximately 20 to 45°C (e.g., 33°C).

The mixed steam within the line 30 that results from entraining the steam from
line 28 into the steam from line 24 has a temperature that is lower than that of the
steam within line 24 but higher than that of the steam within line 28. By way of
example, the mixed steam has a temperature of approximately 50 to 110°C (e.g.,
80°C) and a pressure of approximately 5 to 2500 kPa (e.g., 1687 kPa). The mixed
steam is delivered to the first evaporator 42 of the desalination subsystem. In the
illustrated embodiment, the desalination subsystem comprises three evaporators,
namely the first evaporatdr 42, a second evaporator 44, and a third evaporator 46. It

is noted, however, that a greater or a fewer number of evaporators could be used.
7



10

15

20

WO 2014/028832 PCT/US2013/055325

Irrespective of the number of evaporators that are used, their operating temperatures
and pressures decrease from the beginning of the desalination subsystem toward
the end. As is shown in Fig. 1, the mixed steam is delivered to heating elements 48
of the first evaporator 42. In some embodiments, the heating elements 48 comprise
tubes that segregate the working fluid from the seawater.

The seawater within line 40 is also delivered to the first evaporator 42. In
particular, the seawater is delivered to spray nozzles 50 of the evaporator 42 that
spray the seawater onto the heating elements 48. Before reaching the nozzles 50,
however, the seawater is preheated in a preheater 52 that, as described below,
utilizes heat from freshwater steam generated by the desalination subsystem to raise
the temperature of the seawater. By way of example, the preheater 52 raises the
temperature of the seawater to approximately 45 to 65°C (e.g., 55°C).

Because of the relatively high temperature of the mixed steam flowing through
the heating elements 48, some of the seawater sprayed onto the elements boils to
generate freshwater steam. That steam can be delivered via line 54 to the heating
elements 56 of the second evaporator 44.

After releasing its heat to the seawater in the first evaporator 42, the working
fluid steam condenses and forms a liquid stream that flows through line 58 to a
splitter 60 that separates the liquid flow into two parts: one part along line 62 and
another part along line 64. During this process, the working fluid does not mix with
the seawater or freshwater steam. The working fluid flowing through line 62 is
delivered to a pump 65 that raises the pressure of the working fluid to 500 to 12000
kPa (e.g., 4900 kPa), and supplies the working fluid back to the boiler 12 via line 14

so that it can be vaporized. The working fluid flowing through line 64, however, is
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delivered to a throttle valve 66, which lowers the temperature and pressure of the
fluid to approximately 0 to 50°C (e.g., 33°C) and 5 to 2500 kPa (e.g., 752 kPa). The
lowered temperature and pressure working fluid then flows through line 34 to the
condenser 32 for vaporization and absorption of the latent heat of the freshwater
steam from line 36.

As mentioned above, part of the seawater sprayed into the first evaporator 42
boils to generate freshwater steam. Part of that seawater does not boil, however,
and that remaining seawater is delivered to the nozzles 68 of the second evaporator
44 via line 69. That seawater is sprayed on the heating elements 56, which are
heated by the freshwater steam from the first evaporator 42, to create further
freshwater steam. Instead of being directly delivered to the heating elements 70 of
the third evaporator 46, that steam is delivered to the preheater 52 via line 72. The
steam from line 54 that is delivered to the heating elements 56 of the second
evaporator releases its latent heat and condenses. The condensed liquid is delivered
to a first flash box 80 via line 82 and is split into a steam stream that travels along
line 86 and a liquid stream that travels along line 88.

The steam within line 86 is delivered to the preheater 52. Water that
condenses in the preheater 52 is delivered to a second flash box 90 via line 84, while
steam from the preheater is delivered to the heating elements 70 of the third
evaporator 46 via line 74. After releasing the latent heat of vaporization, the steam
from line 74 condenses to a liquid stream that flows along line 89 into the second
flash box 90, in which it is mixed with the liquid from line 88. Because of the relatively

low pressure in the second flash box 90, steam exits the flash box through line 94
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while freshwater liquid exits the second flash box through line 92. This fresh water is
the end product of the desalination process.

