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ABSTRACT

Water and energy crises have forced researchers to seek alternative water and
energy sources. Seawater desalination can contribute towards meeting the increasing
demand for fresh water using alternative energy sources like low-grade heat.
Industrial waste heat, geothermal, solar thermal, could help to ease the energy crisis.
Unfortunately, the efficiency of the conventional power cycle becomes
uneconomically low with low-grade heat sources, while, at the same time, seawater
desalination requires more energy than a conventional water treatment process.
However, heat discarded from low-grade heat power cycles could be used as part of
desalination energy sources with seawater being used as coolant for the power cycles.
Therefore a study of desalination using low-grade heat is of great significance.

This research has comprehensively reviewed the current literature and
proposes two systems that use low-grade heat for desalination applications or even
desalination/power cogeneration. The proposed two cogeneration systems are a
supercritical Rankine cycle-type coupled with a reverse osmosis (RO) membrane
desalination process, and a power cycle with an ejector coupled with a multi-effect
distillation desalination system. The first configuration provides the advantages of
making full use of heat sources and is suitable for hybrid systems. The second system
has several advantages, such as handling highly concentrated brine without external
electricity input as well as the potential of water/power cogeneration when it is not

used to treat concentrated brine. Compared to different stand-alone power cycles, the
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proposed systems could use seawater as coolant to reject low-grade heat from the

power cycle to reduce thermal pollution.
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CHAPTER 1 INTRODUCTION AND OBJECTIVES

1.1 Overview

Desalination has been practiced by ship-borne explorers since the early 1600s.
The first commercial scale thermal desalination was used during World War II.
Presently, 14,754 desalination facilities have been developed throughout the world.
Historically, seawater desalination has been the most expensive way to produce
drinking water at the commercial scale because of the high capital and energy costs
[1-3]. However, desalination is increasingly recognized as a needed and viable option
due to the rapid increase of the world population [4]. It is projected that close to 70%
of the world population will face water shortage issues by 2025 [5-7]. Approximately
50% of the world’s population lives within 200 km of a coast. Since the first
commercial scale desalination plant was used during World War II, the world total
contracted desalination capacity, as shown in Figure 1.1 based on data from ref. [8],
has grown to 71.7 million m3 per day in 2010. From Figure 1.2 (based on data from
ref. [8]) it can be seen that seawater desalination has undergone major market
expansion since 2003. It is estimated that about 8.78 million tons of oil per year is
required to produce 1 million m® per day of fresh water by desalination [9]. This
indicates the importance of finding suitable alternative energy resources for
desalination systems. Among all the alternative energy resources, low-grade heat

sources such as solar energy have the highest potential to support future energy needs
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[10][11]. In this context, developing technologies that efficiently make use of the

efficient low-grade heat as energy sources for desalination is of great significance.
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Figure 1.1 Total contracted commissioned desalination capacity, 1965 — 2010.
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Figure 1.2 Annual new contracted desalination capacities by feed water, 1990 — 2010.
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1.2 Objectives

This research focuses on suitable desalination systems that make use of low-
grade heat sources. Current systems using low-grade heat have limitations that need to
be improved. This research comprehensively summarizes the currently available
systems and proposes two novel systems to better improve system integration. The
results also clearly show the energy consumption of different desalination systems
and the application areas of the proposed systems for different heat sources.

The first proposed system is the supercritical organic Rankine cycles (SORC)
driven reverse osmosis (RO) system. The use of solar thermal energy for desalination
by coupling an organic Rankine cycle (ORC) with the RO is one active research area.
ORC is a promising technology for exploiting low-temperature heat sources including
solar thermal, geothermal and waste heat. The advantage of coupling an ORC with a
desalination system is that the seawater provides a heat sink for the ORC condenser,
while at the same time it is preheated to increase the RO membrane permeability,
leading to reduced power consumption. However, previous research mainly focused
on ORC-RO systems for solar thermal applications suggesting that the same system
could also be driven by geothermal energy, waste heat or biomass., Considering that
the SORC is now getting more attention for power generation from low-grade heat
sources (such as geothermal) due to their “smoother” heating process, SORC-driven
RO using solar, geothermal and waste heat energy sources need to be analyzed.

The second system is a combination of a multi-effect distillation desalination
(MED) system with a SORC and an ejector, which works like a combined heat, power
and condensation system where ejector cooling is used to condense the final effect
vapor of the MED system. A thermal process such as MED is robust, requires less

pretreatment and could handle high concentration saltwater sources as compared to a
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RO system. However, thermal desalination is regarded as energy intensive. Seawater
desalination and frac flowback water desalination require more energy than
conventional water treatment due to the higher salt concentration. Therefore,
researchers have tried various methods to improve thermal energy utilization by
combining different heat pumps. However, a system using heat pumps combined with
MED requires heat as well as electricity. The proposed system could handle highly

concentrated brine without additional electricity input.
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CHAPTER 2 RESEARCH BACKGROUND

Historically, seawater desalination has been the most expensive way to
produce drinking water at the commercial scale because of the high capital and energy
costs [1-3]. However, it is projected that by 2050 about 1.7 billion people in 39
countries will face difficulties in meeting basic water needs [5—7]. Approximately
50% of the world’s population lives within 200 km of the coast and many of the
world’s largest and fastest growing cities are near the coast. Therefore, in search of
new sources of water supply, saltwater desalination is increasingly recognized as a
viable option [4]. Since the first commercial scale desalination plant was used during
World War II, the world total contracted desalination capacity has grown to 71.7
million m3 per day in 2010 in accordance with the International Desalination
Association (IDA) Worldwide Desalting Plant Inventory. The desalination market is
and will keep on growing. In terms of oil consumption, it is estimated that about 203
million tons of oil per year is required to produce 22 million m® per day of desalinated
water [9]. This indicates the importance of finding suitable alternative energy
resources for the desalination systems.

Among all the alternative energy resources, solar energy is at the top of all the
sources for its potential to provide for future energy needs. Apart from providing
some useful data for comparison among the resources, Table 2.1 illustrates that the
comparison is not always simple due to different calculation methods, standards, or

assumptions in various studies in the literature. Many developing countries, which
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Table 2.1 Worldwide technical potential energy, installed capacity, current economic potential and capacity factor ®

Installed Installed Current ) .
T f technol Technical potential (TW)  capacit capacit economic Worldwide ¢ apacity factor of
ypes ot technology cchinical potentia pacity pacity . technology in place
(GW) (GW) potential (TW)
PV 342.26® 8.7® 0.1-0.2®
Solar CSP  0.89® 60© >509 0354 5© 0.15-7.3© 0.13-0.25®
Others NA NA NA
Wind 4677 29 209 941® 6© 0.6 0.205-0.42®
Geothermal 0140 16 jg0  gm 54© 0.6© 0.73®
Hydroelectric 1.88® 1.69 169 778" 650 0.8 0.416"
Wave 0.50® NA NA  0.00075® NA NA 0.21-0.25®
Tidal 0.02® NA NA  0.26® NA NA 0.2-0.35®
Nuclear 1392  NA NA 371V NA NA 0.808®
Coal-ccs 1.25® NA NA NA NA NA 0.65-0.85®
Biomass NA 6-8© 9@ NA 1600© NA NA

(a) For comparison, the 2005 world electric power production was 2.08 W; the energy production for all purposes was 15.18 TW.

(b) Data from Reference [12];
(c) Data from Reference [11];
(d) Data from Reference [13].
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normally could not afford to use desalinated water, are likely to have great need of
water due to population growth. These countries, in general, have higher solar
radiation also. For example, the average daily solar radiation in India is 4-7 kWh/m*
[14] compared with the global average of 2.5 kWh/m®. Therefore, solar energy
driven/assisted desalination is becoming more viable despite its high capital cost.

Seawater desalination may be classified by the intended product as well as the
process, as shown in Figure 2.1. The processes are further grouped as follows: a)
those that allow water to pass through a membrane without phase change such as
reverse osmosis (RO) and forward-osmosis (FO); b) processes that involve a phase
change such as multi-stage flash (MSF); ¢) multi-effect distillation (MED); d) solar
still (ST); e) humidification-dehumidification (HDH); f) passive vacuum desalination
(PVD); g) membrane distillation (MD); and h) freezing-melting (FM). Process
grouping also includes heat pump desalination applications such as a) thermal vapor
compressor (TVC); b) mechanical vapor compressor (MVC); c) absorption heat pump
desalination (ABHP); and d) adsorption heat pump desalination (ADHP). Processes
for extracting salt such as electro-dialysis (ED), ion exchange (IE) and capacitive
deionization (CDI) are normally used in brackish water desalination but not seawater
desalination. Among all of the above mentioned desalination processes, MSF, MED,
RO and ED account for about 95% of the global desalination capacity, as can be seen
in Figure 2.2 [8].
2.1 Solar-assisted MSF

Multi-stage flash has the second largest installed desalination capacity after
the RO systems. Most of the energy consumption of MSF is the thermal energy used
to distill water, while some electricity is needed for pumping. As can be seen in

Figure 2.3, MSF could be connected with a solar thermal heat source and the power
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Figure 2.1 Desalination processes grouped based on which substance is extracted.
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Figure 2.2 Total worldwide installed desalination capacities by technology, 2010.

grid at the same time, or it could be connected with a solar thermal system through a
heat engine to provide heat and electricity at the same time. A solar pond type of solar

thermal system may be especially applicable, since the produced salt could be used in

the pond itself.
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In an MSF process, seawater moves through a sequence of vacuumed reactors
called stages that are held at successively lower pressures where seawater is
preheated. External heat is supplied to heat the preheated seawater above its saturation
temperature. Seawater is then successively passed from one stage to the next in which
a small amount of water flashes to steam in each stage and the remaining brine flows
to the next stage for further flashing. The flashed steam is condensed and collected as
fresh water after removing the latent heat of condensation, to preheat the entering
seawater at each stage. MSF is used in large-scale cogeneration power plants [15-19]
because it can use low-quality steam rejected from power cycles as the heat source.
Some researchers claim that MSF is not as thermally efficient as MED [20]. Others do
not see any clear advantages in the thermodynamics between the MED and MSF
processes, except that thermal losses are higher in the MSF than in the MED, due to
its higher operating temperature [21].

2.1.1 Solar Pond-driven MSF

A solar pond (SP) is a stable pool of salt water in which the water salinity
increases in the middle layer from its top to the bottom with a gradient that prevents
convective mixing on absorbing solar radiation and the resulting increase in
temperature, as shown in Figure 2.3. Water absorbs solar radiation going through it
causing its temperature to rise. The shorter the wave length of sunlight, the deeper it
can penetrate the water column as shown in Table 2.2 [22]. The amount of absorbed
energy increases with depth producing a vertical temperature incline causing a density
gradient decreasing with depth. Conversely, salinity increases with depth producing a
vertical salinity incline causing a density gradient increasing with depth. Heat is
passively collected and stored in the lower convective zone (LCZ) because the middle

layer is a non-convective zone (NCZ).
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Table 2.2 Spectral absorption of solar radiation in water

Layer depth

Wavelength ( um )

lcm 10 cm Im 10 m
0.2-0.6 23.7 23.7 23.6 22.9 17.2
0.6-0.9 36.0 353 36.0 12.9 0.9
0.9-1.2 17.9 12.3 0.8 0.0 0.0
>1.2 22.4 1.7 0.0 0.0 0.0
Total _ 100.0 _ 73.0 _ 54.9 _ 35.8 _ 18.1

Most commercial MSF units operate with a top brine temperature of 90-110°C
[23] heated by steam while the solar pond operates in the range of 30-95 °C.
Therefore, in solar pond-assisted MSF systems, the first stage of the MSF heat
exchangers is changed to a liquid-liquid heat exchanger instead of steam-liquid heat
exchanger [24]. Some selected solar pond-assisted MSF research studies are listed in

Table 2.3.

Solar Pond Solar Collector

: 1

I .

i Upper Convective Zone (UCZ) Concentrating | | Power
i Non-Convective Zone (NC7) Solar Collector I . Grid
. I .

: i

I .

! Seawater |
1 Feed .
! . 1
I (NILL 1o NI .
: i il il Fresh .
. > water |
I I
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1 Box Box Box Discharge |
i Heat Out 3 : .
. -— 1
MSF

Figure 2.3 Schematic of solar-assisted multi-stage flash desalination process.
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Table 2.3 Selected solar pond-assisted MSF research

Location Top brine

. 2 . 3 3
Ref Mod/exp. Jradiation Pond size (m") temp.(°C) Capacity (m’/d)  Cost ($/m’) GOR N. of Stages  Desal cost perc. SP cost perc.  Notes
North 2500 15 5.48 NA 0.728 0.272
[25] Model @) — <95 12-14
Africa 36000 300 2.39 NA 0.745 0.255
Exp. Qatar 1500 20 NA NA 22 NA NA (h)
[26] Model 5.5- 80000 55-80 1000 2.85 NA NA 0.267® 0.18®
6kWh/m*/d 800000 10000 1.84 NA NA 0.251® 0.174®
) Gl 4.54 %00 <75, 2040™ 0.916® 9.2-12.5 A A A brid
271 Mode KWh/md™ 95-120” 12378 0.827% 04135 N N fiver
[28] Model Tripoli, 70000 <90@ 1570 1.80 100 310 NA NA k)
Libya
[29] Mod/Exp.  ElPaso, US 3000 57-77 1.6-9 NA 3.2-6.2 24 NA NA 1))
, 65361 3.71 6 0.343© 0.590 ©
[24] Model 246.3W/m> ———— 88 550 20 : : (m)
49441 3.42 8 0.431© 0.502 ©
<78 1 1.7859 Hybrid
[30]  Model Safat, | NA 0 18 NA NA o
Kuwait <78 1 2.835@ Solar

(a) Authors mentioned North Africa; use Tripoli, Libya, as the typical location, NASA data showed 5.11, 6.03 kWh/m?d for annual average global radiation and DNI average radiation.

(b) Interests, which are 7% for 15years, are not included.

(c) O&M cost is not considered.

(d) Solar pond temperature ranges 65-106 °C.

(e) Radiation is less than 350W/m? based on the paper; Using the same location, NASA shows monthly average horizontal radiation 5.11 kWh/m%d and DNI 6.03 kWh/m?*d

(f) The minimum break even fuel cost was $209.261/ton, which occurred when the lower convective zone of the solar pond temperature was 90°C, a desalination process performance ratio of 8 with an interest rate of
6%. The cost varies $1.8-1.94/m’® depending on the MSF GOR and pond T.

(g) Capacity varies 1238-1570 m*/d based on solar pond temperature

(h) Auto Flash: A desalination unit which is capable of operating smoothly under variable input conditions. An inter-stage pressure regulation device was incorporated at each fluid passage (brine and distillate) to
replace the conventional orifices between the stages.

(i) GOR 4-10 based on maximum solar pond temperature 90°C.

(j) The number of total stages varies from 14 to 31 based on solar pond T when GOR is 10. The relative MSF has 28 heat recovery stages and 3 heat rejection stages.

(k) About 73-185 m*m’/day capacity depending on the storage zone temperature, peak clipping days and the performance ratio.

(1) Falling Film Spinflash unit.

(m) The main heat source is exhaust from a 30MW gas turbine at 550°C. Part of the heat is used to run a desalination plant and the rest is stored in a solar pond (depth 4m). Radiation data is the same with as (1).

(n) The main heat source is exhaust from a 120 MW gas turbine; the rest of the conditions are the same as (k). Based on the authors’ proposed location, south of Tunisia, NASA data showed horizontal monthly annual
average radiation at horizontal to be 4.54kWh/m?d and direct norm radiation 5.24kWh/m*d.

11
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Table 2.3 (Continued)
(o) During peak time it is heated by a gas turbine, with seawater temperature at 95-120°C, while the rest of the time it is heated by a solar pond, at 75 °C
(p) The surface pond is covered by a transparent material to reduce heat losses and store solar energy. The price range is $09-0.1014/m’ for a gas turbine and solar pond-driven separately. The average cost is
$0.916/m’; The price ranges from $0.821-0.862/m? for gas turbine and solar pond-driven separately, averaging $0.827/m".
(q) Converting to US dollar based on 1KD=$3.50 as the authors’ mentioned, and based on author mentioned location, the NASA data showed 5.4 and 6.33 kWh/m? for monthly average horizontal and DNI radiation.
(r) The thermal energy input is 167 kJ/kg; and electricity energy input is, 25kJ/kg.

12
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Due to the intermittence of solar radiation, conventional MSF with fixed
orifices and weirs to control inter-stage pressures are not suited for these abrupt
changes of pressure differences between stages. Atlantis "Autoflash" MSF [25] used a
proprietary passive inter-stage pressure regulation system that could be self-regulating
at each fluid passage between the stages. Since a solar pond is both a solar collector
and stores energy in one, it overcomes the intermittent nature of solar energy.
However, the solar pond has to be oversized for winter conditions, necessitating some
of the surplus summer heat to be wasted [28]. On the other hand, waste heat from
other sources (gas turbine, for example) may be used during periods of insufficient
sunshine [31]. These kinds of hybrid solar pond systems could store extra waste heat,
such as from gas turbine exhaust during peak times to lower the water production cost
and the solar pond size [27]. Table 2.3 shows that a hybrid system using low-grade
heat has a relatively lower water cost.

Solar ponds have many advantages over other solar desalination technologies
[32], such as low cost per unit area of the collector, inherent storage capacity and
capability of utilizing reject brine, which is often considered as a waste product for
other processes [33]. In addition, the solar pond surface water could be used as
cooling water because of its lower temperature during the summer months [29].
However, solar ponds need sunny conditions, and a large expanse of flat land. They
might also have environmental impacts such as soil contamination by pond brine
leakage [31], [34] In addition, the solar pond salinity profile needs to be carefully
maintained, the saline water needs to be kept at low pH, the pond clarity needs to be
monitored very carefully, and the wind factor needs to be considered before the

construction.
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2.1.2 Solar Collector-assisted MSF

Some researchers claim that it is better to use indirect solar desalination for
large desalination projects [35], which means that a solar collector field is connected
with a conventional distillation plant to provide thermal energy for the desalination
process. Solar collectors can be classified as concentrating and non—concentrating
types. Table 2.4 shows different thermal collectors and their operating temperatures
[36]. Solar collectors are chosen based on the desired process temperature.
Concentrating solar systems can be trough, dish or central receiver tower types. One
of the main advantages of concentrating solar systems over most other renewable
electricity technologies, is that they can operate in conjunction with large heat storage
facilities (e.g. using molten salt or concrete), or in hybrid mode with fossil fuel or
biomass, to compensate for the fluctuations in daily irradiance and to produce
electricity beyond sunshine hours[37]. Table 2.5 shows the pictures of different solar
technologies. Solar collectors are chosen based on the desired process temperature.

Some selected solar collector-assisted MSF seawater desalination systems are
seen in Table 2.6. Hou [38] et al. used pinch analysis to optimize a solar MSF
desalination process and concluded that in order to enhance the performance, a wide
range of working temperatures of MSF is needed. Gained output ratio (GOR) is
defined as the number of kilograms of desalinated water produced per kilogram of
steam consumed. In order to gain higher GOR it is better to discharge the brine at the
last stage. It was found that controlling the flash evaporation pressure is important,
(i.e. by reducing the flash evaporation pressure from 0.014 MPa to 0.010 MPa), the
desalination rate could increase almost five times in some direct solar thermal

desalination systems [39].
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Table 2.4 Solar collectors and their characteristics

Tracking Collector type Absorber Concen. ratio Operational range
Flat plate (FPC) Flat 1 30-80 °C

Stationary Evacuated tube (ETC) Flat 1 50-200 °C
Compound parabolic (CPC) Tubular 1-5 60-240 °C
Compound parabolic Tubular 5-15 60-300 °C

Single—axis Linear Eresnel Tubular 1040 60-250 °C
Parabolic trough (PTC) Tubular 1545 60-300 °C
Cylindrical trough Tubular 10-50 60-300 °C

Double—axis Pare}bolic Qish Po?nt 100-1000 100-500 °C
Heliostat field Point 100-1500 150-2000 °C

15
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Table 2.5 Pictures of different solar technologies

Parabolic trough Solar tower Evacuated tube collector

~

Flat collector
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Table 2.6 Some selected solar collector-assisted MSF seawater desalination systems

. Capacity Collector ~ Collector ~ Cost N of Top brine  Global radiation 2 @

Ref Mod/exp. Location (rn3 /d) type size (mz) s /m3) stages T (°C) (kWh /m? day) @ DNI (kWh/m“/day)
[40], [41] Model PSA, Spain ® 1200-3000® pTC® 41880 254 24® <105 4.65 5.6

0.3 Flat NA 4.67 78 436 5.58
[39] Exp. Tianjin, China 1©

6 Flat NA 3.9 78 436 5.58
[42] Exp. Gaza @ 0.145 Flat 5.1 NA 3 NA 5.57 6.98

8.3 Flat 1© NA NA 80
[43] Model Benghazi, Libya 5.44 6.76

13.2 CPC 1© NA NA 122
[44] Exp. Tamilnadu, India® 0.0085® Flat 2 9 1 NA 5.22 4.97
[45] Mod/exp. Suez, Egypt © 0.0025-0.0165  Flat 2.39 NA 1® 40-67 5.69 7.03

(a) Data based on locations author mentioned from NASA surface meteorology and solar energy. Global Solar Radiation (GSR) is defined as the amount of
electromagnetic energy (solar radiation) incident on the surface of the earth; also referred to as total or global solar radiation. The average and percent difference minimum
and maximum are given. Direct Normal Radiation (DNI) is defined as the amount of electromagnetic energy (solar radiation) at the Earth's surface on a flat surface
perpendicular to the Sun's beam with surrounding sky radiation blocked.

(b) MSF GOR=10, capacity 100m’/h; 10-16 m’ water per m” collector; Location: Plataforma Solar de Almeria, Spain; PTC layout is horizontal north-south direction (Solar
Kinetics T700A) with a distance of 7 m between homologous points into the solar field and row azimuth equal to 0 °. Synthetic thermal fluid (Santotherm 55) with
inlet/outlet temperatures of 125 °C/205 °C or lower, but above 100 ° C; temperature change of the thermal oil in the solar field, about 80°C. The system has a thermocline
vessel thermal storage.

(c)Seawater first flash evaporation then use generated vapor to distill brine

(d) Location: Al Azhar University at Gaza; Radiation range 2.83-8.19kWh/m*/d, June—July

(e) Aperture area

(f) Maximum daily production is 8.5L/day, which is 3 times higher than a solar still at Tamilnadu, India with beam solar radiation range 400-900 W/m’

(g)Performance ration 0.7-0.9, solar radiation ranges 2.79 - 5.12kWh/m*/d
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In general, MSF series-connected stages require precise pressure and
temperature control and some transient time is needed to establish the normal running
operation of the plant. Since the solar heat source is intermittent, an effective thermal
storage system ( i.e. a storage tank), can be used for thermal buffering [46]. MSF uses
the seawater feed as the coolant which means that MSF uses sensible heat to recover
the latent heat from the distilled water. Therefore MSF requires large amounts of
seawater recirculating within the system and consumes more electricity than a MED
process.

2.2 Solar-assisted Multiple Effect Distillation (MED)

Similar to the solar-assisted MSF process, the solar-assisted MED process also
needs both thermal energy and mechanical energy. MED may be operated in three
configurations: forward-feed, backward feed and parallel feed. Figure 2.4 shows the
schematic of one solar-assisted parallel feed MED, in which seawater is delivered to a
sequence of successively low pressure vessels, called effects. The external heat is
supplied to the first effect and the generated vapor of the previous effect supplies its
latent heat of condensation to the next effect.

Unlike MSF which recovers latent heat from the vapor by the sensible heating
of the seawater, MED systems reuse latent heat to vaporize the seawater. The specific
heat capacity of water is approximately 4 kJ/kg-K while the latent heat of
vaporization is approximately 2300 kJ/kg, therefore MED systems normally have 2-
14 effects while MSF systems have more than 20 stages. MED systems use falling
film horizontal tube evaporator/condensers for high heat transfer efficiency [47], [48];
operate with a relatively low top brine temperature (usually lower than 75°C) to
reduce scale formation and corrosion [49]; and can be combined with heat pumps to

improve the overall efficiency [50-52]. The combination of economic costs and low
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Figure 2.4 Schematic of solar-assisted multi-effect distillation desalination process.

energy consumption, together with the inherent durability of the low-temperature
MED, avoid the necessity of comprehensive seawater pretreatment (such as with RO
plants) and make the MED process one of the best candidates for safe and durable
large capacity desalination [53]. Compared to MSF, MED has high overall efficiency,
high heat transfer co-efficient, relative independent stages and less water recycling
[54]. However, in order to lower the energy consumption, MED needs a large surface
area of evaporators to reduce the temperature difference of adjacent stages., Some
research has shown that when operating with high-pressure steam, MED consumed
more energy than MSF [21].
2.2.1 Solar Pond-assisted MED

A solar pond-assisted MED system is similar to a solar pond-driven MSF
system. However, the lower temperature need of MED makes the solar pond
operation relatively easier. By mathematical modeling, Hawaj and Darwish [55]

found that intermediate steam supply temperatures (80-90°C) are more efficient for
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the operation of solar-assisted MEB systems because higher steam supply
temperatures decrease the solar enhancement. A large ratio of solar pond surface area
with MED heat transfer area leads to a continuous increase in pond temperature [55].
Garman and Muntasser [56] found that the optimum thicknesses for upper convective
zone (UCZ), non-convective zone (NCZ) and lower convective zone (LCZ) were
reported as 0.3m, 1.1lm and 4m, respectively, for low-temperature MED systems.
Some selected solar pond-assisted MED systems are listed in Table 2.7, which also
includes a special multi-effect, multi-stage distillation system (MEMS) which is a
combination of the MSF and MED systems [29], [57]. Table 2.7 also shows that
hybrid systems, similar to the solar pond-assisted MSF plants, have lower unit water
COsts.

2.2.2 Solar Collector-assisted MED

Solar collector-assisted MED seawater desalination processes have been
studied extensively. Table 2.8 shows some selected solar collector-assisted MED
systems. Some solar MED systems were combined with heat pumps to improve their
performance. Based on long-term tests, the technical feasibility and reliability of solar
collector-assisted MED have been proved. Two long term experimental units are the
Abu Dhabi solar desalination plant and the Solar Thermal Desalination (STD) Project
at the Platforma Solar de Almeria (PSA), Spain.

The Abu Dhabi solar desalination plant, which operated from 1984 to 2002,
used evacuated tube solar collectors (ETC) assisted MED systems [64]. Researchers
developed a simulation program “SOLDES” [65] to predict the partial load
performance [66], optimize the operating parameters so as to maximize the evaporator
distillate production for every month of the year [67]. Some plant maintenance was

needed, for example, dust deposition could cause the water production to drop to 40%
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Table 2.7 Some selected solar pond-assisted MED seawater desalination systems

Ref Model/exp. Location/radiation Pond size (m?) iﬁp‘?{ig g;}s /zzll)cap. Cost ($/m’) N. of effects
[58] Model @ Athens 30000 <75 500 2 14
[59], [60] Exp. U. of Ancona (Italy). 625 <65 30 3.66 ¥ 4
[29],[57] Model/ exp. 5.7 kWh/m’/d © 3000 63-80 23-729 0.52-0.62 4®
Experiment 720 0.9-2.3 18-22 3
[61] Model Bundoora, Australia 11800 <85® 50-130 3.4-5.1 12
Model 58900 260-650 1.7-3.4 12
1200000 20000 0.89 )
2 @ 12000000 200000 0.71 i)
[62] Model 2000 kWh/m'7y 600000 33 20000 0.79 Hybrid @
6000000 200000 0.65 Hybrid ¥
[63] Model 2400 kWh/m?/y 3300000-4200000 72 100000 0.67-1.44 12
27 1(k)
[27] Model jéj Evvzﬂﬁzﬁm 7800 <75, 95-120™ fggi 1 8:%2_8:2‘7‘ 0 30, hybrid

(a) It is assumed that the combined system begins operation in Spring at day N=100 when brine and soil are isothermal.

(b) Multi-effect, multi-stage flash distillation. The MEMS unit is a three effect, four stage system.

(c) This paper reported experimental tests showed that distilled water production rate is 450 to 2270 L/hour, 2.3-7.2 m’/d;

(d) Reported data in 2.68 Euro, converting currency as 1 Euro U.S. dollar = $1.3656.

(e) Hybrid system estimated cost, assume system used brine from IMGD-10MGD RO plant, solar pond liner cost is $4/m’;

(f) The Location is EI Paso, and the annual average irradiation data is 5.7kWh/m*/d.

(g) Solar pond supply temperature ranges between 50-85°C.

(h) Annual total insolation. Based on authors’ mentioned location, NASA data shows annual radiation 5.72kWh/m*/d horizontally, 7.43kWh/m*/d direct beam radiation.

(i) MED operates with 6.5-7.5 kWhe/m” (including 1.5-20 kWhe/m® for pumping and other auxiliaries);

(j) MED followed by RO hybrid systems powered by a solar pond that are estimated to consume 5.5-6.5 kWhe/m’.

(k) The main heat source is exhaust from a 30MW gas turbine at 550°C. Part of the heat is used directly to run a desalination plant and the rest is stored in a solar pond (depth 4m).
Radiation data is the same with (1)

(1) Hybrid plants. Main heat source is exhaust from a 120 MW gas turbine, with the rest of the conditions the same as (k). Based on authors’ proposed location, south of Tunisia,
NASA data showed horizontal monthly annual average horizontal radiation is 4.54kWh/m?/d and direct norm radiation is 5.24kWh/m?/d.

(m) Peak time heated by gas turbine, the seawater temperature is 95-120°C while the rest of the time it is heated by a solar pond at 75 °C, and MED GOR is 21.5.
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of the clean collector production [68]. The economic feasibility studies [69], [70]
showed that it is not worth operating the desalination system solely on solar energy
due to the high percentage of inactive time [71]. When electricity cost is above
$0.071/kWh in Israel [72], the solar-MED plant is more economical than RO.

The Spain PSA site used a 14-stage forward-feed MED system with a capacity
of 3 m’/hour [78]. The project had two phases. Phase I studied the reliability and
technical feasibility of a solar thermal technology application to seawater desalination
which used PTC with 14-stage MED. Phase 1l used a double absorption heat pump to

improve the system performance as shown in the next section.
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Figure 2.5 Schematic of different heat pumps used in desalination.
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Table 2.8 Selected solar-assisted MED systems

Ref Mod/exp Locfat}on/ Gl().ball DNI Cost Capacity  Collector N of effects Operation Collector area Notes
radiation radiation temperature
[73] Model ~ Richmond, 4579 5549 2.05-4.7 0.151 FPC/EPC  7-12 <95 NA
California
Israel, Eilat @ 5.65 6.91 0.92 10000 NA
[72] Model - = im. Tsrael @ 5.57 6.99 0.69 100000 1€ 16 NA 750000-900000  Hybrid
Southern 2000kWh/m?/y; peak
[74] Model Mediterranean radiation 1000W/m2 2 1000 ETC NA NA NA
8.6-9.9 100 ETC-PV PV
[69] Model Abu Dhabi, UAE  5.61 6.41 8.39.3 100 10-30 60-80 2500-12500
’ ' ' 5-6.7 500 ETC Diesel hybrid
3.4-4.4 1000
[75] Exp. Abu Dhabi, UAE  5.81 © 6.41 6.58-109 120 ETC 18©@ <76.5 18627
4 FPC
[76] Exp. Sydney 4.98 5.93 51 100 ETC NA NA NA
[77] Mod/exp  PSA, Spain 4.65 5.6 NA 720 PTC 140 <70 500 0

(ag $1.1/m’ for a hybrid plant using $0.18/kg diesel oil when solar-steam is not available. Total land area is 14000m” for a solar-only 1000m’/d plant; 1420000m” for 100000
m’/d plant.

(b) A combination of a large number of effects of evaporation, together with high pressure saturated steam available for recycling, increased the calculated economic ratio
(ER) from 7 to 16 -- a factor of 2.3, while the installation expenses grew by 60%.

(c) Utilization of solar energy is assumed to be about 2500 effective hours per year, which is about 30% of the storage capacity, or fossil fuel backup.

(d) When considering the contribution of capital amortization representing about 85% of the total cost and only 15% contributed by operation and maintenance expenses, and
with water costing $6.58, , the total cost of water ranges from about 7 $/m”’ to 10 $/m’

(e) An 18 Stage MED system, with 17 preheaters, a performance ratio 12.4, and 3 tanks totaling 300m”’ as water heat accumulators.

(f) Collector total absorber area is 1862m?, with each collector 1.75m™

(g) Authors’ mentioned annual mean daily solar radiation at 5000 kcal/m” day.

(h) The author gave one case study at Zikim on the Southern end of Israel's Mediterranean shore.

(i) The author used Eilat as one typical place for an area close to Israel’s Red Sea.

(j) Estimated from NASA data based on the author’s location.

(k) Plataforma Solar de Almeria, Spain. Phase I of the STD project considered the reliability and technical feasibility of the solar thermal technology application for seawater
desalination.

(1) When Capacity is 3m’/h, assume 24 hours operation which is 72m*/day; a 14 effects MED has a performance ratio of 9.4-10.4; and vacuum is generated by hydro ejectors
using 3 bar seawater.
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2.3 Solar-assisted Heat Pump (HP) Desalination

HP units are generally used for small or medium scale [79], [80] applications
and they are normally combined with other thermal processes [81-85]. There are four
basic types of heat pump applications in desalination processes [50]. These include
thermal vapor compressor (TVC) (Figure 2.5a), mechanical vapor compressor (MVC)
(Figure 2.5b), absorption heat pump (ABHP) (Figure 2.5¢) and adsorption heat pump
(ADHP) (Figure 2.5d) [51].

TVC could be used with MED or MSF in different sizes of commercial
desalination plants [86-89], in which the steam compression is carried out by an
ejector and the vapor from the last effect of the MED process is carried by a motive
stream back to the first effect. MVC is widely studied and used because of its
simplicity and relatively low energy consumption [90-93]. The bottoming condenser
is eliminated because the entire vapor formed in the last stage is routed to the
mechanical vapor compressor, where it is compressed to the desired temperature and
pressure in order to recover heat in the rejected brine and distillate product streams.
ABHP [94-98] absorbs the last effect vapor through LiBr-water and discharges steam
for use by the first effect; while ADHP [99], [100] uses zeolite-water or other pairs to
recover vapor from the last effect MED and generate high-temperature steam through
a desorber bed II. ABHP and ADHP are regarded to have higher potential for
applications in desalination than TVC and MVC [51], [101], however, at the present
time there are no commercial applications.

All heat pump-combined thermal desalination systems recover the low-
temperature vapor from certain parts of the MED/MSF system and convert it to higher
temperature vapor in order to improve the system efficiency. Furthermore, since low-

temperature vapor could be recovered, the whole desalination system needs less
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cooling water and consumes less electricity. The differences among various heat
pump based systems are that (1) MVCs use electricity as energy source (Figure 2.8)
and could be used as stand-alone desalination systems; (2) TVCs use higher
temperature and pressure (>200kPa) steam; (3) ABHP and ADHP use either higher
temperature steam or other heat sources in the absorption/adsorption cycles. Solar-
assisted heat pumps combined with other desalination processes could be used as
shown in Figure 2.8. MVC must be driven by mechanical energy therefore a
photovoltaic (PV) system or a heat engine are used; TVC/ABHP/ADHPs use steam
therefore they are connected between the solar thermal process and the thermal
desalination process.

Photovoltaic (PV) cells can be made from common semiconductors like
silicon or germanium or semiconductor compounds such as GaAs, CdTe, CulnGaSe,
PV cells in their simplest form are large area electronic semiconductor diodes
allowing current to flow in the reverse direction in the presence of light. PV cells can
directly convert solar radiation into useful electricity, as shown in Figure 2.6 [22].
Cells are connected in series and/or parallel configurations to form a PV module or
panel. Photovoltaic panels can be designed for specific voltage and current output
when the sun rays strike the module normal to its surface with an intensity of 1,000
watts per square meter. Under these conditions the PV module power output is
expressed in peak watts or peak kilowatts. Photovoltaic systems include an array of
joined panels to produce the required electrical output. Figure 2.7 [22] shows a
schematic of a PV system that includes storage (batteries) for a stand-alone operation.
Since the PV systems generate a DC power output, an inverter is used to convert DC
to AC. Photovoltaics can be employed independently or jointly with other sources to

generate the electricity needed to power desalination systems.
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Figure 2.7 Schematic of a stand-alone photovoltaic system.
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Figure 2.8 Possible configurations for the solar-assisted heat pumps and
combinations.

Among all the research activities listed in Table 2.10, the project AQUASOL
achieved the lowest experimental specific energy cost as listed in Table 2.9 [102]. The
AQUASOL project is the continuation of the previous STD Project [41], [103-106]
mentioned in section 2.2.2. It is composed of [107]: a) a 14-effect MED; b) a 500m>
stationary CPC collector field; ¢) a 24 m’ thermal storage system based on water; d)

an advanced prototype of LiBr-H,O double-effect absorption heat pump (DEAHP);
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and e) a smoke tube gas boiler to guarantee 24 hr. operation. Researchers found that
the connection between the absorption heat pump and the MED unit should not be
direct by means of a closed water circuit that is heated by the heat pump and cooled
by the MED unit, but rather, it should be indirect, by means of two auxiliary tanks
[107].The cost could be lowered to about $2 per m° of distillate for large plants [108],
[109], which is comparable to conventional MED, but the optimization depends on
the cost of fossil fuels and solar collectors [110].
2.4 Solar-assisted Reverse Osmosis (RO)

As illustrated in Figure 2.9, RO, which is the biggest desalination process
internationally in terms of capacity, requires only electricity from PV or mechanical
energy from a solar pond or collector through a heat engine such as a sterling engine

or a Rankine engine, [111]. RO requires extensive water pretreatment but is energy
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Table 2.9 Thermodynamic assessment of solar collector-MED desalination plants

Desalination Main energy consum. Solar desalination svstem Solar energy consum. Exergy performance of solar
system (kJ/kg) Y (kJ/kg) desalination system © (%)
DEAHP-MED 108 (at 180°C) PTC-DEAHP-MED 142 4.3
MED 240 (at 70°C) PTC-MED 315 2.0

o 545-1600 1.1-0.4
MED 240 (at 70°C) LTC-MED 333_369® 1.8-1.7

(a) Efficiency of solar collectors at solar irradiance of 800 W/m?;
(b) If evacuated absorber tubes are used.

(c) Exergy of the distillated is 5.863 kJ/kg. Auxiliary energy consumption is not considered (PTC: parabolic trough collectors, LTC: low-temperature solar
collectors).
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Table 2.10 Summary of solar thermal desalination system using heat pumps

Authors’ Solar Heat Other Desal.  Heat Desal.Cap. Notes
Systems  Engines  Systems Pumps (m’/day)

.- Modeling a conceptual desalination plant using two adsorption reactors
Zejlif101] PTC MED ADHP and a three-effect MED.
Palenzuela PTC Steam MED TVC 48498 The.PTC- MED-TVC s.ystem could compete with PTC+RO as the
[112] Cycle motive steam pressure is 2 bar,
Sharaf[113] PTC Tol MED Tve 4545 PTC-MED-TVC gives attractive results compared against PTC-MED-

O‘%‘ée“e MED MVC 4545 MVC technique.
Helal[114] PV MVC 120 Solar/Diesel Hybrid
Nguyen[115]  Flat Evaporator ABHP Hybrld gas/solar—d.rlven absorpt.lon heat pumps showed higher water
yield than conventional solar stills.

. DABHP Solar thermal desalination project (STP): Proves the technical
Milow[108] PTC MED @ 72 feasibility of solar drive DABHP-MED system; cost $2/m’.
Garcfia- . . . L
Rodriguez PTC MED DABHP 722400 STP Project: DEAPH-MED is more suitable for so!ar appllcatloq than a
[109] MED only system due to the high energy cost required by solar field.