The steam that travels along line 94 is delivered to a coupler 96 that also
receives freshwater steam from the third evaporator 46 via line 98. The combined
freshwater steam then travels through line 36 to the condenser 32, in which it
condenses and later joins line 92 via line 100.

In the above-described system 10, no reverse osmosis (RO) is used for
desalination. It is noted, however, that RO could be used to replace the MED system
into the system 10. For example, RO could be used with the power generated by the
expander 22. RO source water could be preheated by the mixed steam within line
30, and the preheating process could reduce the RO desalination energy
consumption.

A simulation was performed to test the above-described type of system. The
simulation was carried out using the Engineering Equation Solver (EES) software.
The computerized models were validated based on reported experimental data on
forward-feed MED systems. The results in Table 1 indicate good agreement between
the model predictions and the available experimental data. In the simulation, the
power cycle working fluid is condensed at 65°C and discharges heat to the
desalination unit. This means that the stream that exits the first evaporator 42 is

saturated liquid with a temperature of 65°C.

10
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Table 1 Comparison of model predictions with data for MED unit
*from reference [52]

Thermal Input Thermal power input

Performance Recovery rate

Temperature Ratio (kW)

(°C) Reference Model Reference Model
57 8.9 0.2375 0.2375 137 135.6
60 9.1 0.275 0.275 153 153.5
63 9.3 0.3 0.3 166 163.9
65 9 0.3375 0.3375 191 190.5
68 10 0.3625 0.375 182 184.2
70 9.5 0.3625 0.3625 195 193.9
72 9.4 0.375 0.375 203 202.7
74 9.3 0.375 0.375 207 204.9

*MED final effect vapor temperature 35°C

The RO process is energy efficient for brackish water treatment. However, as
Fig. 3A shows, the osmotic pressure more than doubles when feed water
concentration doubles (from 35 g/kg to 70 g/kg), which makes it difficult for the RO
process to be used for highly-concentrated brine due to the physical strength
limitations of RO polymer membranes. On the other hand, thermal desalination
systems are not significantly affected by the feed water salt concentration. Using an
earlier validated system model, the proposed MED subsystem was analyzed for a
thermal input temperature of 65°C with a performance ratio (PR) of 9 as in Table 1,
and the final condenser approach temperature AT was 2°C. Fig. 3B shows that,
when the performance is fixed, the MED subsystem surface area increased a little
more than 40% when feed water salt concentration doubled. Therefore, the
proposed system is suitable for highly-concentrated 'brine treatment.

Fig. 4A shows the percentage of the final condenser cooling load divided by
the MED first-effect heat input. The figure clearly indicates that, when the final

condenser approach temperature and the MED PR are fixed, a higher salt
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concentration brine needs more cooling water. This is because higher salt
concentrations have lower specific heat capacity, as shown in Fig. 4B. Less vapor is
needed to preheat the higher salty brine, as illustrated in Fig. 4C. Therefore, more
cooling water is needed to condense the final-effect vapor, which could cause

5 environmental thermal pollution.
The thermal desalination system energy consumption of the proposed system
was estimated. As seen in Fig. 5, the thermal desalination process final products are

brine, freshwater, and vapor. The mass and energy balances may be written as:

10 Energy Balance Q‘fnput - Q’IG‘SE‘ + 7nswj o = mblzb + mﬂ /zﬂ + mﬂr} gfu (42)
Ay = o +2 (43)
Mass Balance rrg,, = my + #igy + gy (44)

15
mp — Mgy + My, (45)

Assuming that there is no heat loss, the recovery rate R may be written from

equations (42)-(45) as

12
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Yinput , .
me  ma +(Bswhy)

R — ‘ ‘
Mgy, (hﬂ—hb}+%f?7\

where hy, hy, hsyw are the specific enthalpy of fresh water vapor, brine, and feed
seawater, respectively, A is the latent heat at the final product temperature, and myis
the sum of the mass of the final vapor stream my and the final fresh water liquid
stream my.