TVC Summarized STP project which tested PTC-driven MED, TVC-MED
Alarcoén- PTC MED 79 and DABHP-MED system. DABHP-MED is the most promising for a
Padilla[102] DABHP solar-driven desalination system which was further studied in
AQUASOL project.
Alarcon- . . e
Padilla[52] AQUASOL project: Experimentally demonstrated the feasibility of the
(107], [11 6} cpc® MED DABHP 72 hybrid solar/gas desalination using DEAPH-MED. Reviewed past
i1 7]’ ’ experience of DEAPH-MED and provided design suggestions.
ﬁ‘;‘;‘_ 120] CPC MED DABHP 72 AQUASOL project: Described model control- feedback system.
Gomri[121] Flat Separation- AHT® Developed one computer program for modehng AHT-Distillation
Condense system and provided energy and exergy analysis.

(a) DABHP: Double-effect absorption heat pump.
(b) CPC: compound parabolic concentrator.
(c) AHT: absorption heat transformer.
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efficient compared to phase change thermal processes, and part of the consumed
mechanical energy can be reclaimed from the rejected concentrated brine with a
suitable energy recovery device such as a pressure exchanger. Osmosis is a natural
phenomenon in which water passes through a membrane from the lower salt
concentration side to the higher salt concentration side. To reverse the flow of water, a
pressure larger than the osmotic pressure must be applied. Seawater pressure must be
higher than the natural osmotic pressure, typically 2500 kPa, but is kept below the
membrane tolerance pressure, typically between 6000 and 8000 kPa, forcing pure
water molecules through the RO membrane pores to the fresh water side. Fresh water
is collected while the concentrated brine is rejected. Among the reported solar-
assisted RO seawater desalination research, PV driven RO and solar thermal heat
engine driven RO are the most widely studied.
2.4.1 PV-assisted RO System

The PV powered RO system is very popular in demonstration plants [122—
124] because both PV and RO are modular and easily scalable [125]. Considerable
research has been carried out on whether to use: a) an energy recovery device [126];
b) a battery [127]; c) another power source, such as wind [128] or diesel [129], in a
hybrid system; or d) another desalination method should be combined with RO to
desalinate water [130]. A parametric study for economic analysis was conducted in
[131] and optimization strategy was studied in [132]. Generally speaking, a PV-RO
combination works like two independent units of PV and RO. Although there is still
much room for improving the combination of both technologies, technical feasibilities
normally are not the barriers as compared to the economic [133] and reliability
considerations [134]. Table 2.11 lists a few selected seawater PV-RO and hybrid

systems developed after the year 2000.
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2.4.2 Solar Thermal Assisted RO System

Different from PV-RO plants which are almost commercially available in
small-scale and compact plants, solar-thermal RO desalination plants, as illustrated in
Table 2.12, are still far from commercialization. Some researchers [135], [136] have
studied the application of solar thermal energy for desalination by coupling an ORC
with the seawater reverse osmosis (ORC-RO). The advantage of coupling an ORC
with a desalination system is that the seawater provides a heat sink for the ORC
condenser while at the same time it is preheated to increase the RO membrane

permeability, leading to reduced power consumption.
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Table 2.11 Selected PV-assisted RO seawater plant

. . Energy .
. Additional Production Cost PV capacity
Systems (location) Year power supply (m’/d) ($/m’) Battery Z&):/(;)grer:lry (kW) Source
. Diesel 7.2 No Yes 11.25
Abu Dhabi, UAE 2008 No 20 73 No Yes 249 [137]
Agriculture University 2008 No 0.35 7.8 Yes Yes 0.85 [126]
Wind 12 5.2 Yes Yes 30.22
of Athens, Greece 2004 No B 6.64 Yes Yes 32 [128]
CRES, Laviro, Greece 2004 Wind 3.12 31.5 Yes No 4 [138]
ITC-DESSOL, Gran 2003 No 10 1316  Yes No 4.8 [139]
Canaria, Spain
CREST, Loughborough [140],
University, UK 2003 No 39 2 No Yes 24 [141]
CIEA-ITC, Canary 2000 No 124 9.6 Yes Yes 438 [142]
Islands, Spain
CRESTA, Curtin
University of 2007 Diesel 1 NA Yes No 1.2 [143]
Technology, Australia
GECOL at Ras Ejder,
Libya 2005 Wind and grid 300 09 No Yes 50 [144]
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Table 2.12 Summary of solar ORC-driven seawater RO research

Exp.

Cycle

RO

Collector area

Feed

2
Author or /?(ii(t?g;%) highest ﬁylc(i: chrfflle cation E’brzrs)s ure pressure gf}f/icclieenc per kg fresh salinity Faiz?s;ery
model temp. Y gl (bar) y water (mZ/L/s) (ppm)
mg?lakos Model éfézgz 75.8 134a Single ORC 22 47.8 0.73-3.08 864®/648™ 42710 0.18-0.2
?fjg;’lﬁ‘g;] Exp. 1000 75.8 134a Single ORC 22 478 7 1056© /792 42710  0.15
Cascade upper
Kosmadakis Model 1000 il 2o cycle 200 562 118 4329 /324 42710 02
[145], [147], [154] Cascade ‘ : ‘
75.8 134a 22
bottom Cycle
35577 Toluene Cascadeupper 4y 7600 553 21.299
cycle 48_2(9),(9,(0
igg'gg) Isopetene Ei;iﬁ‘% o <3789 553 10.59-13.06"
Delgado-Torres[155] Model 850 - - C q Y - - 35731 0.488
33639 MM® ascade upper 119390 553 15.33%
cycle 65.2©-0.0
i Cascade ; 10.93— ’
(i) ) )
145 Isopetene bottom Cycle <33.78 553 13440
;égg) Toluene g?ci ”Zﬁ;or <41269  NA 29.48-31.78"  NA NA NA
Delgado-Torres [156] Model 850 260- ORprith - -
o MM <19.399  NA 23.87-25.93Y  NA NA NA
380 Recuperator
Delgado-Torres [151] Model 1000 1450 R245fa ORC with 20.866 52.4 15.46 7370 35700  0.45
Recuperator
87.3 R218 ORC with <26.89 64.8 7.81 1209.6--®™ 36000 0.5
recuperator
120.9 R245 ORC with 31379 64.8 13.24 603.1®+® 36000 0.5
Bruno [157] Model 800 AT A
289.7 R601a Wi <33.79 64.8 27.61 336.00-@® 36000 0.5
recuperator
3784  N-propyl - ORCwith <320 64.8 32.19 231.80-@M 36000 0.5
benzene recuperator
850 100 water Rankine 0.576 67 10.17 449,49 45000 0.3
A.S.Nafey ® [135] Model 850 150 water Rankine 2.755 67 13.34 402.59 45000 0.3
850 320 Toluene Single ORC 32.78 67 26 166.39 45000 0.3
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Table 2.12 (Continued)

(a) DNI is direct normal radiation which is used for modeling design; the location is experimental or case study location and solar radiation data TM2 is used.
(b) Gross collector area is calculated by TMY?2 data.

(c) Gross collector area from experimental data.

(d) Gross collector area calculated by design DNI data.

(e) Aperture area of collector calculated by design DNI data.

(f) Use 24 hours a day to convert from daily flow data.

(g) Use 7 hours a day to convert daily flow data.

(h) Case study results for location Barcelona.

(i) Data for LS3 collector using heat transfer fluids.

(j) Critical pressure of the fluids.

(k) Data selected from superheated condition.

(1) R245fa using heat transfer fluids with a recuperator effective factor of 0.8.

(m) Converted to aperture area.

(n) MM is Hexamethyldisiloxane.

(o) Recovery rate refers to the percentage of the feed seawater that is recovered as fresh water.
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Kosmadakis et al. [136], [145-149] did the pioneering research on integrating
ORC with RO and were the only ones who carried out both theoretical and
experimental studies. The solar collectors they used could provide up to 150 °C for the
ORC using R245fa as the working fluid in a topping cycle with R134a as the working
fluid for the bottom cycle. The recovery of their RO system was less than 20% which
is relatively low while most seawater desalination plants operate with recovery rates
between at 35%-60% [150]. Delgado-Torres et al. [151] pointed out that a single ORC
with R245fa as the working fluid would have a higher efficiency than the cascade
system studied by Kosmadakis et al. when operating between the same two
temperatures. Tchanche et al. [152] pointed out that the integration of different
devices is not significantly rewarded with an efficiency gain; therefore, it is preferable
to keep the configuration of the ORC simple when designing an ORC-RO system.

The solar collector could be a flat plate or evacuated tube collectors (ETC) to
provide heat source temperatures less than 150°C or concentrating collectors for
higher temperatures. The relative organic Rankine cycle should use different organic
fluids in order to match the solar collector and the heat source temperature. Some
high-temperature (300-400°C range) solar ORC-driven desalination system working
fluids could be [151], [155], [156], [158-162]: toluene, octamethylcyclotetrasiloxane
(CsH2404S14), decamethylcyclopentasiloxane (CioH30OsSis), hexamethyldisiloxane
(CeH130Si;) and tetradecamethylhexasiloxane (Ci4H4,0sSig). The later four
compounds are usually referred to as D4, D5, MM and MD4M, respectively. Since
RO needs only mechanical energy, which can be provided by a power cycle, the high-
temperature ORC cycles with higher efficiency could provide more mechanical

energy per unit collector area. However, which kind of collector is the best needs to
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be analyzed case by case and will be affected by many factors such as the collector
unit cost and location [157].
2.5 Solar-assisted Electrodialysis

Electrodialysis (ED), driven by electricity only, is a type of technology which
arranges cationic and anionic ion-exchange membranes alternately in a direct current
field (Figure 2.10), where the salt ions migrate from the dilute solution side to the
concentrated solution side through ion-exchange membranes under the influence of an
applied electric potential difference. ED processes are different from the MSF, MED
and RO systems in that dissolved salts are moved away from the feed seawater rather
than the reverse. They are not economically competitive for seawater applications
because of the large quantities of salt, the high cost of electrodes, the expensive ion
exchange membranes and relatively short life time of membranes when working in a
high-density electric field [163], [164], therefore, most of the researchers used a PV
driven ED process only for brackish water [165—-168]. In a small-scale 10 m’/d PV
driven ED plant experiment, the seawater needs to recirculate a number of times
before the desired water quality is obtained [169], [170]. So far, only a few studies

have been carried out on solar-assisted ED seawater desalination [171], [172].

Saline Feed
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Figure 2.10 Schematic diagram of PV-assisted electrodialysis desalination process.
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2.6 Solar-assisted Passive Vacuum Desalination (PVD)

The passive vacuum desalination (PVD) concept is to use a thermal system
without using a steam ejector or vacuum pump in a small-scale thermal system
application, as originally adopted by Goswami [173], [174] for desalination
applications. The basic concept as seen in Figure 2.11 is that a thermal system is first
filled with seawater to a height of more than 10 meters above the ground, then the
water drains to create vacuum in the system. The vacuum is generated in the
headspace left in a sealed tank taller than 10 meters when the standing column of
water held by atmospheric pressure drops by gravity. Detailed description and
analysis may be found in references [175-177] in which both theoretical modeling
and experimental results are provided. Several researchers have used this idea as the
basis and further developed different passive vacuum systems such as systems
combined with sensible heat thermal energy storage (TES) [178], [179], combined

with wind power [180], and combined with PV system [181] , as listed in Table 2.13.

{ |

p || S R

Solar Evaporator Condensor
Collector

10.33 m

Concentrated Fresh Pump Seawater
Brine Water

Figure 2.11 Single—stage passive vacuum flash desalination system.
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Table 2.13 Research on passive vacuum desalination system

Authors Year Comments
. Proposed and built evaporation-based PVD concept using a solar water heater. Experimental analysis
Goswami [173], 2003 . . . . . .
[174], [182] 2004 confirmed theoretical modeling which showed that the effect of withdrawal rate and the depth of water in
’ the evaporator were small, while the effect of heat source temperature is significant.
Nirmalakhandan[1 2008 PVD was combined with sensible thermal storage system and solar absorption air-conditioning system.
78], [179] Simulation showed energy consumption of less than 210kJ/kg freshwater produced.
. Proposed and built flash system-based PVD system. Experimental results showed the process is feasible if
Goswami [176], 2009 . .
operated at high temperatures and moderate flow rates. However non-condensable gas accumulation
[177], [183] 2010 .
reduced water production rate.
Ayhan and Madani 2010 PVD desalination system was combined with renewable energy such as wind and solar power giving a
[180] production cost of $1.00 per ton for a lifetime period of 20 years.
Nirmalakhandan PVD combined with solar still and PV panel system. Experiments showed that the distillate system could
2010 . . .
[181] produce twice as much freshwater as the simple solar still.
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Though the passive vacuum method could generate vacuum by using natural
gravity without using vacuum pumps, the non-condensable gases within the seawater
can accumulate over time and affect the vacuum conditions in the evaporator. This
lowers the overall heat transfer efficiency and reduces the fresh water production rate
[174], [182], [183]. In summary, PVD is a simplified MSF/MED thermal system and
could operate with less pretreatment compared to the RO. It is suitable for places like
ships where the deck height is naturally more than 10 meters higher than the seawater
level and where robust desalination systems are needed.

2.7 Solar Still

In a solar still, also called direct still system (Figure 2.12), the heat collection
and distillation processes occur within the same system where solar energy is used
directly for distillation by means of the greenhouse effect. Water vapor rises to the
transparent cover by natural convection and condenses there. A solar still output
might be affected by many factors including brine depth, vapor leakage, thermal
insulation, cover slope, shape material, climate, et al. [184], [185]. The latent heat is
normally wasted on the cover, therefore the system efficiency is relatively low with a
daily production of about 3-4 1/m” [46].

Solar stills have been extensively studied [186], as listed in Table 2.14. A
theoretical relationship of heat and mass transfer within the still was developed by
Dunkle in 1961 [187]. Later, researchers developed different kinds of solar still
systems, such as: solar stills coupled with solar collectors, as can be seen in Figure
2.12b [188-191]; solar stills with condensers (Figure 2.12¢) [192], [193]; solar stills
under low pressure [194], [195]; solar stills with heat recycling [196], [197]; multi-
stage/multi-effect solar stills (Figure 2.12d) [198-200]; solar stills with heat storage

[201-204]; and hybrid solar still/PV systems [205], [206].
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Figure 2.12 Schematic of solar still.

2.8 Solar-assisted Humidification-Dehumidification (HDH)

The HDH process, which uses low-grade heat that could be supplied by solar
collectors, is based on the fact that the saturation humidity roughly doubles for every
10°C increase in temperature. For example, air at 90°C can hold five times more water
than air at 70°C. When air comes in contact with salt water, it extracts some amount
of vapor at the expense of sensible heat of salt water, causing cooling. On the other
hand, the distilled water is recovered by maintaining humid air in contact with the
cooling surface, releasing the latent heat of condensation from the vapor. HDH can be
divided into two big groups: closed-air, open-water (CAOW) cycle and closed-water
open-air (CWOA) cycle [207], [208]. More detailed system configurations,

combinations and modeling could be found in reference [209]. Among all kinds of

ol Lel Zyl_i.lbl )

www.manaraa.com



Table 2.14 Selected solar still

Main feature

Author

Additional comments

Kumar [188]

Water flow over the cover to increase the temperature difference.

Lawrence [189]

System was operated under thermosiphon mode.

Tiwari [190]

Thermal analysis showed that efficiency drop with increase of collector area.

Wieollector Yadav [191] Numerical analysis agrees well with experimental results.
Badran [192] Coupled W@th.ﬂat collector and studied parameters (i.e. water depth, direction
of still, radiation).
El-Bahi[192] Output increased 70%.
W/condenser Fath [193] Outgut increased 50%.
W/vacuum units Tay[194] Uses waste heat from steam turbine.
Low [195] Use turbine exhaust steam.
W/heat recovery Mink [196] Both latent heat and sensible heat to pretreat feed.
Schwarzer[197] Recover latent heat from the condensation process.
. Fernandez [198] Each tray has a W-shape bottom that acts as a condenser for the pan below.
E/flgc‘[:lt—stage/ Kumar [199] Numerical model was developed and validated for a single effect still.
Tanaka[200] Vertical multiple-effect diffusion-type still with solar collector.

Heat storage

El-Sebaii [201]

Phase change material (PCM) was used for heat storage.

Onyegegbu [202]

Still with thermal energy storage.

Velmurugan[203], [204]

Solar stills integrated with a mini solar pond.

Hybrid system

Kumar[205]

Waste heat from PV system for water heating.

Hidouri[206]

Solar still connected to a heat pump.
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configurations, the multi-effect CAOW water-heated system is regarded as the most
energy efficient [210]. The schematic of one solar-assisted multi-effect CAOW can be
seen in Figure 2.13. The basic cycle has a solar collector as the heat source, an air
humidifier and a dehumidifier. Seawater passes through the collector where the
temperature rises and then through the humidifier where water vapor and heat are
given up to the counter-current air stream which cools down the brine. Finally the air

passes over the dehumidifier where fresh or seawater is used for cooling.

Solar

Flat Collector | Collector Cooling

Humidifier > Discharge
Heat
Multi-cffeet
CAOW
. Circulating Air v

Water Brine » N

Tresh Feed

Water

Figure 2.13 Schematic of solar-assisted multi-effect CAOW system.

The seawater greenhouse is another solar-assisted HDH application shown in
Figure 2.14. A seawater greenhouse produces fresh water plus cools and humidifies
the crop growing environment. It is suitable for arid regions because the plastic cover
entraps long wave radiation and reduces transpiration; so, fresh water is produced and
the environment is humidified. The seawater greenhouse is especially suitable for
remote arid areas because it provides additional water supplies without relying on
scarce groundwater; in essence, it makes agriculture immune to climatic variations.

The HDH process is still under research and development and there is still a
lot of room to improve the process [211], [212]. Researchers have produced
experimental results to verify the models [213-216], have tried different methods
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including studying the ambient temperature effect [217], developing corrosion free
HDH collectors [218], combining a cooling tower to improve water production [219],
using pinch analysis to improve the system performance [220], [221], and adjusting

the seawater/air flow ratio to maximize water production [222], [223].
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Figure 2.14 Solar-assisted seawater greenhouse.

It should be noted here that the predecessor of the single stage HDH cycle is a
simple solar still whose energy cost is very high [224]. Therefore, theoretically, this
system should be targeting small-scale applications [223] (from 5 to 100 m3/day water
production) for which the cost of water production is much higher than for large-scale
systems. Several cost estimations and optimizations are given in references [225-227]
with mixed results on whether or not HDH is more economical than small-scale RO
as reported in references [76], [228].

2.9 Solar-assisted Membrane Distillation (MD)

Membrane distillation (MD) desalination requires both thermal energy and
mechanical energy; therefore its combination with solar energy is similar to the solar-
assisted MSF/MED process, as shown in Figure 2.15, which could use low-grade heat
from solar collectors or a solar pond, electricity from a PV system or the power grid.

MD is a separation process in which a hydrophobic, micro-porous membrane is used
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with seawater on one side of the membrane and condensing vapor on the other side.
The hydrophobic membrane prevents seawater from passing through the membrane
pores and only allows the generated vapor to transfer to the other side. MD is a
thermally driven process. The driving force is the partial pressure difference across
the membrane. There are four kinds of configurations: a) direct contact membrane
distillation (DCMD); b) air gap membrane distillation (AGMD); c) sweeping gas
membrane distillation (SGMD); and d) vacuum membrane distillation (VMD).

Detailed descriptions could be found in the reference [229].
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Figure 2.15 Schematic of solar-assisted membrane distillation.

As for the MD energy consumption and cost, there are some disagreements
among the researchers. Some believe that [230] MD is unfavorable when compared
with MED and MSF from an energy utilization point of view because of the
additional resistance to mass transport and reduced thermal efficiency (due to heat

conductivity losses) offered by the membrane. Others claim that the MD consumption
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Table 2.15 Selected solar-assisted MD seawater desalination systems

Ref. Mod/exp. Project MD type Solar system  Cap.(m’/d)  Notes
Bg]ﬂ Mod/exp.  ElPaso ~ AGMD  SolarPond  0.35 3000 m” solar pond, production 0.0016 m*/d/m’ of SGSP.

Compact single loop MD systems using a 5.73-7m* FPC, 7-12 m* membrane
area, GOR 3-6. Experiments carried out at Pozo Izquierdo (Grand Canary),
Alexandria (Egypt), Irbid (Jordan), Morocco, Freiburg (Germany), and Tenerife
(Spain)

0.1-0.5

[235], MEMDIS Two loop systems using a 72m* FPC, 1.44kWp PV, 3m’ water tank, battery
[236], Exp. SM ADES’ DCMD FPC-PV 0.9 storage, 4 membrane modules, freed salinity at 55000ppm, RR 3-4.5%.
[238-241] Experiments at Aquba, Jordan

Two loop systems using a 90m® FPC, 4m’ water tank, 1.92kWp PV, no battery,
1.6 5 membrane module, PV for pumps, two loop systems, double glass collector
with anti-reflective coating, feed water at 35000ppm, and RR 3.6%.

High fluxes of 140 L/h/m? could be reached for a vacuum pressure of 500 Pa

(©)
[234] Model MEDINA VMD Solar pond CY and a membrane with a Knudsen permeability of 1.85%x10” s mol**/m/ kgo‘s.

The effect of salt concentration on the membrane flux and the solar still was
[242] Exp. NA Solar still NA marginal. The contribution of the solar still in the distillate production was no
more than 20% in the outdoor tests and less than 10% in the indoor tests.

Developed a model for SMDDS, with an FPC absorber area of 72m2, membrane
area of 1Om2, and a spiral wound AGMD structure. The use of a storage tank, an

~ (a)
(2431 Model/exp.  SMDDS AGMD FPC 0.64-0.71 interior coil heat exchanger and a control system using conventional
proportional/integral controllers could improve the system performance.
[244] Model © MEDESOL. AGMD®  CPC 0.5-50 Laboratory tests under defined testing conditions of all components will be

performed in Spain and Mexico.

(a) Simulated results.

(b) Authors’ mentioned that the experimental MD system will be AGMD modules while DCMD and VMD will also be theoretically analyzed.
(c) Experiments in progress.

(d) Model maximum fresh water production 617 L/h.
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is comparable to that of MSF plants but the pumping power is less [231].
Nevertheless, by using novel materials and by optimizing the MD configuration, one
could simultaneously reduce the temperature polarization and permeability
obstructions of salt solutions in the DCMD [232], which might potentially reduce the
cost. In addition, MD uses membranes that are robust and cheap, which means that
MD could save on the chemical usage and seawater pretreatment costs compared with
RO [233]. Some selected solar-assisted MD seawater desalination systems can be
seen in Table 2.15, in which most solar-assisted MD systems operate at temperatures
less than 80°C. MD driven by a solar pond has been shown to be feasible; however,
modeling results have shown that combining solar collectors with the MD system
could achieve a higher membrane permeation flux [234]. Though there are many cost
estimations for MD desalination, there are only a few reports on solar MD seawater
desalination costs. Banat et al. [235] estimated the water cost in the project
“SMADES” as $15/m’ for a 100 L/day system using a 10m* membrane and 5.73m?
flat panel collectors (FPC), and $18/m’ for a 500 L/day system FPC-PV driven MD
using 40m”> membranes and 72 m> FPC [236], and showed that by increasing the
reliability and plant lifetime the cost could be further reduced.

Overall, solar-assisted MD 1is still under development. Reports on novel
processes [245], experimentally confirmed modeling [246] and pilot demo plant
evaluations [247] continue to appear in the literature. MD has the disadvantage
compared to MED and MSF of additional resistance to mass transport by the
membrane [230]. However because of the lower cost of MD materials, this
disadvantage can be compensated for by using more area for heat and mass transfer.

In addition, it could be used for high recovery or highly concentrated salt water
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treatment, that RO could not handle, which normally requires high energy

consumption.
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CHAPTER 3 ENERGY ANALYSIS OF DESALINATION SYSTEMS

Chapter 2 analyzed different kinds of desalination systems combined with
renewable energy sources such as solar energy. In order to select the best solar
desalination-integrated system, it is important to understand its minimum energy
requirements, energy recovery and major exergy destruction processes.
Thermodynamic analysis and modeling of the desalination system is the key to
understanding the integration of a desalination system with renewable energy sources.
3.1 System Integration Based on Energy Type

The total amount of water on Earth is 1.4%*10° km® with 97.5% as seawater and
the remaining 2.5% as freshwater. A remarkable 80% of the freshwater is frozen in
glaciers so that only 0.5% of the total amount available is found in lakes, rivers and
aquifers. Freshwater differs substantially from seawater by the salt content. Based on
the salt concentration, freshwater may have salinity up to 1,500 ppm. Saline water is
classified as brackish water when the salt concentration is between 1,500 ppm and
10,000 ppm. Hard brackish water is when the salinity is 10,000 ppm to 35,000 ppm.
Table 3.1 shows a very simple classification of natural water on the basis of its saline
content. Typical seawater compositions (average salinity 35,000 ppm) are given in
Table 3.2.

From Table 3.1, it is seen that the main difference between fresh water and
seawater is the total content of dissolved solids consisting primarily of sodium (30%)
and chlorine (55%). As a result, the physical properties of seawater, such as osmotic
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pressure (which indicates the tendency of water to pass through semipermeable
membranes), and Boiling Point Elevation (BPE) (which represents the increase in
boiling temperature of a solution), are different from fresh water because both of them
are strongly related to the concentration of salts in the solution. Osmotic pressure and
BPE are fundamental properties in the design and operation of membrane and thermal
desalination processes which will be discussed later. Table 3.3 shows the main

thermodynamic properties of seawater.

Table 3.1 Water classification based on salinity content

Total dissolved solids

Type (TDS) Note

Freshwater <1,500 Variable chemical composition
Brackish water 1,500 - 10,000 Variable chemical composition
Salt water > 10,000 Variable chemical composition
Seawater 10,000 - 45,000 Fixed chemical composition
Standard seawater 35,000 Fixed chemical composition

Table 3.2 Standard seawater composition

Chemical ion Concentration [ppm] Percentage of total salt content [%]
Chlorine CI' 19,345 55.0
Sodium Na* 10,752 30.6
Sulfate SO~ 2,701 7.6
Magnesium Mg™* 1,295 3.7
Calcium Ca”* 416 1.2
Potassium K* 390 1.1
Bicarbonate HCO3;™ 145 0.4
Bromide Br 66 0.2
Borate BO;™ 27 0.08
Strontium Sr”* 13 0.04
Fluoride F 1 0.003

Table 3.3 Thermodynamic properties of typical seawater

Density [kg/m’] 1,024
Viscosity [kg/ms] 1.074%107
Specific heat [kJ/kg °C] 3.998
Osmotic pressure [bar] 27
Boiling point elevation, at 20°C [°C] 0.32
Boiling point elevation, at 100 °C [°C] 0.51

Figure 3.1 shows potential processes of solar technologies combined with

seawater desalination technologies. Generally speaking, a solar-assisted desalination
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system means that either solar energy is converted to electricity in order to power the
RO/MVC process, or that solar radiation is collected by thermal collectors and this
energy is used for the thermal desalination process. Solar methods which mainly
produce electricity, such as photovoltaic (PV) [248], are suitable for combination
with the membrane desalination process or a thermal process like MVC which only
uses mechanical energy. Other solar technologies such as solar pond, solar collectors
(including FPC, ETC, CPC, PTC), solar dish, Fresnel reflector, solar tower, could be
used to generate electricity and heat at the same time. They could be combined with
any kind of desalination technology based on the design. Since both solar and
desalinations systems are developed independently and then coupled together, it is

necessary to analyze them separately.
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Figure 3.1 Black box model for the desalination minimum energy analysis.

3.2 Desalination System Considerations

In order to select the best solar desalination-integrated system, understanding
of desalination minimum energy requirements, energy recovery and major exergy
destruction processes is important. Reference [249] provides a specifically focus on
energy issues of desalination.
3.2.1 Minimum Energy Requirement for Desalination

Minimum energy is required when the salt and water could be separated in a

completely reversible process irrespective of the actual desalination processes [249],
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[250]. Consider a desalination system as a black-box separator, with a separate control
volume (within the blue boundary) surrounding it at some distance to make sure all
inlet and outlet streams are at ambient temperature T, and pressure P,. Product and
reject streams may exit the desalination system at temperatures higher than the
ambient temperature, T,, which means the exergy associated with these streams could
be used to produce some work. However, if the exergy associated with these streams
is not harnessed but discarded to the environment, entropy Sger, is generated.

The general energy balance for a system is [251]

#inlet heat terms work terms

Z mi”:i(hin,i"'%vin,tz+gZin,t) + Z Qi+ Z Wi

i=1 i=1 i=1

#outlet heat terms work terms

. . dU dKE dPE
Z Qout+ Zl Wout+a+ dt + dt

= m 1, 2 +
Z pu[:l(hout,i*‘fvout,t +gZout,t)
i=1 i=1 i

(3.1)
The general entropy balance for a system is
R g+ DL S = DI e+ (3:2)
Simply based on Figure 3.1
W + Qinput — Qoss + Mswhsy, = Mmphy + Mg hey (3.3)
T%+ MwSsw + Sgen = MpSp + MpSpy 3.4)
Using the specific Gibbs free energy as
g=h-TS (3.5)

The energy balance becomes:
W+ Qinput - Qloss + MswYsw = MpJp + MmerGrr + TOSgen (3-6)
In a reversible process with no heat input and loss, ToSgen and (Qinput —

Q;0ss) are zero therefore the minimal work required for the separation of unit water

from seawater is the difference in the Gibbs energy [86].
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_ MpyrGpr+MywIw—MswIsw
Wmnin = My 3.7)

where the subscripts br, w and sw represent rejected brine, produced fresh water and
feed seawater (35,000ppm), and g is the specific Gibbs energy. The results can be
seen in Figure 3.2 (a), (b), which shows that higher salt concentration and higher
recovery rate require higher energy consumption. Based on the above equations, at
25°C, standard seawater (35,000ppm) with 50% recovery, the reversible process
requires 3.93kJ/kg. The current well designed seawater RO systems or controlled pilot
scale plants energy consumption can be as low as ~7.92kJ/kg [252], which is two
times the minimum required theoretical value. Considering pretreatment, post-
treatment or other factors such as membrane fouling, pipe friction losses, pump
efficiency, there is only about a 20% improvement possible [252].
3.2.2 Estimation of Energy Consumption

Assuming there is no heat loss to the environment, when a desalination
process uses heat only, W is zero. When only electricity is used, Qinpy 1S zero.

Energy balance

Qunput ~ Quoss T Mswhsw = mMyhy, + mphg + mye by, (3.8)
hey = he + 4 3.9)
Mass balance my,, = m;, + my + mg, (3.10)
Mp = Mg + Mg, 3.11)
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(b) Minimum energy required to desalinate water versus salt concentration at 25°C .
Figure 3.2 Minimum energy required to desalinate seawater.

Based on mass and energy balance, the recovery rate could be expressed as

Qinput*W)—Qoss |
gy MRS, (h—hy)
=T h—hp)+ =12
s (ha—hp)+-70

(3.12)

where hy, hy, hg are the specific enthalpy of fresh water vapor, concentrated brine
and feed seawater respectively, a is the recovery rate, A is the latent heat at the final
product temperature; my,, is the fresh water vapor mass, m¢ is the sum of the mass of
the final fresh water production which is the sum of vapor stream F, and the final

fresh water stream is Fr. If we define the specific energy consumption for a general
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. inputtW .
desalination process as qs = Q””in;t; assume the feed seawater is at 25°C and the
f

final products have the same temperature (including vapor, liquid fresh water and
brine) without considering the temperature elevation caused by salt, Eq. (3.12) could

be simplified as:

qs = [(hpr = hp) = = (hs = k)] + =222 (3.13)

mg

where % is vapor ratio which showed the vapor amount of the total final fresh water
f

generated, and R is the recovery of the desalination process. Once the recovery, a, is
fixed, the specific energy is directly related to the amount of vapor condensed by the
cooling water which is discharged to the environment. Figure 3.4 shows the estimated

specific energy consumption with vapor fraction of the total fresh water generated.
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Figure 3.3 General overview of a desalination process

The lower the amount of vapor condensed by the discharged cooling water,
the lower the energy it requires because less latent heat is wasted. This estimation
shows that the RO process stands out among others because it uses almost ambient

conditions to generate fresh water, no vapor needs to be condensed and no cooling

54

www.manaraa.com



water is needed. Other processes, (i.e., MED, MSF, MVC, MD, HDH) could reduce

energy consumption by recovering the latent heat from the generated vapor either by
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Figure 3.4 Specific energy consumption with vapor ratio and recovery when final
product is at 35°C (upper); and final product temperature when recovery is 0.5
(lower).
preheating water or by reusing the latent heat so as to reduce the energy wasted in the
cooling water. For single effect thermal processes, the vapor ratio is 1. Recently
forward-osmosis has gained attention. Forward-osmosis makes use of the osmosis by
extracting water from seawater using a concentrated extraction solution (also known
as a draw solution), [253]. One of the draw solutions proposed is a mixture of NHj,
CO; and water which extracts fresh water from seawater by forward-osmosis. Fresh

water is then gained from this solution by heating, decomposition, and the stripping
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and recycling of ammonia and carbon dioxide gases [254]. They claimed that the
energy savings of FO are projected to range from 72% to 85% compared to current
technologies on an equivalent work basis [254]. However, the model and the
equations used in the commercial software packages are not clearly stated.
Regardless, this process also depends on phase change, although the latent heat of
NH; is about 60% of the latent heat of water.
3.3 Energy Reduction in Desalination Processes

Although different desalination processes share the same minimum power
requirements, independent of system configuration and technologies, it is not practical
to operate systems reversibly to achieve the minimum energy consumption. Different
driving forces for different desalination processes could cause different exergy
destruction. A higher driving force leads to a higher water production rate with higher
exergy destruction. This normally leads to smaller systems with higher energy
consumption. The driving force of different desalination systems are: a) the excess
pressure AP for RO; b) the excess voltage AE for ED; c) the additional temperature
difference AT in excess of the boiling point elevation to allow for heat transfer for
MVC and MED; and d) the additional temperature AT in excess of the boiling point

elevation to allow for flashing for MSF [255]. The general form is given by [256]

dE dAS ~
d_td = —T, * — = —Tp * (I * AX) (3.14)

where E,; is the exergy destruction, t is time, AS is the entropy change, J is a flow
rate, Ty 1s the environmental temperature and AX is the generalized driving force
conjugated to the flow 3. For RO-based desalination processes, assume the excess

pressure AP is 30 atm, temperature T is 25°C and the exergy destruction is

Eq =Ty * Sgen = To * =+ V= = 3.04 K] /kg (3.15)

where 1}, is the molar volumn of pure water.
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For an evaporation/flash based desalination process such as MED, MVC and

MSF, the exergy destruction could be calculated as [256]:

AT 1
E,4 =TO*Sgen=TO*hfg*ﬁ*E (3.16)

where hy is the latent heat of evaporation at average operation temperature which is
= Ty+T, . . . . .
T = % , in which T,, is the temperature of vaporization and T, is the temperature of

condensation. AT is the temperature driving force of the heat exchanger, which has
the minimum value of boiling point elevation (BPE) for reversible processes.
Additional temperature difference in excess of the BPE is used for heat transfer.
Assume the temperature driving force for MED, MVC and MSF are 1.5, 1.5 and 3°C,
respectively; and assume the T for them are 50.75, 60.75 and 71.5 °C, respectively,
the exergy destruction for the typical MED, MVC and MSF are 9.94, 10.16 and 17.52
KJ/kg fresh water, respectively.
3.4 A Fair Comparison of the Thermal Energy Requirement

Though the estimation in Section 3.2 and 3.3 shows that an RO process is
energy efficient and has less exergy destruction than the thermal processes, one might
claim that RO uses electricity while the thermal system uses thermal energy. A power
cycle efficiency of n which reflected the real thermal energy consumption of an RO
system is needed to fairly compare different desalination systems. Assume a seawater
RO plant with an energy consumption of 13.32kJ/kg [252] - a MED system consumes
240kJ/kg [102]. If an RO consumes same amount of thermal energy as a MED system,
the 1 only needs to be 5.55% while most power plant power cycle efficiency is more
than 35%. For well-designed seawater RO systems or controlled pilot scale plants, the
energy consumption can be as low as 7.92kJ/kg [252] while the currently reported
lowest experimental energy consumption for MED coupled with a double absorption

heat pump is 108kJ/kg. Using a heat source of 180°C (from Table 2.9), the power
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cycle efficiency n only needs to be 7.6% to make RO comparable with a MED-
double absorption heat pump combination. With a 180°C heat source, the power cycle

efficiency could be higher than 7.6%.

There is another claim that increasing the number of stages of a thermal
process or increasing the evaporator surface area could make the thermal process
more energy efficient than an RO process. Assuming the plant and other conditions
are equal, in order to reduce the exergy loss the driving force needs to be reduced
requiring a larger “reaction” area. With larger capital cost however, the minimum
temperature difference is BPE which is about 0.5-1°C. When the temperature
difference between different stages are approaching BPE, the number of stages/effects
increase, and the surface area of the evaporator also increase dramatically in order to
generate the desired water production rate.

Theoretically, a thermal process like MED or HDH could contain more than
100 stages/effects [257], [258]. In reality, the size of the desalination system and the
energy consumption must be balanced. Modern large-scale thermal desalination plants
could have the temperature difference between adjacent stages as small as 2°C.
Considering the seawater boiling point elevation (about 0.5-1°C) and saturation
temperature drop (caused by pressure drop in the demister and tube), the net driving
force of adjacent effects has approached 1°C already; as for the membrane process,
the current seawater RO plants could use a pressure of only 10 to 20% higher than the
osmotic pressure of the concentrate [252]. Therefore, reduction of the driving force in
order to reduce the exergy destruction and the energy consumption is a necessary but
challenging topic. Desalination is intensive in both energy consumption and capital
investment. The water cost is a trade-off with the energy and equipment cost. By

using large areas of membranes in RO/MD or more stages/effects in MSF/MED,
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energy demands could be reduced but at a higher cost. If a low cost RO membrane
and heat exchanger were available, energy consumption could be potentially reduced
by using more material while maintaining the capital cost at a reasonable range. For
example, even though the MD process uses a similar configuration as the MED or the
MSF, it has the disadvantage of additional resistance to mass transport and reduced
thermal efficiency (due to heat conductivity losses). However, it could exploit the
advantages of a larger surface area to compensate for these disadvantages and still
maintain a competitive capital investment [230]. Composite porous organic/inorganic
membranes could have the potential to increase the heat conductivity and be used in a
MD system. For the RO process, novel membranes results in better flux, and better
rejection to salts and boron could also reduce the energy needed. The capital
investment could also be reduced by using fewer membranes with higher flux and
rejection abilities.

Therefore, in most cases, thermal system is more energy intensive than RO.
Thermal process should be considered once the heat source is (<80 °C) or conditions
show that RO is not suitable for use as the desalination system. For example, when
handling brackish water or even seawater, the RO process is energy efficient.
However, it requires stringent pretreatment which increase the capital investment;
besides, osmotic pressure increases dramatically with salt concentration, as shown in
Figure 3.5, while the RO membrane could only sustain certain pressure due to the soft
polymer materials. This limits the RO process application to high concentration feed
water desalination applications. On the other hand, a thermal process such as MED is
robust, requires less pretreatment and could handle highly concentrated salt water
sources. Therefore thermal desalination is still important and needs to be further

studied.
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Figure 3.5 Osmotic pressure changes with salt concentration.

3.5 RO Model
3.5.1 Introduction of RO Membranes

Osmosis is a natural phenomenon in which a solvent (usually water) passes
through a semi-permeable barrier from the side with lower solute concentration, to the
higher solute concentration side (Figure 3.6 left). To reverse the flow of water, a
pressure difference greater than the osmotic pressure difference is applied (Figure 3.6
right). As a result, separation of water from the solution occurs as pure water flows
from the high concentration side to the low concentration side. This phenomenon is
termed reverse osmosis.