Assuming the feed seawater is at a temperature of 25°C and the final
products including vapor, liquid fresh water, and brine have the same temperature
without considering the temperature elevation caused by salt, the specific energy
consumption for a thermal desalination process, gs = Qiput/IN;, Mmay be written from

Eq. (46) as:

as = [(hg — Bw) — 3 (b — Bp)] + T2A (47)

nf

where R is the recovery of the desalination process. Once the recovery, R, is fixed,
the specific energy is directly related to the amount of vapor condensed by the
cooling water, which is discharged to the environment. Figs. 6A and 6B show the
estimated specific energy consumption with a vapor fraction of the total fresh water
generated for a recovery of 50%. The vapor fraction is defined as ms/my. In a MED
system, ms/myis equal to the mass ratio of vapor condensed by the feed in seawater
and the cooling water. Because this vapor fraction has a dominant effect on the
specific energy consumption of a thermal desalination process, one could reduce the
specific energy consumption by recovering the energy wasted in the cooling water in

a traditional MED system. The lower the amount of vapor condensed by the
13
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discharged cooling water, the lower the energy required because less latent heat is
wasted.

Based on the above analysis (Figs. 4 and 6), increased salt concentration will
cause more vapor production in the last effect, which means more cooling water is
required. However, by recovering the latent energy in the lasf—effect vapor that is
wasted in regular MED, the energy consumption could be reduced while also
reducing the thermal pollution. Increased salt concentration will not cause too much
specific area change compared with RO. Therefore, the proposed thermal MED
system is potentially suitable for highly-concentrated brine treatment. By using an
ejector to recover the latent heat of condensation from the last effect, cooling water
is not needed, which will make the desalination system more energy efficient.

In the proposed system, the heat source is assumed to be 150°C and, after
transferring heat to the system, the heat transfer fluid returns at 100°C. The ejector
efficiency and its entrainment ratio, the system high pressure, the cooling
temperature (stream 14 temperature), the MED performance ratio, and the feed
water salt concentration all affect each other. Therefore, sensitivity studies may be
carried out in order to determine the key parameters for the system performance. In
each case, the power cycle efficiency and system exergy efficiency changes can be
studied first and the percentage of exergy destruction of each component will be
shown last.

Power cycle pressure effects were also analyzed. For this analysis, the feed
water salt concentration was fixed at 35 g/kg, which is the standard seawater salt
concentration, the MED performance ratio was fixed at 9, which is the same as the

reported experimental result using a 65°C heating source, the final effect vapor was
14
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assumed to be 35°C, and the recovery was set to 0.3375 from the reported
experimental conditions from Table 1. The power cycle working fluid was condensed
at 65°C to simulate the condition listed in Table 1 and the secondary flow of the
ejector evaporated at 33°C, which means the approach ATyep . was 2°C. The

parameter conditions are listed in Table 2.

Table 2 Parameters for power cycle pressure effects sensitivity study

Fixed Parameters independent Dependent
Parameters Parameters

(1) Brine Conc.: 35g/kg (1) Entrainment
(2) 14 effects MED PR.=9 ratio (Er)
(3) Ejector eff.= 47.5% 1) Svst (2) System work
(4) Cycle working fluid condensed (1) hi)gl;iem output (thermal
o 27 pressure | (o Soen)
(6) MED condensed at 35°C which is exergy
(7) MED recovery=0.3375 ::ree:errz destruction
(8) Pump Eff.= 80% compare
(9) Turbine Eff.=85% (4) System exergy
(10) Stream 1 temperature 140°C efficiency