In the RO process, seawater is initially treated to adjust its pH and to free it
from particulates that negatively impact the membrane structure. It is then pumped to
a network of semi—permeable membranes separating fresh water from concentrated
brine. The seawater pressure is raised above its natural osmotic pressure, typically 25

bars, but is kept below the membrane tolerance pressure, typically between 60 and 80
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bars, forcing pure water molecules through the membrane pores to the fresh water

side. The separated water is then treated and collected as the fresh water product

Applied
Hydrostatic
Pressure
Osmosis Reverse
Osmosis
Osmotic
Pressure
Clean Saline Clean Saline
Water \ Water Water i Water
Semi-Permeable Semi-Permeable
Membrane Membrane

Figure 3.6 Schematic of osmosis and reverse osmosis phenomena.

while the concentrated brine is rejected. Reverse osmosis is very efficient because the
mechanical compression energy can be reclaimed from the rejected concentrated brine
with a suitable energy recovery device. The life of commercial membranes varies
between 5-6 years which depends on the feed water quality, pretreatment conditions,
and stability of operation. Major types of commercial reverse osmosis membranes
include polyamide (PA) and cellulose acetate (CA). The composite polyamide
membranes have two layers. One is a porous polysulfone support and the second is a
semi-permeable layer of amine and carboxylic acid chloride functional groups. Two
separate layers enables the independent optimization of the properties of the
membrane support and salt rejecting skin, therefore PA membranes have higher
specific water flux and lower salt passage than CA membranes. Typical CA
membranes are made of a blend of cellulose triacetate and diacetate. The membranes
are asymmetric with a dense surface layer about 0.1-0.2 micron which is used to

remove salt. The remaining part of the membrane is spongy, porous and highly water
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permeable. Water flux and salt rejection of a CA membrane are controlled by
temperature annealing and duration.

PA composite membranes are more pH tolerant than CA membranes while
sensitive to oxidative degradation such as free chlorine. On the contrary, CA
membranes can tolerate limited levels of exposure to free chlorine. In addition, CA
membranes have relatively smooth surfaces with little surface charge. Therefore CA
membranes have a more stable performance than PA membranes in applications when
the feed water has a high fouling potential due to their free chlorine tolerance and
neutral surface.

3.5.2 RO Mathematical Model

RO mathematical models have been studied by many researchers [135].

Assuming steady state and a similar permeability coefficient for all salt ions, the net

pressure difference across the membrane is:

AP = ( i ) + ATl (3.17)

3600XTCFXFFXAgXNeXNyXky
where my is the produced fresh water mass rate, TCF is the temperature correction
factor, FF is the membrane fouling factor, and A, is the element area in m”. kyy is the
membrane water permeability, n, is number of membrane elements, ny, is the number
of pressure vessels, andAll is the net osmotic pressure across the membrane which
corresponds of the osmotic pressure difference between the concentrated brine with
feed-in seawater. The exact number of these parameters (such as TCF, FF and k,,)
depends on the membrane materials and manufacturing process therefore it is better to
use the membrane manufacturers’ provided system software to calculate the relative
membranes provided by the company.

Large-scale RO systems normally have an energy recovery device (EDR) to

reduce energy consumption. Low recovery consumes less energy in the separation
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process but consumes more in pumping; therefore there is an optimized range for the
seawater recovery. The work required for the RO process with an energy recovery

device (EDR) may be estimated by:

Wswro = 258 (3222 4 AP) + [1+ (= 1) * (1~ Niggo) (3.18)

Npump 1-a
where o is the seawater desalination system recovery ratio, and AP is the overpressure
above the osmotic pressure that drives the water flow through the membrane. P, is

the osmotic pressure given by van't Hoff equation: P, = cRT, where c is the ionic
. . . Pseq -
molar concentration, R is the gas constant, and T is the absolute temperature. ﬁ is

the pressure used to overcome the concentrated brine osmotic pressure. The units of

W, P, and V are kJ, kPa and m® (or m*/s if using flow rate) respectively; Npump 18 the

. . . . 14 .
high pressure pump efficiency, Vi eqp 18 the fresh water volume, % is the total

seawater pumped by the pump, and nggp is the efficiency of ERD. The recovery rate
ranges from 30% to 60% for RO, as can be seen in Figure 3.7. For thermal processes,
the high recovery rate could reduce the energy consumed by the pumps but might
cause potential scaling problems, therefore, a selection needs to be made for each
individual case.
3.6 MED and the Combinations with Heat Pumps

The combination of economical specific MED plant costs with low energy
cost, together with the inherent durability of a low-temperature MED avoiding the
necessity of comprehensive seawater pretreatment (such as with RO plants) make the
MED process one of the best candidates for safe and durable large capacity
economical desalination options. MVC and TVC can be combined with the MED

process to further improve the system performance.
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Figure 3.7 Specific energy consumption change with/without ERD
(Pump efficiency 80%, ERD efficiency 80%).

3.6.1 MED Model and Analysis
A schematic diagram for the forward-feed Multiple Effect Distillation (MED)
desalination process can be seen in the MED subsystem of Figure 3.8, in which

seawater is delivered to a sequence of successively lower pressure vessels, called

effects.
Preheate: 2 - fi [ - Preheacer (n-1) M T, My 3all.Te
M. Salt,, Tf, ; r";"’:;‘"—'ﬁl—”ﬁ x’.k/ﬁl ‘ .
N . Y : ‘ Condenser
do v ' e
Tv. D o HERL 1 Fox )
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Figure 3.8 Schematic of a forward-feed multiple effect distillation.

There are n evaporators, n-2 feed water preheaters, n-1 flashing boxes and one
condenser in the system. The seawater stream is heated from the intake T, to Tf.

The function of the cooling seawater is to remove excess heat added to the system in
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the first effect by the motive steam which has the mass rate M, at the temperature of
Ts:. In the last effect, the heat load is equivalent to the latent heat of the vapor from
the last effect of MED effect, which is the sum of the flashed-off vapors formed in the
last effect and the associated water flash box. This amount of heat was delivered to
the MED feed-in seawater with mass flow rate (M, + Mf). The cooling seawater
M.,, is rejected back to the sea while the rest M is sent to the 1* effect of MED after
passing a series of preheater. In each forward-feed MED system, the 1* effect and the
last effect (with condenser) are different from others; the 2" effect to the (n—l)th effect
are similar.

There are several assumptions made during the modeling process:

a) The vapor formed in the effects is salt free.

b) Energy losses from the effects to the surroundings are negligible.

¢) The heat transfer efficiency in the exchange units, which include evaporators,
condensers, and preheaters, is constant.

d) The physical properties of various streams are calculated at the temperature
average of influent and effluent streams.

e) There are no pipe friction or vapor demister friction losses.

Each effect will have one boiling point elevation caused by the salt
concentration and two different non-equilibrium allowances (NEA) due to the higher
pressure and temperature from previous effects. The detailed mathematical model of
these special parameters will be presented in Chapter 5. These effects caused by
seawater properties could be calculated through EES (Engineering Equation Solver)
library routines and equations written in related EES models for this research.

The detailed model from the 2™ effect to the (n—l)th effect is found in Chapter

5 for the proposed system. In this section, only the first effect and the last effect
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condenser model will be described. However, the whole system modeling results of
the forward-feed MED will be discussed.

The major energy and mass balance for the 1* effect are:

Mf - Dl + Bl (3.19)
Mg + Salt; = By * Salt, (3.20)
Mg % Age = Mg x Cp x (Ty = Tf;) + Dy x A4 (3.21)

The energy and mass balance for the final condenser are:

Qcondenser = (My + Mcw) * CPeonaenser * (Tr = Tew) (3.22)
where Q.ondenser 1S the heat load of the final condenser, Ag; is the latent heat of
condensation of the motive steam M, A; is the latent heat of vaporization at
temperature Tv, at which temperature the vapor formed in the first effect, Cp is the
mean specific heat capacity of water from feed-in temperature Tf, to the effect
temperature Ty, CPcondenser 15 the mean specific heat capacity of the feed-in seawater
temperature T¢,, to the cooling water discharge temperature T¢, Tv, is less than the
boiling temperature T; by the boiling point elevation BPE; caused by dissolved salt.
3.6.2 MED Model Results

A 14-effect forward-feed MED is modeled. Some fixed parameters are
a) The heating steam temperature is 65°C;
b) The vapor from the last effect is condensed at 35°C ;
¢) The recovery ratio a is 0.335;
d) Final condenser pinch is 2°C;
e) Ambient seawater temperature is 25 °C;

f) Feed-in water salt concentration is 35g salt per kg seawater.
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Figure 3.9 Preheat effect to: a) MED top brine temperature; b) Preheat effect to
MED performance ratio; c) Preheat effect to wasted heat percentage.
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In MED’s ith effect, three vapor streams (vapor generated by evaporator, brine
flash and condensate flash box associated with ith effect), flow into the preheater
associated with this effect. A portion of the vapor 6; is used for preheating the feed-in
water and condensed in the next effect flash box. By adjusting the percentage of vapor
used in the preheater, a few performance parameters of the MED will vary such as:

a) The performance ratio, P. R., which is defined as the number of kg of distillate
produced by a 2,300 KJ heat input.

b) The top brine temperature, T f,, which is the final seawater temperature before
it is sprayed on the first effect evaporator.

c) The percentage of heat wasted, HW% , which reflects the percentage of the
heat load discharged to the sea by the cooling water based on the heat
provided by the steam at the first effect.

The MED modeling results have shown it is desirable to preheat the feed-in
seawater to higher temperatures, which means that using a greater percentage of vapor
from previous stage to preheat the feed-in water could improve the MED energy
efficiency. As can be seen in Figure 3.9, the more the vapor is condensed in the
preheater, the higher the MED top brine temperature (Figure 3.9(a)), the higher the
performance ratio of the MED system (Figure 3.9(b)) and the less the wasted heat
discharged to the sea by the cooling water (Figure 3.9(c)).

By using the reported experimental data on the forward-feed MED system
[259] (P.R.=9, 0 =14.1%, a = 0.335, Tg; = 65°C and the final fresh water
production 0.83 kg/s), the detailed information of produced fresh water flow rate in
each effect can be seen. Figure 3.11 shows that major fresh water production is from
evaporation while water produced by flashing is only 10% of the water generated

from the evaporators. The modeling results also show that as each effect’s
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temperature continues to drop (Figure 3.12), the brine concentration coming out of
each effect continues to increase (Figure 3.10). The boiling point elevation in each
effect as well as the non-equilibrium allowance in the brine flash and condensate flash

will increase as the salt concentration increases, as can be seen in Figure 3.13.
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Figure 3.10 Brine concentration coming out of each effect.
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3.6.3 MED Combined With Thermal Vapor Compressor (TVC)

As discussed in Section 2.2, MEDs are sometimes combined with a thermal
vapor compressor (TVC) to recover the final effect low-temperature vapor in order to
improve the system performance ratio, as can be seen in Figure 3.14. The MED
modeling has been discussed before. The steam vapor compressor is modeled by the
semi-empirical model developed by Al-Juwayhel [51]. The compression ratio (Cr)
means the pressure ratio of the compressed and entrained vapors. The entrainment
ratio (Er) is the flow rate ratio of the motive steam and the entrained vapor and is

calculated by:

(3.23)

Pg 110 P\ 0015 3%10™7X(Py)?—0.0009X Py +1.6101
Er = 0.296 x 2t x (fm =)
Pey™ Pey 2X1078X(Tep)2—0.0006X Ty, +1.0047

P,., Ps; and P,, in kPa are the pressures of the motive steam compressed vapor that
will go to MED 1* effect and the entrained vapor, respectively; T, is in °C. The
equation is valid only when only the steam is the working fluid and is valid in the

following ranges: Er < 4, 10°C < T,, < 500 °C, 100 kPa < P,, < 3500 kPa, and

181<X=¢cr<e.
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Figure 3.14 Schematic of MED-TVC.
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The TVC could extract vapor from any effect in a MED system. The effect of
extracting vapor from different effects of a 6-effect MED-TVC using 50-108 C
heating steam is shown in Figure 3.15, where a 6-effect MED is used as a reference.
The specific area (sA) is defined as the ratio of the overall thermal desalination
system heat exchanger surface area (mz) to the fresh water production rate (kg/s). The
specific heat consumption is the ratio of the total thermal input (kJ/s) to the fresh
water production rate (kg/s). The feed-in seawater concentration is 35g/kg and the
overall heat transfer coefficients for the evaporators, preheaters and condensers are
from Ref. [260]. The data which do not meet the TVC model restrictions are removed.
From the figure, it can be seen that the basic trends are similar while the energy
consumption and the total MED system heat exchanger area are inversely
proportional to each other. In reality, it is better to extract the vapor from the last
effect so that all the evaporators have the same size. From the simulation, it can be
seen that MED-TVC shows performance improvement, which can be expected (based
on analysis of the estimation of energy consumption in Section 3.3) because the vapor
from the last effect is partially recovered. However, the water saturated pressure is
low at the MED last effect which is one of the reasons for the TVC low efficiency.
Besides, the MED-TVC system requires an external electricity input to operate the
pump. It is expected that a system could totally operate with just thermal energy.

3.7 Summary

In summary, the minimum energy required for all the desalination processes is
the same irrespective of the actual desalination process. The RO process is naturally
more energy efficient than a thermal process. However, the RO process could not be

used to handle highly concentrated salt water such as fracture water generated from
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natural gas production due to the exponential increase of osmotic pressure with salt

concentration and the physical strength limitations of the RO membranes. Therefore
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Figure 3.15 Effects of extracting vapor from different effect of a 6-effect MED
system.
in some cases, such as availability of abundant low cost thermal energy, highly salty
water or places requiring zero liquid discharge, thermal processes could be more
appropriate. The previously discussed desalination system, no matter if it is RO or
thermal process, requires external electricity input. Systems that rely only on low-
grade heat sources to drive the RO desalination system are desirable. Furthermore, it
is of great importance that desalination systems could operate without external
electricity in order to improve the thermal system performance. The desalination cost
could be further reduced by not only applying low cost energy sources but also low
cost materials, which requires breakthroughs in materials development. Table 3.4

[261-263] summarizes a comparison of some of the major desalination processes.
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Table 3.4 A comparison of different desalination processes

MSF MED TVC MVC RO ED
Operation 35-120 35100 >120 30-60 20-40 20-40
temperature (°C)
Pretr.eatment Low Low Low Low High High
requirement
Scale problem High Medium Medium Medium Low Medium
Freshwater quality <10 <10 <10 350-500 350-500
(ppm TDS)
Heat consumption
(kI/kg of product) 90-567 108-432 - - - -
Electricity
consumption 7.2-18 5.4-10 - 28-40 10-47 43
(kJ/kg of product)
Prime energy
consumption*® 110-653 110-369 - 80-110 65-120 144
(kJ/kg of product)
Sensible to Latent to Recovery low- Recovery low- Pressure
Energy recovery -
latent latent temperature vapor temperature vapor  recovery
Sensible to feed-in
seawater Yes No No No No No
temperature
Membrane
Proven Steam
o replace every ~ Almost all
technology temperature Limited to smaller .
Proven o - . 5-7 years, brackish
Others for large- >120°C, sacrifice  size plants, need
technology . cannot treat water
scale power plant skillful operator. . e L.
high salinity application.
plant. performance.
water.
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CHAPTER 4 REVERSE OSMOSIS DESALINATION DRIVEN BY LOW-

TEMPERATURE SUPERCRITICAL ORGANIC RANKINE CYCLE

This chapter studies a novel idea of a supercritical organic Rankine cycle
(SORC) driven seawater reverse osmosis (RO) system (SORC-RO). The system is
suitable for using both recirculating heat sources (e.g. solar thermal) and once-through
thermal energy resources (e.g. waste heat or geothermal). The SORC-RO system is
analyzed using two types of low-grade heat sources with a maximum temperature of
150°C and compared with the conventional organic Rankine cycle driven seawater
reverse osmosis system (ORC-RO). The results show that the SORC-RO system is
able to make use of different heat sources and provide relatively stable performance.
If the source is waste heat, the SORC-RO system could make full use of the heat
source and reduce thermal pollution to the environment. A comprehensive list of
working fluid candidates for the SORC-RO system using low-grade heat sources less
than 150°C is proposed based on the critical pressure and temperature of the fluids.

4.1 The Proposed SORC-driven RO System

Figure 4.1 shows a schematic for both an ORC-driven RO and the proposed
system which combines a RO with a SORC-driven by solar thermal, geothermal or
industrial waste heat. The recuperator is circled by dotted line which will be used for
an R245fa based ORC-driven RO system while for the proposed SORC-driven RO,
no recuperator will be needed. The energy recovery device (ERD) recovers a part of
the pressure head of the remaining brine to pre-pressurize the feed water, which

would otherwise be wasted. In this system, the heat from the source generates
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superheated vapor in the vapor generator. The vapor is led to the turbine to generate
power for the OR system, and then condensed by the feed seawater which gets
preheated. A pump driven by the turbine of the power cycle pressurizes the preheated

seawater going into the RO unit.
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Figure 4.1 Schematic of ORC/SORC-RO system using low-grade heat.

Figure 4.2 (a) and (b) show the T-s diagrams of an ORC and a SORC,
respectively. In both ORC and SORC, the working fluid is pressurized (1->2), heated
(2-23), expanded (3->4), and condensed (4> 1) to complete the cycle. The difference
between them is that the working fluid of a SORC is pressurized above its critical
pressure, resulting in its heating process bypassing the two-phase region. This
“smoother” heating curve leads to a better thermal match with the heat source and less
irreversibility. It is preferable to keep the configuration of the ORC/SORC simple
when designing a small-scale ORC-RO system. However, when the cycle working
fluid is a drying fluid such as R245fa, a heat recovery exchanger is needed to recover
the heat from the superheated vapor coming out of the turbine [152]. As seen in
Figure 4.2 (a), the vapor at point 4 is superheated which is used to heat the working

fluid from point 2 to y while it gets cooled to point x.
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Figure 4.2 Process of (a) an organic Rankine cycle;
(b) a supercritical organic Rankine cycle.

The specific net work output of both SORC and ORC is:

Wnet = (hs — hy) — (hy — hy) 4.1
The thermal efficiency of an ORC or a SORC with a heat recovery system is:

N = aet = (a=ha)=Crah) “.2)

Qin h3_hy

where h is the enthalpy of each point in the power cycle. x and y in Figure 4.2 are the
points where hot and cold fluids come out of the recovery heat exchanger, separately.
When there is no heat recovery exchanger, hy = h2 and the cycle is a simple cycle. In
this study, the SORC cycle is a simple cycle while the ORC cycle has a heat recovery
exchanger because the working fluid is a drying fluid.
4.2 System Simulation and Analysis

In this study, it is assumed that no preheated seawater is discharged without
RO desalination treatment and all of the reheated seawater is desalinated with a 50%
recovery rate, which implies that 50% seawater turns to potable water and the rest is
rejected into the sea. Therefore, the power generated from the ORC/SORC cycles
must provide enough energy for the 50% recovery rate of the RO system. As stated

earlier, different working fluids in the ORC/SORC cycles would perform differently.
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Here, only those working fluids that could meet the requirement of 50% recovery rate
are considered. It is assumed that the working fluid of the power cycle is condensed
at 37°C by the feed seawater which heats up from 25°C to 32°C, depending on the

cooling load of the power cycle. Therefore, in this SORC-RO study, two criteria need

to be met:
chcle - Wpump = WSWRO (4'3)
Qcondenser - chcle = CpswrhswATsw (4'4)

The analyses of the thermodynamic cycles are carried out assuming steady
state operating conditions. Kinetic and potential energy variations in the system are
assumed to be negligible and no heat and pressure losses are considered. All the work
generated will be used for the RO system. The designed RO system is simulated with
the Dow Chemical Reverse Osmosis System Analysis (ROSA72). The simulated
system is a single stage RO system using 10 pressure vessels in each stage and 7
elements in each vessel. The feed seawater peak flow rate is 22.08 L/s and the Dow
Chemical’s FILMTEC™ SW30XHR-400i RO membrane is used. The membrane
specifications and the proposed RO system parameters are shown in Table 4.1. When
the feed seawater temperature rises, the permeated total dissolved solids (TDS) of the
RO increase. In this study, effluents with a TDS level higher than that of US average
tap water TDS (approximately 350 mg/L) were not considered. The temperature

correction factor (TCF) for the membrane is obtained from reference [264] and is:

1 1
TCF = EXP[2640 * (E T T+273.15

);when T > 25°C (4.5)

1 1

TCF = EXP[3020 * (ﬁ T Trz731s

);when T < 25°C (4.6)

The SORCs and ORCs are simulated using ChemCAD, and the REFPROP

database from the National Institute of Standards and Technology (NIST) is used for
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thermophysical properties of the fluids. Table 4.2 lists all the assumptions made for

this simulation.

Table 4.1 Preliminary design parameters of the RO unit

Seawater total dissolved solids (TDS) 35240 mg/L
Water classification Seawater (Well/MF) SDI < 3
RO feedwater temperature 32°C

Seawater recovery 50.00 %
Element type SW30XHR-4401
Maximum operating pressure 8.3 MPa

Stage 1

Pressure vessels per stage 10

Elements per pressure vessel 7

Average flux 0.23 L/m” min
Power consumption with ERD 92.356 Kl/s
Raw seawater flow to the system 22.08 L/s

Feed pressure 6.048 MPa
Total active area 2861 m”
Concentrate pressure 5.96 MPa
Concentrate TDS 70244.42 mg/1
High pressure efficiency 0.8

Energy recovery device efficiency 0.9

Table 4.2 Values of fixed parameters for the proposed systems

ORC-RO SORC-RO
Condensation temperature, T cong 37°C 37°C
Cycle pump efficiency, Npump 0.85 0.85
Turbine efficiency, nr 0.85 0.85
Boiler pinch 10°C 10°C
Recovery heat exchanger pinch 10°C No recovery heat

exchanger

Heat source temperature 150°C 150°C
Feed seawater temperature, Ty in 25°C 25°C
Mass of cooling seawater 22.08 L/s 22.08 L/s
Solar irradiance, G 1000W/m” 1000W/m”

4.3 Results and Discussion
4.3.1 Desalination System Results

The energy consumption of the proposed RO with respect to the seawater
temperature is shown in Figure 4.3 (a). The required RO pressure and effluent water
quality are shown in Figure 4.3 (b). It can be seen that both the RO pressure and the
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energy consumption decrease when the seawater temperature increases, which is due
to the increased flux through the membranes at higher temperatures. With the
increased flux, the effluent water quality decreases, nevertheless, the effluent TDS
still meets the average US tap water quality. The changes in RO pressure and energy
consumption are more dramatic at lower seawater temperatures, indicating the
necessity of seawater preheating at low-temperatures. Heated from 5°C to 32°C, the
energy consumption is reduced by as much as 26.23%; while heated from 25°C to
32°C, the reduction is only 2.02%. Note that with seawater preheated to 32°C, the
proposed RO system’s pressure requirement is 6.048MPa, the energy consumption is
8.365 kJ per liter fresh water generated, and the effluent TDS is 238mg/L. Both the

RO fresh water and discharged brine are at 0.137MPa.
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Figure 4.3 (a) Power consumption of the designed RO versus seawater
temperature (left);
(b) RO system pressure and effluent TDS versus seawater temperature (right).
The proposed RO system is assumed to treat all the preheated seawater, which
is 22.08L/s, from the power cycle condenser with a 50% recovery rate. The power
generated from the power cycle is sufficient to meet the RO requirement. If the break-

even thermal efficiency of the power cycle is n*, below which the power generated is

not adequate to process all the preheated seawater, then the power generated is:
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chcle = Qin XN° 4.7)
The heat rejected from the condenser for seawater preheating is:

Qin — chcle = Cpsw * Mgy * ATgy, (4.8)
where CIDSW is the heat capacity of the seawater in kJ/kg-K calculated from [260],

AT, is the temperature rise of the seawater in °C. Combining Equations (4.7) and

(4.8) we obtain:
1 .
chcle * (F - 1) = CpSW * Mgy, * ATy, 4.9)

The break-even cycle efficiency n* could be calculated based on Equation
(4.9). The break-even cycle efficiency n* and the energy needed for the proposed
22.08L/s raw seawater RO system are shown in Table 4.3. It can be seen that the
bigger the ATy,,, the lower the n* needed. For this case study, the AT, is limited to
approximately 7°C, and the break-even cycle efficiency n* is 12.71%. It has to been
mentioned that the break-even efficiency tabulated below does not take into
consideration the conversion loss between the mechanical energy and electrical
energy. If a conversation efficiency of 98% is assumed, the actual break-even

efficiency n* needs to be 13.23%.

Table 4.3 Break-even cycle efficiency n* and specific heat needed at different AT,

ATS'M,? K 5 7 10 15
n* % 17.01 12.71 9.20 6.29
Weycle KJ/s 92.79 92.30 91.80 91.26

4.3.2 Desalination System Results

As mentioned earlier, a solar thermal source is treated as a recirculating
source, while waste heat sources, such as exhausts from diesel engines and
geothermal sources are considered as once-through. In this study, a recirculating fluid

is assumed to be between 130°C-150°C, which is typical for evacuated tube solar
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collectors (ETC) as discussed in [136], [145—-149]. A once-through heat source is
assumed to decrease from 150°C to 88°C, which is normal for geothermal plants.

For the SORC and ORC, the properties of the working fluids play a key role in
the performance of the thermodynamic cycle. The fluid selection affects the system
efficiency, operating conditions and economics. Chen et al. [265] did a
comprehensive review on the selection of supercritical fluids and pointed out that
isentropic and drying fluids are preferred in order to avoid two phase expansion in the
turbine. In any case, the vapor quality at the turbine exhaust is considered higher than
90% to avoid any liquid droplet impingent on the turbine blades. Additional fluid
selection criteria include the ozone depletion potential (ODP), global warming
potential (GWP), the auto-ignition temperature and the ASHRAE safety
classification. Based on these criteria propane (R290), Difluoromethane (R32), 1,1-
Difluoroethane (R152a), and 1,1,1,3,3-pentafluoropropane (R245fa) were selected
and studied further. Among these fluids, R245fa has been studied by several
researchers [149] for conventional ORCs and was selected for comparison with the
SORC fluids R290, R152a, and R32. These fluids have critical temperatures lower
than the proposed power cycle’s high temperature, which is 10°C lower than the heat
source of 150°C, and therefore, they are examined in the SORCs. The properties of
the selected working fluids are listed in Table 4.4.

The thermal efficiencies of the four working fluids with respect to the cycle
high pressures are shown in Figure 4.4. Since the heat extracted from the heat source
is partly converted into power to drive the RO system, while the rest is used to preheat
the feed seawater without thermal discharge, the SORC or ORC cycle efficiency has
to be sufficient to process all the preheated seawater. The dotted lines are the break-

even thermal efficiencies for the systems. Below this line, the work generated from
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Table 4.4 Critical parameters of the working fluid candidates

Working fluid R290 R152a R32 R245fa
T. (°C) 96.74 113.26 78.105 154.01
P. (MPa) 42512 4.5168 5.782 3.651
Tngp (°C) -42.11 -24.02 -51.65 15.14
MW (g/mol) 44.096 66.051 52.024 134.05
Max. pressure (MPa) 1000 60 70 200
Autoignition temp. ( °C) 177[266] 455[267] 648 [266] 412 [266]
GWP 100 years <10 124 [268] <10 1030[269]

Note:T, is critical temperature; p, is critical pressure; Tnpp 1S normal boiling point
temperature; MW is molecular weight; GWP is global warming potential.
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Figure 4.4 Fluids thermal efficiencies VS high pressure in the cycle.

(a) Recirculation heat source 150 — 130 °C

(b) Once-through heat source 150-88°C
the power cycle is not enough to treat all the preheated seawater without thermal
discharge. Therefore, R290 and R32 are screened out due to their relatively low
efficiencies. Since R245fa is a drying fluid with a significant amount of superheating
at the turbine exit, an R245fa-based ORC has one recovery heat exchanger. Since
R152a is an isentropic fluid, no recovery heat exchanger is required for the proposed
SORC system. Figure 4.4 clearly shows that the R245fa-based ORC with recovery
heat exchanger has a higher efficiency than others when using recirculating heat

transfer fluids. However, it drops dramatically when the heat is a once-through type.
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However, R152a could operate at 4-6.2 MPa with steady efficiency above the break-
even efficiency no matter what kind of heat source is used.

It is evident that the type of heat source makes a significant difference for the
performance of ORCs. This is due to the thermal profile of the heat source and its
match with the ORC or SORC cycle. Figure 4.5 shows the two types of heat sources
and their thermal matches with the ORC and SORC cycles in a T-AH diagram. The
boilers are simulated with a pinch of 10 °C and heat load of 1000 kJ/sec. The
temperature profile of the recirculating heat source is “flatter” due to the consideration
of limiting the temperature difference between the inlet and outlet of the recirculating
flow. The flatter temperature profile has a better thermal match with the R245fa-based
ORC. In contrast, one would extract the maximum heat in a single cycle from the
once though heat source. Therefore, its temperature profile is “steeper’. The steeper
temperature profile matches better with the RI152a-based SORC. A steeper
temperature profile also indicates a smaller mass flow needed with the same amount
of heat transferred. Furthermore, in order to achieve a steeper temperature profile, the
R245fa-based ORC boiler pressure needs to be lowered to satisfy the boiler pinch. As
can be seen from Figure 4.5 (b), the R245fa pressure has to be dropped from 2.4MPa
down to lower than 1MPa in order to meet the boiler pinch requirement. The
pressures shown in Figure 4.5 (b) may not be optimum but clearly show the benefits
of using a supercritical Rankine cycle for once-through heat sources.

4.3.3 Solar Collector Calculations

Instead of using the same efficiency for all the solar collectors based on the
inlet and outlet temperatures of the entire solar field, the individual collector
efficiency is calculated separately to reflect a different mean temperature of each

collector. Matlab is used to calculate the total collector usage for the proposed
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seawater RO plant handling 22.08 L/sec seawater with a 50% recovery. The following

is the calculation of the solar collectors needed for different fluids and cycles. The
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Figure 4.5 Thermal matches between the heat sources (a) with ORC cycle (left) and
(b) with SORC cycle (right).
total solar collector aperture area (A) for each system is a function of the local solar
irradiation, the power required for seawater desalination and the efficiencies of the
solar and power cycles. The collector efficiency (ngo1ar ) Was calculated for a typical
solar collector based on Equation (4.10) provided by the Solar Key Collector

Database [270].

(T, ~Tamb) (T, ~T amb)?
nsolar — nOa _ ala % meanG amb) a2a * meanG amb (410)

where 1, is the optical efficiency at normal incidence of direct solar radiation, o,
and ay, are the co-efficients of the temperature-dependent heat loss coefficient, 0.751,
1.24 W/m*K and 0.0063W/m*K?, respectively, which may vary based for different
collectors; Ty is the mean temperature of each collector and T, is the ambient
temperature, 25°C. G is the normal beam solar radiation (W/m?). The working fluid

for the proposed ETC collector is assumed to be 47% propylene glycol and 53% water

by volume.
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The heat needed for the power cycle is Qe and the mass of the heat transfer

fluid calculated from the power cycle is myrp. At the solar field, myrr was split into

F

n; loops, each having a mass flow rate of m%, which is limited by the collector

maximum allowable flow rate. The number of collectors n.; in each loop is
calculated based on the temperature difference of the HTF in and out. The heat

needed for the power cycle is given by Equation (4.11), as:

_ MyTF MyTF . MyTF
Qcycle = Mioop * [cp1 * ooy * ATy + ¢, * Mooy * AT, + -+ Cp"c,z * ooy * ATnU 4.11)

where C, is the specific heat of the HTF which is a function of temperature as shown
in Equation (4.12):
Cp=—3% (107>« Trean- + 0.0384 % T, pun® — 12.49 * Tppn + 4491.9)  (4.12)

The final collector area is given by Equation (4.13), as

A = Nygop * N g * Ay 4.13)
where A, is the single collector aperture area, which, in this study, is 3.23m*

Figure 4.6 shows the solar collector areas needed for the R245fa-based ORC
and R152a-based SORC with a cycle high-temperature of 140°C. The results show
that the R245fa-based ORC with recovery heat exchangers needs a collector area of
1020 m? to 1260 m’ under different cycle pressures and solar collector inlet
temperatures. The lowest collector inlet temperature is about 100.5°C. If the collector
inlet temperature is lower than 100.5°C, the power cycle would not meet the break-
even efficiency due to the boiler 10°C pinch. When the heat transfer fluid’s inlet and
outlet temperatures are 124.5°C and 150°C, respectively, the solar collector area is the
smallest, 1020m?. Under this condition, the optimal power cycle pressure is 2.2 MPa.

Compared to the R245fa-based ORC, the R152a-based SORC-RO system

needs a larger solar field of 1065m? to 1240m>. However, it can be seen that the
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Figure 4.6 Solar collectors’ areas using different heat sources with highest
temperature of 150°C
temperature for the R152a-based SORC HTF exit, which is also the solar field inlet
temperature, can be lower than 83°C. Also, the solar collector areas needed for
different conditions are very close. The lowest collector area is achieved when the
power cycle operates at 5.2MPa and the solar field inlet temperature is 84°C.
Compared with Figure 4.4, the smallest collector area for the ORC-RO system is only
about 4% less than that of optimized SORC-RO system, while the highest efficiency
of the R245fa-based ORC is approximately 18% higher than that of the SORC
system. This is due to the collector efficiency change with operating temperature, as
shown in Figure 4.7. Solar collectors have higher efficiencies when operating at lower
temperatures. Though the cycle’s high temperature for both the SORC and ORC are
150°C, the mean solar field temperature for the SORC system is much lower due to
the low solar field inlet temperature. The above calculation will vary with different

solar collectors and, in this study, only a typical ETC solar collector is considered.
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Table 4.5 Cost comparison of solar ORC-RO systems

Cycle Cost percentages
Ref. high T Cy.cle Cyclfz . Solar
(C) fluids configuration  QRC RO Field Others
[146],
[153], 75.8 134a Single ORC 15 32 40 13
[148]
[145], 137 245fa Upper cycle 753
[147], ' 2336 40.83 10.45
[154] 75.8 134a Bottom cycle 6
(@)
87.344 R218 Single ORC 19.5 8.8 71.7 ( 0
(57 12094 R24S with heat 161 72 7679 0
289.73 R60la recovery 279 125 59.6® 0
378.44 (b) exchanger 329 185  485% 0.1

(a) Case study results for location Barcelona seawater RO; (b) N-propyl benzene.

Table 4.5 shows a cost comparison of the solar ORC-RO systems described in

the literature. It is clear that the solar collector field represents a major cost fraction of

the whole system. Therefore, from a system economics point of view, minimizing the

solar collector area is the first priority. Based on the above discussion, if the only heat

source is a recirculating type, an ORC-based system has a less than a 5% advantage.
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4.3.4 Heat Transfer Fluid Discussions

For once-through heat sources like geothermal and industrial waste heat, one
needs to extract the maximum possible amount of energy in one cycle. The heat
transfer fluid is still assumed to be 47% propylene glycol and 53% water by volume,
which is the working fluid for the ETC collector. If geothermal or waste heat sources
are used, other heat transfer fluids can be used but the basic calculations and
conclusions would be similar. Figure 4.8 shows the heat transfer fluid flow rate
needed to power the proposed RO system in order to meet the system break-even
efficiency. It is clear that the SORC-based system is able to use less heat transfer
fluid, the minimum being about 2.75kg/s. However, the minimum HTF needed for the
R245fa-based ORC system is 3.95kg/s. If the heat source is a geothermal fluid, the
SORC-based system could potentially produce 40% more water using the same
amount of geothermal fluid. When the heat source is waste heat, the SORC-based
system would not only produce more water with the same heat source but also lower

the waste heat to below 83°C and dramatically reduce thermal pollution.
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Figure 4.8 HTF usage comparison for the proposed ORC-RO and SORC-RO system:
(a) HTF use for R245fa-based ORC-RO system (left);
(b) HTF use for R152a-based SORC-RO system (right).
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4.3.5 SORC-RO System Exergy Destruction Analysis

Inefficiency is caused by exergy destruction within the system and exergy
losses to the environment. An exergetic analysis is conducted in this section to
identify the exergy destructions and losses in each process of the ORC- or SORC-
driven seawater energy recovery (SWRO) system so as to identify the potential of
improvements. The exergy destruction and losses of each element of the system are
expressed as follows. Refer to Figure 4.1 for the system configuration and the
components. Dead state temperature is 25 °C.

For the pump, exergy destruction is:

Eapuy = Wy — (B — E) = W, — [(Hg™ — i) ~ Ty (55— Sim)] - .19
where W, denotes the power of the pump, E;;" and EQ"* are the exergy inlet and outlet
of the pump, respectively; H and S are the enthalpy and entropy, respectively. Ty is
the dead state temperature.

For the turbine, exergy destruction:

Baparpine = (B = E) = W, = [(HI" = ) = To(SI7 = S0)] = W, @.15)
where W, denotes the power output of the turbine, E;;” and EJ"" are the exergy inlet
and outlet of the turbine, respectively; H and S are the enthalpy and entropy,

respectively.

For the boiler, exergy destruction:

EdBoiler (EHTF 13%) (Eogzgcp SORCF) [(HHTF 13%) TO(SHTF_
S — [(HS ke, — Hbrer) — To(S&ke, — Stbrey)] (4.16)

t
poiter = —20RCs~ESncy 4.17)

Efrr—ERTF

where EfL and ES%L are the exergy inlet and outlet of the heat transfer fluids (HTF),
ESORCF and E¢jkc, are the exergy inlet and outlet of the SORC or ORC working
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fluids, and €45 1S called boiler exergy efficiency. H and S are the enthalpy and
entropy, respectively.

For the SORC or ORC power system, the exergy efficiency is determined by:

We—Wp

EsorCc = EIL-InTF_El?Il'IL"% (418)
For the condenser, exergy destruction:
— (Fi t t ]
Eacongenser = (Ec" = E¢™) — (Esw" — Esw) (4.19)
Eout_Ein
Econdenser = Esivrl:_Eoin (4.20)
c c

where EI* and ES% are the exergy inlet and outlet of the working fluids in the
condenser, EXY and ESY' are the exergy inlet and outlet of the seawater, and
€condenser 15 called condenser exergy efficiency.

For the SWRO, exergy destruction:

brine

Eqowro = 0.95Wer + ESut — Epie — Effosn (4.21)

where 0.95W,,,; means 5% loss during mechanical conversion, ES% is the exergy of
the preheated seawater for SWRO system; EgX5 , is the exergy of the concentrated

brine discharge and E }’;@tsh is the exergy of the fresh water generated.

For the whole system, the exergy gained from the heat source plus the exergy
from the feed seawater is equal to the summation of all the exergy destruction of each
component, plus the exergy in brine and fresh water finally generated. Therefore the

whole system’s exergy balance could be written as:

in _ rpout in —
(EHTF EHTF) + Egw = EdSWRO + Edcondenser + Edconverstion + EdBoiler +

t t
EdTurbine + EdPump + El(?);”iine + EJQTFeSh (4.22)
Exergetic analyses of the system are conducted at the heat source temperature

of 150°C. The system pressure is fixed at 6.048MPa which is determined by the

designed SWRO system for feed seawater with 35240 ppm salinity and 50% recovery
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at 32°C. Each component of the SORC-SWRO system’s exergy destruction
percentage could be seen from Figure 4.9. We see that except for the “useful” SWRO
consumption, almost 50% of exergy is wasted, and among the exergy destruction, the
boiler is the main irreversibility sector. Therefore selecting a suitable working fluid is

the key to reduce the system’s exergy destruction.

3.47%

BRO EBoiler ®Condenser ®Pump ®Turbine ™ Mechanic Transfer Loss

Figure 4.9 Exergy results of R152a SORC-SWRO.