When the pressure changes, the turbine pressure ratio will vary and cause the
pressure of the stream exiting the evaporator to change, which will cause the ejector
entrainment ratio to change because of the fixed ejector efficiency. In such a case,
the mixed stream exiting the ejector will also have a different temperature and mass
flow rate. As a result, the mass flow rate of the power cycle will change and the net
power output, the system exergy efficiency, and the entrainment ratio will also
change accordingly. The results can be seen in Fig. 7. It can be appreciated from
that figure that the system exergy efficiency increases rapidly with pressure until the
pressure is near 5000 kPa, after which both the power cycle efficiency and system

energy efficiency begin to stabilize. As the cycle-high pressure increases, the turbine
15
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pressure ratio also increases, which causes the turbine exit temperature to drop. In
order to maintain the heat input to the MED system, the primary flow rate, which is
the power cycle flow rate, needs to be increased, which causes the entrainment ratio
to drop because the secondary flow rate in the ejector cycle is constant.

The reported ejector efficiencies vary from less than 10% to up to 90%,
depending on the specific conditions. Parametric study results are shown in Fig. 9.
Fig. 8A shows a rapid increase in the system exergy and power cycle efficiencies
with the efficiency of the ejector. When the ejector efficiency is close to 50%, the
effects of ejector efficiency begin to stabilize. Fig. 8A also shows that if the ejector is
poorly designed, there could be no net work from the proposed system, which
means that external work needs to be provided to power the pump in the system.
Fig. 8B shows that the entrainment ratio is relatively constant, while the turbine
pressure ratio changes dramatically with the ejector efficiency. The low expander
pressure ratio indicates that a scroll expander, which is economical though less
efficient, may be used instead of an expensive turbine.

Thermal desalination is not as energy efficient as the RO process when
treating brackish water. However, it is suitable to handle highly-concentrated brine,
which the RO system cannot handle. The required parameter conditions are listed in
Table 3. Fig. 9 shows that the proposed system performance decreases when the
salt concentration increases. As previously discussed in Fig. 4, when brine
concentration increases, more vapor needs to be condensed when the performance
ratio of the MED system is constant. Therefore, the entrainment ratio needs to be

increased so as to accept more latent heat of condensation from the MED last-effect
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vapor. In addition, the ejector destruction will be larger and account for a higher

percentage of the whole system destruction.

Table 3 Parameters for salt concentration varies sensitivity study

. Independent
Fixed Parameters Parameter Dependent Parameters
(1) Ejector efficiency=47.5% (1) Entrainment
(2) System  high  pressure ratio (Er)
4900kPa (2) System work
(3) 14 Effect MED P.R.=9 output (thermal
4) GPSO%er cycle condensed at Salt  concentration - ?;Tﬂf,gﬁgms
(5) ATygp . =2°C change exergy
(6) MED condensed at 35°C destruction
(7) MED recovery=0.3375 compare
(8) Pump Eff.=80% (4) System exergy
(9) Turbine Eff.=85% efficiency
5
One can appreciate that, when the salt concentration is up to 55 g/ kg, there is
no net work from the system. For a system to be external-electricity independent, an
ejector with higher efficiency needs to be used. Table 4 indicates that, when handling
10 highly-concentrated brine, only systems with high efficiency ejectors can be
electricity independent.
Table 4 Work percentage change when the ejector efficiency and brine concentration
change (Water Production 2.7m%h, P.R.=9)
Salt Concentration 35 40 45 50 55 60
(9/kg)
Ejector Efficiency Power Cycle Efficiency
25% 3.60% 1.10%
35% 530% 3.60% 1.60% -0.80%
45% 6.20% 4.90% 340% 1.60% -0.40%
55% 6.70% 5.70% 450% 3.10% 1.50% -0.50%
*system high operation pressure 4900kPa
15
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When the feed in brine has a high concentration (e.g., 55 g/kg), the proposed

system with PR = 9 is as listed in Table 1. The system operates at a pressure of

4900 kPa, the ejector efficiency is 47.5%, and no cooling water is needed for the

MED system. The system uses all of its generated work. Table 5 lists the fixed

5 parameters of the system, Table 6 shows the SORC_Ejector subsystem and Table 7

shows the results of a MED system simulation.

Table 5 The condition of the fixed parameters

Environment temperature
Environment pressure
Dead State Brine Salt Concentration
MED Performance Ratio
Pump isentropic efficiency (%)
Turbine isentropic efficiency (%)
Boiler Pinch
Ejector Efficiency
MED Fresh Water production
Feed in Brine Concentration

Feed in water
Final effect condensation
temperature

25°C
101325 Pa
35g/kg
9
80
85
8
47.50%
0.748 kg/s (2.7 m%/h)
55g/kg
2.215 kg/s (8 m¥h)

35°C

10
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Table 6 SORC_Ejector subsystem simulation results

State t(°C) P(Pa) h(J/kg) s(J/kg K)  m(ka/s) e(kJ/kg) Dryness
1 140 4900000 595279 2098 05097 128880 100
2 1271 4006000 589871 2100 05097 122762 100
3 150 110000 204134  218.1 0.2208 34519 0
4 100 110000 118128  1.931 0.2208 12955 0
5 81.3 1687000 568529 2121 0.7729 95303 100
6 65 1687000 321308 1392 0.7729 65501 0
7 65 1687000 321308 1392 05097 65501 0
8 68.4 4900000 326391 1395 0.5097 69695 iﬁggl
9 25 22012 96629 332.8 2.115 381.9 0
10 33 22012 127832  436.2 2.115 767.9 0
12 6499 1687000 321292 1392 0.2632 17242 0
13 33 751840 321292 1405 0.2632 16168  0.2333
14 33 751840 527209 2078 0.2632 17586 1
15 35.9 5627 133337  441.1 1.468 2637 0
16 35 5627 2564000 8351 0.05106 4042 1
17 35 5627 146588 505 0.05106  35.17 0
18 35 5627 146588 505 0.6992 481.5 0
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Table 7 MED system simulation results

oot DKOS) TCC)  (kals) (O dikgls) T(C) Blkgls) Salt  reey rfecy BFE

(9/kg) ¢C)
1 0.04941 6216 - : - - 2166 5625  62.85 - 0.6933
2 0.04931 60.15 0.00685 60.95 00001066 60.95 211 5775  60.86 5425 0.7049
3 0.04954 5812 0.006646 58.96 0.0002254 58.95 2.054 5933 5884 5245 07171
4 0.04967 56.07 0.00643 5694 00003403 56.93 1998 61 56.8 5064  0.7301
5 0.04969 54 0.006204 5491 00004501 549 1942 6275 5475 48.83  0.7437
6 0.0496 51.92 0005968 52.87 0.0005531 52.86 1886 646 5268 47.02  0.7582
7 0.04941 49.83 0005723 50.82 0.0006476 50.8 1.831 66.55  50.6 4521 07733
8 0.04911 47.72  0.005469 48.76 0.0007319 4874 1776 6859 4851 434  0.7893
9 0.0487 4561 0.005207 4669 00008041 46.67 1722 7074 4641 4162  0.8061
10 004817 4349 0004937 44.63 0000862 446 1669 7299 4431 3084 08236
11 004751 4136 0.004658 42.56 0.0009034 4254 1617 7535 422 3809 0.8419
12 004673 3924 0004371 405  0.0009259 40.47 1566 77.8 401 3636 0.861
13 0.0458 3712 0.004076 3845 00009267 3841 1516 80.36 38 3466 0.8808
14 004473 35 0.003771 36.42 0002562 36.37 1468 8302 359 - 0.9012

The above analysis shows that the proposed system can desalinate
5 concentrated brine without external electricity input. By selecting high-efficiency
gjectors, the proposed system could handle highly-concentrated brine without

additional electricity input.
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CLAIMS
Claimed are:
1. A water desalination and power generation system, the system
comprising:

a power generation subsystem,;

a water desalination subsystem; and

an ejector that links the power generation subsystem and the water
desalination subsystem, the ejector being adapted to entrain working fluid steam that
has exited the water desalination subsystem into working fluid steam that has exited
the power generation subsystem to generate mixed steam that drives the water

desalination subsystem.