4.3.6 Flexible Operation and Possible Working Fluids

The previous discussions show that the R152a-based SORC-RO system could
operate with both a circulating type of heat source and once-through heat source.
When using solar collectors to provide the heat, the total collector area is close to an
ORC-RO-based system, with the collector area not varying much (1065m? to
124Om2). Kosmadakis et al. [136] showed that using waste heat is more economical
than a solar-driven desalination system at the current stage, and matches other hybrid
desalination systems, listed in Table 4.6. If a conventional fossil fuel or waste heat is
used, other desalination systems using hybrid power sources were more cost
competitive. Therefore, it is expected that once-through heat sources or hybrid heat

sources to drive SORC-RO systems, could potentially be more economical than a
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Table 4.6 Solar desalination using hybrid system

Ref. S;)Slfgm gﬁiﬁ Desal.cap. (m’/d) Cost ($/m°) Notes
030] Solar o 1 1.785° Hybrid system, 18 stages MSF system.
pond 1 2.835¢ Solar only, 18 stages MSF system.
2040 0.9-1.014 , ,
MSF o @ Hybrid system, heat source from gas turbine exhaust at 550°C.
[27] Solar 12378 0.82-0.86 Part of the heat is used to run a desalination plant and the rest is
pond 2348® 0.62-0.64 stored in a 4m deep 7800 m” solar pond. Peak time heated by gas
MED © turbine while rest of the time by solar pond.
15044 0.465-0.471
(721 PTC MED 10000 0.92 Solar only, 16 stages MED.
100000 0.69 Hybrid, 16 stages MED.
IS;F]C— 100 8.6-9.9 Solar only. Solar thermal with PV.
[69] ETC MED 100 8.3-9.3 Hybrid system, solar/diesel hybrid.
ETC 500 5-6.7 Hybrid system, solar/diesel hybrid.
ETC 1000 3.4-4.4 Hybrid system, solar/diesel hybrid.
[115] FPC Evaporator NA NA Hybrid gas/solar-driven absorption heat pumps showed higher
/heat pump water yield than solar stills.
[114] PV MVC 120 NA Solar/diesel hybrid

(a) Main heat source is exhaust gas from a 30 MW gas turbine 550°C.

(b) Main heat source is exhaust gas from a 120 MW gas turbine.

(c) Convert to US dollar based on 1KID=3.5 dollar as authors’ mentioned.

(d) The surface pond is covered by a transparent material to reduce heat losses and store solar energy.
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solar-only RO desalination system. In addition, SORC-RO systems are more suitable
for use with different heat sources.

They could operate in a wider range of temperatures without affecting the
system performance. If conventional power waste heat is used at night (i.e. waste heat
from a diesel engine) while solar energy is used during the day, the proposed SORC-
RO system could provide consistent power and water, which are crucial for many
remote areas. Table 4.7 lists the optimized conditions for an ORC-RO system and the
proposed SORC-RO system. The “Heat to Water” performance is calculated from the
heat input to the power cycle divided by the fresh water production. The “Solar
Radiation to Water” is calculated by the total solar radiation on the collectors divided
by the fresh water production, which is bigger than the “Heat to Water” value because
there are solar collector efficiencies involved. As a comparison, Ref. [102] reports
experimental data for a 14-Effect forward-feed MED system combined with a double-
effect absorption heat pump using 180°C steam. According to Ref. [102] this is the
most energy efficiency thermal desalination system in which the heat to water
consumption is 108kJ/kg and solar energy to water consumption is 142 kJ/kg.

Therefore, the proposed system is theoretically more efficient than a MED system.

Table 4.7 Comparison of the optimized conditions for ORC-RO and SORC-RO
systems using low-grade heat sources

R245fa R152a
Heat to water (kJ/kg) 53.11 62.11
Solar collector area (mz) 1020 1065
Solar radiation to water (kJ/kg) 92.39 96.47
HTF flow rate (kg/s) 6.651 2.903
HTF temperature range (°C) 124.5-150 87-150
Fresh water production (kg/s) 11.04 11.04
Cycle efficiency 15.86% 13.47%
Operation pressure (MPa) 2.2 5.3
Recuperator Yes No
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There may be additional working fluids that can be explored for the SORC-
driven RO desalination. Figure 4.10 shows working fluids with critical pressures in
the range that may be useful for the RO pressure requirements. All of these fluids
have zero ozone depletion potential. The R152a selected for this study is only an
example to illustrate the SORC-RO system. Given other RO system requirements and
heat sources, other fluids could potentially be better and the selection could be

different based on the RO system design and heat source characteristics.

O
140
+ Propyne
® HC-270
120 HC-318
AT x R152a
R-3-1-10 R134a
[ ] 4
100 R227ea -
R290
R1270
80 + R32
R143a
R218
60 RI125
R41
40 R170
R23
20
2 3 4 5 6 MPa

Figure 4.10 Potential fluids of SORC-RO application for low-temperature heat
sources (<150°C).

4.4 Concluding Remarks

Supercritical organic Rankine cycles for seawater desalination applications
using low-grade heat sources have been studied in this chapter. Two types of heat
sources with the same maximum outlet temperature were considered. When the heat
source is of the heat transfer fluid recirculating type (i.e. solar collectors), a
conventional organic Rankine cycle using R245fa has limited advantages. However,
when the heat sources are once-through type (i.e. waste heat or geothermal heat), a

conventional ORC does not have enough pressure to meet the RO needs. Under such
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conditions, a supercritical cycle shows better performance with higher efficiency and
wider operation range. The final part of this chapter provided some potential fluids
that could be used for the SORC-RO system when the heat source temperature is

lower than 150°C (low-grade heat sources).

96

www.manaraa.com




CHAPTER 5 POWER CYCLE, EJECTOR COMBINED WITH MULTI EFFECT

DISTILLATION FOR CONCENTRATED BRINE TREATMENT

Thermal desalination processes such as multi-effect distillation (MED), multi—
stage flash (MSF) and membrane desalination such as reverse osmosis (RO), are the
dominant desalination processes with RO having the largest installed capacity (see
Figure 1.1) [8]. When handling brackish water or even seawater, the RO process is
energy efficient. However, it requires stringent pretreatment and osmotic pressure
increases dramatically with salt concentration, as shown in Figure 5.1. This limits the

RO process application to high concentration feed water desalination applications.
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Figure 5.1 Osmotic pressure changes with salt concentration.

On the other hand, a thermal process such as MED is robust, requires less

pretreatment and could handle highly concentrated brine. Therefore thermal
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desalination is still important and needs to be further studied. However, thermal
desalination is regarded as energy intensive. Seawater desalination and frac flowback
water desalination require more energy as compared to conventional water treatment
processes due to the higher salt concentration [1-3]. Therefore, it is necessary to use
alternative energy resources for desalination processes to minimize environmental
concerns [130], [180], [243], [271-274]. It is also important to improve the thermal
desalination system’s energy utilization.

The system studied in the chapter combines a MED desalination system with a
Rankine cycle and an ejector. It works like a combined heat, power and condensation
system where the ejector cooling is used to condense the final effect vapor of the
MED system. Ejector cooling has been studied by many researchers [275], [276] and
has some advantages such as fewer moving parts and low operating, installation and
maintenance costs. In addition, the ejector cycle can use a wide range of refrigerants
and many different heat sources [277]. The SORC power cycle provides power for the
desalination system and therefore eliminates the need for additional electricity input.
5.1 System Description

The proposed SORC-Ejector-MED desalination system is composed of three
subsystems: a Rankine cycle, a MED system, and an ejector loop schematically
shown in Figure 5.2. The heat source, stream (3), heats the working fluid of the SORC
in the boiler. The high pressure and temperature vapor (1) is expanded through a
scroll expander to generate mechanical energy. The working fluid, stream (2), coming
out of the expander enters the ejector as the primary steam. The very high velocity
vapor at the exit of the nozzle produces a high vacuum and entrains the secondary
flow [278], [279], stream (14), into the ejector to form the mixed steam (5). This

condenses by first rejecting heat to the MED and then forming the liquid stream (6).
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Stream (6) is split into two parts: one part, stream (7), is used as the working fluid of
the SORC system and is pumped to the boiler to again be vaporized. The second part,
stream (12), passes through a throttle valve and flows to the MED at low pressure and
temperature where it is vaporized to stream (14) by absorbing the latent heat of
condensation of the vapor from the last MED effect. The last MED effect vapor,
stream (16), is condensed by both stream (14) from the ejector cycle and the feed
brine stream (9). The application of the ejector under supercritical conditions has been

reported in Ref. [280].

=T T T
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Ejector
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Figure 5.2 Schematic of the proposed SORC-Ejector-MED system.

The conventional ejector is simple with no moving parts, but typically suffers
from low efficiencies. In recent years, researchers have developed high efficiency
ejectors and have evaluated them both theoretically and experimentally [281], [282].
Some ejectors may have efficiencies of 90% under specific conditions [283]. In this
study, the pressure exchange ejector, as illustrated in Figure 5.3 [285], is selected and
modeled. More detailed modeling and experimental validation information about the

pressure exchange ejector may be found in Ref. [284-287].
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Figure 5.3 Schematic of pressure-exchange ejector.

Assuming the working fluid is an ideal gas, and both primary and secondary
flows discharge at the same pressure and mix completely before discharging at point 4
without kinetic energy (Figure 5.4 (a)) [288], [289], then the pressure-exchange
ejector can be represented by the turbomachinery analog, as shown in Figure 5.4 (b),
[289], [290]. It also shows the H-S diagram of the process. The primary flow passes
through the “turbine” which provides the energy to compress and thermally energize
the secondary flow passing through the “compressor”. The energy provided by the

“turbine” is equal to the energy consumed by the “compressor”.

High Energy Low Energy PO total pressure
Primary Fluid Secondary Fluid cmp actual compressor
—_ iscmp  isentropic compressor
3 E trb actual turbine
1 istrb isentropic turbine
> P
=
. < 0
Turbine Compressor = P PY%
—
=1
M cmp
4 4 Q Turbine
trh cmp E_E
(o
o L
Mixing = PO,
Chamber
Compressor

Discharge of Mixed Flow at .
Intermediate Energy Level Specific Entropy (S)

Figure 5.4 (a) Turbomachinery correlation diagram of the ejector and (b) the H-S
diagram of the turbomachinery analog analysis for the ejector.

5.2 Mathematical Modeling
It is assumed that the system operates in steady state and the heat losses

through the system components are negligible. The refrigerant is organic (i.e. R152a)
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and it does not distill water directly. The principles of mass and energy conservation
as well as the 2" law of thermodynamics are employed to build the mathematical
model. Brine properties are calculated based on Ref. [291] using Engineering
Equation Solver (EES).
5.2.1 SORC-EJECTOR Subsystem Model

The major components of the SORC-Ejector subsystem are: boiler, turbine,
evaporator, heater, regenerator, condenser, ejector, pumps and throttle valve. The

mass balance equations for the SORC-Ejector are shown below:

mp =m,; =m; =Mmg (51)
Myp = Mgz = Mgy = My * ET (5.2)
Mg = Mg = My + mqy (5.3)

Energy balance equations for the system components are:

Boiler: Qpoiter = My (hy — hg) = m3(h; — hy) (5.4)
Expander: Wexpander = M1 (hy —hy) = My Nexpander (h1 - hz,s) (5.5)
Ejector: myhy, + myghyy = mshg (5.6)
Valve: his = hys 5.7
Pump: Wpump = My (hg — hy) ~ % (5.8)
MED_b: QMED_heating = Ms (hs — he) (5.9)

MED_c: Qumep condensing = mye(hie — h17) = my3(hys — hy3) + mo(hyg — ho)
(5.10)

where Qpoiler 1S the thermal energy input to the SORC-Ejector subsystem, which is

also the thermal energy input to the whole SORC-Ejector-MED system. The SORC-

Ejector subsystem has two useful outputs: MED heating input, Qugp_seating, from the

condensing stream 5 in MED b and a part of the MED cooling input,
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QMED_condensing, from the evaporating refrigerant stream 13 in the MED_c part. The
whole SORC-Ejector subsystem energy balance is:
Qpoiter + M1ah1y + Mohg = QuEp heating + M1ah17 + Mohyg (5.1D)
5.2.2 Mathematical Model for the MED Subsystem
A schematic diagram for the forward-feed Multiple Effect Distillation (MED)
desalination process can be seen in the MED subsystem of Figure 5.2, in which feed
brine is delivered to a sequence of successively lower pressure vessels, called
“effects”. The external heat is supplied to the first effect and the generated vapor
supplies its latent heat of condensation to the next effect. The detailed modeling and
parameters such as heat transfer coefficients as well as non-equilibrium allowance for
a foward-feed MED process may be found from Ref. [292]. The proposed system
consists of n evaporators, n-2 feed water preheaters, n-1 flashing boxes. The last
effect condenser, which is MED_c in Figure 5.2, provides heat to both ejector loop
and feed brine.
The assumptions for the MED subsystems are:
a) Constant heat transfer areas in the evaporators and feed preheaters in all
effects.
b) Non-condensable gas is removed by the pretreatment and the venting system
¢) There is no thermal loss and vapor leak to the environment
d) The formed vapors are salt free.
e) The wire mesh demister friction, pipe friction and the condensation pressure
drop are negligible
Common parameters used in the following process model are listed in the List
of Symbols. Referring to Figure 5.2, feed brine My is first introduced into MED_c,

where its’ temperature increases from T, to Tr. In a regular MED system, a part of
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the feed water is used as cooling water to condense the final effect vapor wasting a
large amount of energy. In the proposed system, the heat discharged by the last effect
vapor condensation is absorbed by the SORC-Ejector system. The energy analysis in
the discussion shows the benefits of combining the SORC-Ejector system with a
MED system.

The MED subsystem could be considered as three parts, the first effect (Figure
5.5), the last effect (Figure 5.7) and the effects from 2 to n-1 (Figure 5.6). In these
figures the green lines are fresh water produced during the desalination process (light
green is condensed water from the preheater, dark green is condensed water from the
evaporator, and normal green is produced fresh water from the flash box). The blue
lines are the feed water or concentrated brine, and the dashed lines are the saturated
vapors generated in the processes. The orange line is the vapor generated from
condensed fresh water flash and the purple line is the brine flash vapor. The red line is
from the evaporation process and dark red is the remaining vapor after preheater is
sent to the next effect evaporator as the heat source.

The feed water passes condenser MED_c and a series preheater until the
temperature increased from Tf to Tf, at the entrance of the first effect. The heat for
the feed water is supplied by condensing a portion of the vapor formed in each effect.
The feed water Mf is sprayed into the first effect, where it is heated to the boiling
temperature T; before a small portion of the vapor D; is formed. The heat required to
preheat the feed and for evaporating D is released by stream 5 in the SORC-Ejector
subsystem, as can be seen in Figure 5.5.

Energy and mass balance for the 1* effect:

Mf == Dl + Bl (5.12)
Mg * Salty = By * Salt, (5.13)
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QuMED_heating = Ms(hs —hg) = Mg * Cp* (Ty —Tf;) + Dy * A, (5.14)
where A, is the latent heat of vaporization at temperature Tv; at which temperature
the vapor formed in the first effect. Cp is the mean specific heat capacity of water
from feed-in temperature Tf, to the effect temperature T;. Tv; is less than the boiling

temperature T; by the boiling point elevation BPE; caused by dissolved salt.

M[‘, Saltf, Tf:

----- >
_ Tv,, Dy

A

From SORC_Ejector

~

ho.m. Evaporator

1

B,. T,. Salt,

M

he, ms

Figure 5.5 First effect of MED subsystem.

Effects 2 to n-1 have the same configurations, each with one evaporator, one
preheater and one flash box, as shown in Figure 5.6. However, since the first effect
has no preheater, the vapor generated from the first effect is all transferred to the 2nd
effect, which makes it a little different than effects 3™ to n-1. Vapor d*; is formed by
flashing the brine B;_; due to its temperature being higher than the boiling

temperature in effect i by the non-equilibrium allowance [292].

32+(Ti—1 —Tp*%° 4T = 32+(Ti—1 —T*%°

T*;=NEA"; +T; = T, g Ti~BPE;

+ T, (5.15)

A small amount of vapor d; is generated in the flash box due to the flashing of
distillate condensed from previous effect. The temperature relationship is

T; = NEA; + Tv; (5.16)

Three vapor streams, d*;, d; and D; flow into the preheater of the effect. A

portion of the vapor, 6;, is used for preheating the feed water. A part of it is
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condensed which goes into the flash box, the rest going to the next effect as vapor.
Since that first effect has no brine flash or condensate flash, the only heat source for
effect two is D;. Because a majority of the vapor is generated by the evaporator, when
the three vapor streams are mixed, it is assumed that the mixture temperature is Tv;
and the mixture latent heat isA;. The temperature of effect i is:
T; = BPE; + Tv; (5.17)
The major mass and energy balance of the repeated units from effect 2 to n-1
are as followed:
B;_1 =D; + B; +d*; (5.18)
B;_4 * Salt;_; = B; * Salt; (5.19)
Qevapori = (di—1) + d—1y" + D—1)) * (1 = 6—1)) * Ag_1) = D; ¥ A;
=Ue;xAg; * (Tvi—y —T)) (5.20)

Qpreheater,i = (al + di* + Di) *0; % A = Mf * Cp; * (Tfl - Tfi+1)

= Uc; * Ay * LMTD,,; = Uc; » Ay » 20121 (5.21)
(Tvl-—Tfi)
Qprine fatshi = i * A" = Bi_y xCp*,_ * (Tioy = T")) (5.22)

Qcondensate flash,i = d; * 4;

~ ((dg-1) + di-1)" + Dg-1) * (1 — 6-1))) * Cp; * (T; — T;)
i-1

+ (dg—1) + dg-1)" + D—1)) * Oi—1) * Cp; * (Tvi—y — T;) + (Z D
1
-2
+ Z d* —dg_1)) * Cp; * (Tvi_y — T))
2

i i—-1
~ () D+ ) )« Tpx (Tvis = Twy)
1 2

(5.23)
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Figure 5.7 Last effect and connection with SORC-Ejector condenser.

The mass and energy balance for the final effect evaporator and flash box are
the same as the previous, however, the last effect has no preheater and the vapor
generated from the last effect flows into the condenser MED-c, as shown in Figure
5.7. The unevaporated brine flows by itself from effect to effect [292]. The additional
equation for the final effect connected with MED-c is:

Quep.c = (dn + dy" + D) * Ay = my3(hyg — hy3) + Mg * Cpmep ¢ * (Tf — Tew)
(5.24)

where Cpygp . 18 the mean specific heat capacity of feed-in water temperature change

from T, to Ty.
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5.2.3 Exergy Destruction Analyses

Exergy analysis of a complex system can be performed by analyzing each
component of the system separately. The exergy destruction, E;, describes the
irreversibility of the process and identifies the direction of potential improvements.
For the MED subsystem, assuming the final fresh water product is salt free, the
exergy destruction is calculated as:

Eq MED_system = Ms€s + Myg€19 — Me€s — Myg€16 — Mys€15s — Mygeig  (5.25)
where e is the specific exergy. For salt water streams 9, 10 and 15 the exergies are
calculated based on Ref. [293] where the chemical potential of seawater needs to be
considered:

e=(h—h")—To(s—s*)+ X", w;(u; — 1) (5.26)
where T is the ambient (or dead-state) temperature, and h, s, p and w are the specific
enthalpy, entropy, chemical potential and mass fraction, respectively. Properties with
subscript “*” are at the same composition or concentration of the initial state but at
the temperature and pressure of the environment (T,, py). Here environmental
temperature and pressure are at the restricted dead state, in which only the
temperature and pressure are changed to the environmental values. However, the
properties with “0” in the above equation (i.e.u)) are determined at the temperature,
pressure and the brine concentration in the environment, which is called the global
dead state. Detailed explanations may be found from Ref. [293]. For a pure fluid such
as streams 5 and 6, the chemical exergy will vanish and the specific exergy of each
stream is simplified as:

e =(h—hy) —To(s —sp) (5.27)
For a steady state, steady-flow process, the exergy destruction of the

components in the SORC-Ejector subsystems can be expressed as:
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Boiler: Eq poiter = M3e3 + Mgeg — mye; — myey (5.28)
Expander: Eq expander = M1€1 — My — Wexpander (5.29)
Ejector: Eq Ejector = Ma€y + Myseq4 — Mses (5.30)
Valve: Eqvaive = Myz€12 — Myz€13 (5.3
Pump: Eq pump = Mze; — mgeg + Wpymy (5.32)

MED_c:  Egmep ¢ = My6€16 — My7€17 + My3€13 — Myge14 + Mgeg — Mygeqg

(5.33)

5.2.4 System Parameters

b)

c)

d)

e)

A few performance evaluation parameters are:
Entrainment ratio (Er), which is defined as the ratio of the mass flow rates of

the secondary and the primary flows. In this system it is:

Er =1t (5.34)

ma
Compression ratio (Cr), which is defined as the ratio of the compressed fluid.