2. The system of claim 1, wherein the power generation subsystem is an

organic Rankine cycle (ORC) subsystem.

3. The system of claim 1, wherein the power generation subsystem is a

supercritical organic Rankine cycle (SORC) subsystem.

4. The system of claim 1, wherein the power generation subsystem
comprises a boiler that boils the working fluid, an expander that expands the boiled
working fluid to generate mechanical or electrical power, and a pump that raises the
temperature and pressure of condensed working fluid that exits the water

desalination subsystem.
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5. The system of claim 1, wherein the boiler is driven by a low-grade heat

source.

6. The system of claim 5, wherein the low-grade heat source comprises

one of solar energy, geothermal heat, or waste heat from an industrial process.

7. The system of claim 1, wherein the water desalination subsystem is a

multi-effect distillation (MED) subsystem.

8. The system of claim 1, wherein the water desalination subsystem is a

reverse osmosis (RO) subsystem.

9. The system of claim 1, wherein the water desalination subsystem
comprises a first evaporator comprising a heating element through which the mixed
steam flows and a spray nozzle adapted to spray source water on the heating

element.

10. The system of claim 9, wherein the water desalination subsystem
further comprises a second evaporator comprising a heating element through which
freshwater steam output from the first evaporator flows and a spray nozzle from

which condensed water from the first evaporator is sprayed.
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11. The system of claim 10, wherein the water desalination subsystem
further comprises a preheater that preheats the source water before it reaches the
first evaporator, wherein the preheater is driven by freshwater steam that exits the

second evaporator.

12.  The system of claim 11, wherein the water desalination subsystem
further comprises a condenser through which the source water flows prior to
reaching the first evaporator and through which freshwater steam from the water

desalination subsystem flows, wherein the freshwater steam heats the source water.

13.  The system of claim 12, wherein condensed working fluid from the first
evaporator also flows through the condenser and wherein the condenser boils the
condensed working fluid to generate the working fluid steam that is entrained into the
gjector, such that the latent heat of condensation of the freshwater steam is

recovered and is reused in the desalination subsystem.

14. The system of claim 11, wherein the water desalination subsystem
further comprises a flash box that receives condensed water from the second

evaporator and delivers steam to the preheater.

15.  The system of claim 14, wherein the water desalination subsystem
further comprises a second flash box that receives condensed water from the first

flash box and delivers freshwater steam to the condenser.
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16. The system of claim 11, wherein the water desalination subsystem
comprises a third evaporator comprising a heating element through which freshwater
steam output from the preheater flows and a spray nozzle from which condensed

water from the second evaporator is sprayed.

17.  The system of claim 1, wherein the ejector comprises a converging-

diverging nozzle through which a primary flow passes.

18.  The system of claim 17, wherein the ejector further comprises a shroud

through which the primary flow and a secondary flow pass.

19. A method for desalinating water and generating power, the method
comprising:

boiling a working fluid in a power generation subsystem to generate working
fluid steam;

using the working fluid steam to generate mechanical or electrical power; and

mixing the working fluid steam output from the power generation subsystem
with working fluid steam output from a water desalination subsystem to generate

mixed steam that can be used to drive the water desalination subsystem.

20. The method of claim 19, wherein boiling a working fluid comprises
boiling the working fluid with energy from a low-grade heat source that comprises

one of solar energy, geothermal heat, or waste heat from an industrial process.
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21.  The method of claim 19, wherein mixing the working fluid steam output
from the power generation subsystem with working fluid steam output from the water
desalination subsystem comprises mixing the steam using an ejector comprising a

converging-diverging nozzle.

22.  The method of claim 19, further comprising using freshwater steam
output from the water desalination subsystem to boil condensed working fluid output
from the water desalination subsystem to generate the working fluid steam that is

mixed with the working fluid steam output from the power generation subsystem.
23.  The method of claim 22, further comprising using the freshwater steam
output from the water desalination subsystem to heat source water that is to be

desalinized.

24. The method of claim 23, further comprising preheating the source

water using freshwater steam output from the water desalination subsystem.
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