Pressure to the entrained fluid pressure. In this system it is:

cr=255 (5.35)

P1s
Performance ratio (P.R.), which is defined as the number of kg of distillate per

2,300 KIJ heat input. It is dimensionless and in this paper it can be expressed

as:
KJ
2300(;>)
P.R.= Distillate flow rate (k—g) * - L 7~ (5.36)
S Power Input in MED first ef fect (T)
Power cycle efficiency, which is defined is as:
Wnet Wexpander—Wpump
= = . 7
Ten = %, m3(hg—ha) (5-37)
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f) Desalination minimum energy, w,,;; means the energy required to separate the
fresh water from the brine in a completely reversible process. It is the

difference in the Gibbs energy [86]:

W = mbrgbr"'mrv:lgw_mswgsw _ m15.915+":nl1g11_m999 (5.38)
w 11
where subscripts br, w and sw represent rejected brine, produced fresh water
and feed brine, and g is the specific Gibbs energy. Higher salt concentration
and higher recovery rate result in higher minimum energy consumption.
g) Combined cycle exergy efficiency:

Conventional desalination plants exergy efficiency is defined as:

amount of water produced*wWp,in

ination = 5.39
nexergy,desalmatlon exergy input of t/e system ( )

Conventional exergy efficiency of a power plant is defined as:

net work output

(5.40)

Nexergy,power cycle = exergy input of the system

Since the proposed system has work and water as products, the combined
cycle’s exergy efficiency is defined as the sum of the net work generated with the

minimum energy required to desalinate water, divided by the system exergy input:

_ Wexpander—WpumptMi11Wmin (5 41)
nexergy mz(exergys—exergys) ’

5.3 Results and Discussion
5.3.1 MED System Discussion
5.3.1.1 Validation

The simulation was carried out using the Engineering Equation Solver (EES)
software. The computerized models were validated based on reported experimental
data on foward-feed MED systems [259]. The results in Table 5.1 indicate good
agreement between the model predictions and the available experimental data. In the

following simulation, the power cycle working fluid is condensed at 65°C and
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discharges the heat to the desalination unit. This means that stream 6 is saturated

liquid with a temperature of 65°C.

Table 5.1 Comparison of model predictions with the experimental data for MED

unit®
Thermal input Performance Recovery rate ggevr)mal power input
temperature (°C) - ratio 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 94 0.375 0.375 203 202.7
74 9.3 0.375 0.375 207 204.9

@ MED final effect vapor temperature 35°C.

5.3.1.2 Salt Concentration Effect

An RO process is energy efficient for brackish water treatment, however, as
Figure 5.8 (a) shows, the osmotic pressure more than doubles when feed water
concentration doubles (from 35g/kg to 70g/kg). This makes it difficult for the RO
process from being used for highly concentrated brine due to the physical strength
limitations of RO polymer membranes. On the other hand, thermal desalination
systems are not affected much by the feed water salt concentration. Using the earlier
validated system model, the proposed MED subsystem was analyzed for thermal input
temperature 65°C with a PR of 9 as in Table 5.1, and the final condenser approach
temperature AT is 2°C. Figure 5.8 (b) showed that when performance is fixed, the
MED subsystem surface area increased a little more than 40% when feed water salt
concentration doubled. The specific area calculated from the model used heat transfer
coefficients from Ref [292]. Therefore the proposed system is suitable for highly

concentrated brine treatment.
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Figure 5.8 (a) Osmotic pressure change and specific area change compared to
standard seawater 35g/kg salt concentration osmotic pressure; (b) Specific area
increase percentage compared to seawater 35g/kg when the MED has constant PR=9
and condenser approach AT=2°C).

Figure 5.9 (a) shows the percentage of the final condenser cooling load
divided by the MED first effect heat input. It clearly indicates that when the final
condensing approach temperature is fixed and when the MED performance ratio is
also fixed, a higher salt concentration brine needs more cooling water. This is because
water with greater concentration has lower specific heat capacity, as shown in Figure
5.9 (b). Less vapor is needed to preheat the higher salty brine, as illustrated in Figure
5.8 (c¢), therefore more cooling water is needed to condense the final effect vapor
which could cause environmental thermal pollution.
5.3.1.3 MED Energy Utilization Analysis

An estimation of energy consumption of a thermal desalination system has
already been shown in Chapter 3; here only a summery will be provided. As Figure
5.10 shows, the thermal desalination process final products are brine, fresh water and

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

Energy Balance Qinput — Quoss + Msywhsy = myhy + mehe + me,hyy, (5.42)

hpy = hyy + 2 (5.43)

Mass Balance Mg, =my, +mg +mp, (5.44)
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mf = mﬂ + mfv (5.45)
Assuming that there is no heat loss, the recovery rate R may be written from

the 4 equations as:

Sinput  —hy)

R=—L = Mow (5.46)

- Mfy.
Mgy (hg=hp)+ Ty A

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

stream is my.
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Figure 5.9 Effect of salt concentration on: (a) percent ratio of condensing load to heat
input; (b) specific heat change; and (c) percent of vapor condensed in preheater (for
PR=9, condenser approach AT=2°C).
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Figure 5.10 General overview of a thermal desalination process.

Assuming the feed seawater at 25°C and the final products including vapor,
liquid fresh water and brine having the same temperature without considering the

temperature elevation caused by salt, the specific energy consumption for a thermal

input

desalination process, qs = QT may be written as:
f

L (hg, — hy)] + 22 (5.47)

Recovery mg

qs = [(hg —hp) —

Once the recovery rate is fixed, the specific energy is directly related to the
amount of vapor condensed by the cooling water which is discharged to the
environment. Figure 5.9 shows the estimated specific energy consumption with vapor
fraction of the total fresh water generated for a recovery of 50%. The lower the
amount of vapor condensed by the discharged cooling water, the lower the energy

required because less latent heat is wasted.
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Figure 5.11 Variation of specific energy consumption with vapor fraction.
(a) and recovery when final product is at 35°C;
(b) and final product temperature when recovery is 50%.
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5.3.1.4 MED System Summary

Based on the above analysis (Figure 5.9 and Figure 5.11) 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 last effect
vapor that is wasted in a 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 the 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.
5.3.2 SORC-EJECTOR Subsystem

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 are carried out in
order to find the key parameters for the system performance. In each case, the power
cycle efficiency and system exergy efficiency changes will be studied first and the
percentage of exergy destruction of each component will be shown last.
5.3.2.1 Power Cycle Pressure Effects

For this analysis, the feed water salt concentration is fixed at 35g/kg which is
the standard seawater salt concentration. The MED performance ratio is fixed at nine
which is the same as the reported experimental result using a 65°C heating source,
final effect vapor is at 35°C and the recovery of 0.3375 shown from Table 5.1. The

power cycle’s working fluid (stream 6) is condensed at 65°C to simulate the condition
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listed in Table 5.1. The secondary flow of the ejector evaporates at 33°C which means

the approach ATy gp . is 2°C. The parameter conditions are listed in Table 5.2.

Table 5.2 Parameters for power cycle pressure effects sensitivity study

Fixed parameters Independent Dependent parameters
parameters

(1) Brine conc.: 35g/kg

2) 14 effects MED PR.=9 . .
é; Ejector eff.= 47.5% (1) Entrainment ratio (Er)
(4) Cycle working fluid (2) System work output.

condensed at 65°C System high (thermal efficiency).
(5) AT, —hoC pressure which is (3) Components exergy
©) M]g/l]gDc_(C)r:dense dat 35°C stream 8 pressure. destruction compare.
4 t
(7) MED recovery=0.3375 (4) System exergy
efficiency.

(8) Pump eff.= 80%
(9) Turbine eff.=85%

When the pressure changes, the turbine pressure ratio will vary and cause the
stream 2 pressure to change, which causes the ejector entrainment ratio to change due
to the fixed ejector efficiency. Then the mixed stream 5 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 change accordingly. The results can be seen in Figure 5.12. It can be seen
that the system exergy efficiency increases rapidly with pressure until the pressure is
close to 5000 kPa, after which both the power cycle efficiency and system exergy
efficiency start to stabilize. As the cycle’s high pressure increases, the expander
pressure ratio also increases, which causes the expander exit (stream 2) 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 since the secondary flow rate in the ejector cycle is constant.
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Figure 5.12 Effect of power cycle high pressure on system parameters.

(a) system exergy efficiency and power cycle efficiency; (b) entrainment ratio and
mass ratio of primary flow to feed brine.

The exergy destruction of each component in the proposed system operating
with 35g/kg feed-in brine and MED with P.R.=9 can be seen in Figure 5.13. It is clear
that the main exergy destruction occurs in the MED system. MED is a series of heat
exchangers and flash boxes, therefore, in order to improve the system performance,
the surface area has to increase which will also increases capital costs. The second
largest exergy destruction occurs at the boiler. The exergy destruction at the boiler
side is affected by the thermal match between the working fluid and the heat source.
The working fluid R152a used in this proposed system has a critical pressure of
4516.8 kPa and a critical temperature of 113.26 °C. When operating at supercritical
conditions, the boiler has lower exergy destruction. Therefore the system pressure
will be fixed at 4900kPa and a boiler pinch point of 8°C. The third largest exergy
destruction is in the ejector which has an efficiency of 47.5%. The system exergy
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efficiency increases from 19.6% to 38.6% with an increase in pressure from 3000 kPa
to 5800 kPa. A detailed discussion of the ejector efficiency effects is presented in the

following section.

70%
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Figure 5.13 Effect of pressure on normalized exergy destruction in each component.

5.3.2.2 Effect of MED Performance Ratio

This section analyzes the effect of P.R. on other parameters. The rest
conditions are the same as in section 4.2.1 with parameter conditions listed in Table
5.1. The water production is fixed at 2.7m’/h of fresh water and the recovery rate is
kept constant at 0.3375 while the performance ratio varies from 8.1 to 9.2. A change
in the MED performance ratio in turn changes the ratio of the thermal loads of
MED_c and MED_b, which further changes the system entrainment ratio and power
cycle efficiency as well as the exergy efficiency. The parameters conditions are listed
in Table 5.3.

Figure 5.14 shows the effect of performance ratio on the system parameters. It
can be seen that the system exergy and power cycle efficiencies both increase with the
MED performance ratio. The specific area (sA) starts to increase fast for P.R. larger

than 9 and a recovery of 0.3375 in the MED system (Figure 5.14 (a)).; The ratio of the
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thermal load at the first effect of MED to the final effect vapor condensation increases
from 1.83 to 2.10, which means that more vapor is used to preheat the feed water and
less vapor is discharged from the Effect 14. Therefore, less secondary flow is needed

from the ejector cycle for cooling which reduces the entrainment ratio (Figure 5.14
(b)).

Table 5.3 Parameters for MED performance varies sensitivity study

Fixed parameters Independent Dependent parameters
parameters
(1) Brine conc.: 35g/kg
(2) System high pressure 4900kPa
(3) Ejector eff.='47.5%' (1) Entrainment ratio (Er).
(4) Cycle working fluid condensed at (2) System work output
65°C MED performance (thermal efficiency).
(5) ATygp  =2°C ratio (P.R.) (3) Components exergy
(6) MED condensed at 35°C destruction Compgrgd.
(7) MED recovery=0.3375 (4) System exergy efficiency.
(8) Pump eff.=80%
(9) Turbine eff.=85%
40% - -
(a) I
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10%

Power Cycle Efficiency
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Figure 5.14 Effect of MED performance ratio on system parameters.

(a) System exergy efficiency, power cycle efficiency and specific area change; (b)
entrainment ratio, ratio of the MED first effect thermal load to the final vapor
condensation load, and the mass ratio between primary flow and feed-in brine mass
rate.
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Figure 5.15 The normalized exergy destruction is compared with the MED P.R.
change.

The exergy destruction of each component in the proposed system operating
with 35g/kg feed-in brine and a system high operation pressure of 4900 kPa can be
seen in Figure 5.13. It is clear that the main exergy destruction in the MED system is
not affected by the performance ratio. Since the MED system is a series of heat
exchangers, unless the heat exchangers’ pinch is reduced, the system exergy
destruction is hard to reduce. In order to reduce the heat exchanger pinch, the MED
will require a larger surface area and less temperature difference between each effect.

One distinct difference between Figure 5.13 and Figure 5.15 is the exergy
destruction in the ejector and the boiler. In Figure 5.13, the boiler exergy destruction
is adjusted by the thermal match in the boiler which is affected by the system high
pressure. While in Figure 5.15 the pressure is fixed at 4900 kPa therefore showing
that the boiler exergy destruction is relatively stable. However, the ejector exergy

destruction reduces as the P.R. increases, because more vapor is used to preheat the
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feed water and less secondary flow is needed for the ejector as discussed before in
Figure 5.14.

In summary, the higher P.R. of the MED system requires a larger surface area
and more vapor is used to preheat the feed water, which allows the secondary flow of
the ejector system to be reduced, and greater work being produced by the proposed
system. The normalized exergy destruction analysis also showed that the system
major exergy destruction was in the MED system, and the destruction percentage did
not vary with the performance ratio of the MED system. The system exergy efficiency
increased from 22.6% up to 39.4% as the performance ratio increased from 8.1 to 9.2.
5.3.2.3 Ejector Efficiency Effect

The reported ejector efficiencies vary from less than 10% to up to 90%,
depending on the specific conditions [281], [276], [283], [289], [286]. The previous
sensitivity study used a fixed 47.5% efficiency of the ejector. In this section the
ejector efficiency is varied from 15% to 75% with Cr =2.244 in order to study the
effect of the ejector efficiency on the whole system. The parameters are listed in

Table 5.4.

Table 5.4 Parameters for ejector efficiency varies sensitivity study

Fixed parameters Independent Dependent parameters
parameters
(1) Brine conc.: 35g/kg
(2) System high pressure 4900kPa
(3) 14 Effect MED PR.=9 (1) Entrainment ratio (Er).
(4) Cycle working fluid condensed at (2) System work output
65°C . .. (thermal efficiency).
Ejector efficiency
° . (3) Components exergy
(3) ATwgp ¢ =2°C varies. destruction com
pare.
(6) MED condensed at 35°C (4) System exergy
(7) MED recovery=0.3375 efficienc.y
(8) Pump eff.=80%
(9) Turbine eff.=85%
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The parametric study results are shown in Figure 5.16. Figure 5.16 (a) 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 start to stabilize. Figure 5.16 (a) 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. Figure 5.16 (b)
shows that the entrainment ratio is relatively constant while the expander 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.
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Figure 5.16 Effect of ejector efficiency on system parameters.
(a) system exergy efficiency and power cycle efficiency; (b) entrainment ratio
and expander pressure ratio.
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Figure 5.17 Normalized exergy destruction comparison with respective to ejector
efficiency.

The exergy destruction of each component in the proposed system was
operating with 35g/kg feed-in brine, the MED PR=9 and with the system’s high
operating pressure of 4900 kPa as can be seen in Figure 5.17. The main exergy
destruction is still in the MED system and for ejector efficiency lower than 30%, the
second largest exergy destruction occuring in the ejector. The overall system exergy
efficiencies increase from 5.21% to 41.6% when the ejector efficiency increases from
15% to 75%, which clearly indicates the huge influence of the ejector efficiency on
the entire system performance.
5.3.2.4 Salt Effect

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 5.5. Figure 5.18 shows that the proposed system performance decreases when
the salt concentration increases. As previously discussed in Figure 5.9, 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
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increased so as to accept more latent heat of condensation from the MED last effect
vapor. In addition, the ejector destruction will be larger and account for a higher

percentage of the whole system destruction.

Table 5.5 Parameters for salt concentration varies sensitivity study

Fixed parameters g;crlzrpf;gfm Dependent parameters
(1) Ejector efficiency=0.475
(2) System high pressure 4900kPa . .
(3) 14 Effect MED P.R.=9 8)) Entraimment ratio (Er).
(4) Power cycle condensed at 65°C (tillserenrglwe(gi Cioel;fu)
_no Salt concentration Y
(5) ATyep_c =2°C change (3) Components exergy
(6) MED condensed at 35°C destruction compare.

(4) System exergy
efficiency.

(7) MED recovery=0.3375
(8) Pump eff.=80%
(9) Turbine eff.=85%

One can observe that when the salt concentration is up to 55g/kg, there is no
network from the system. For a system to be externally independent of electricity, an
ejector with higher efficiency needs to be used. Table 5.6 indicates that when
handling highly concentrated brine, only systems with high efficiency ejectors can be

electricity independent.

Table 5.6 Impact of ejector efficiency and brine concentration on power cycle
efficiency (with water production rate of 2.7m’/h, high operation pressure 4900 kPa
and MED P.R.=9)

Salt concentration

(e/kg) 35 40 45 50 55 60
Ejector efficiency Power cycle efficiency

25% 3.60% 1.10%

35% 5.30% 3.60% 1.60% -0.80%

45% 6.20% 4.90% 340% 1.60%  -0.40%

55% 6.70% 5.70% 4.50% 3.10% 1.50%  -0.50%

5.4 System Performance When Treating Concentrated Brine
When the feed-in brine has a high salt concentration (55g/kg), the proposed

system with P.R.=9 is as listed in Table 5.1. It shows that the system operates at a
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Figure 5.18 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.

pressure of 4900 kPa with an ejector efficiency of 47.5% and no cooling water needed

for the MED system. The system uses all its generated work. Table 5.7 lists the fixed

parameters of the system. Table 5.8 showed the SORC-Ejector subsystem and Table

5.9 shows the results of MED system simulation.

Table 5.7 The condition of the fixed parameters

Environment temperature 25°C

Environment pressure 101325 Pa

Dead state brine salt concentration 35 g/kg

MED performance ratio 9

Pump isentropic efficiency (%) 80

Turbine isentropic efficiency (%) 85

Boiler pinch 8

Ejector efficiency 47.50%

MED fresh water production 0.748 kg/s (2.7 m’/h)
Feed-in brine concentration 55 g/kg

Feed-in water 2.215 kg/s (8 m’/h)
Final effect condensation temperature 35°C
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Table 5.8 SORC-Ejector subsystem simulation results

State t(°C) P(Pa) h(J/kg) s(J/kg K) m(kg/s) e(kl/kg) Dryness
1 140 4900000 595279 2098 0.5097 128880 100
2 127.1 4006000 589871 2100 0.5097 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 0.5097 65501 0
8 68.4 4900000 326391 1395 0.5097 69695 Supercritical
9 25 22012 96629 332.8 2.115 381.9 0
10 33 22012 127832 436.2 2.115 767.9 0
12 64.99 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
15 359 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 5.9 MED system simulation results

Effect D(kg/s) Tv(°C) d’(kg/s) T*(°C) d(kg/s) T(°C) Bkgls) Salt(gikg) T(°C) Tf(°C)  BPE(°C)
1 0.04941 62.16 - - - - 2.166  56.25 62.85 - 0.6933
2 0.04931 60.15 0.00685 6095 0.0001066 6095 211  57.75 60.86 54.25 0.7049
3 0.04954 58.12 0.006646 5896 0.0002254 5895  2.054  59.33 58.84 52.45 0.7171
4 0.04967 56.07 0.00643  56.94 0.0003403 5693  1.998 6l 56.8 50.64 0.7301
5 0.04969 54 0.006204 5491 0.0004501 54.9 1942 6275 54.75 43.83 0.7437
6 0.0496 5192 0.005968  52.87 0.0005531 52.86  1.886 64.6 52.68 47.02 0.7582
7 0.04941 49.83  0.005723  50.82  0.0006476 50.8 1.831 6655 50.6 4521 0.7733
8 0.04911 4772 0.005469 4876 0.0007319 48.74  1.776  68.59 4851 434 0.7893
9 0.0487 45.61 0.005207 46.69 0.0008041 46.67  1.722  70.74 46.41 41.62 0.8061
10 004817 4349 0.004937 44.63 0.000862 44.6 1.669  72.99 4431 39.84 0.8236
11 0.04751 4136  0.004658 4256 0.0009034 4254  1.617 7535 422 38.09 0.8419
12 004673 3924 0.004371 405  0.0009259 4047 1566 77.8 40.1 36.36 0.861
13 0.0458 37.12 0.004076 3845 0.0009267 3841 1516  80.36 38 34.66 0.8808
14 004473 35 0.003771 3642 0.002562 3637 1468  83.02 35.9 - 0.9012
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5.5 Concluding Remarks

In this chapter, a novel SORC-Ejector-MED system is proposed and simulated
and a detailed sensitivity analysis is provided. The proposed system is based on
thermal energy input at a temperature of 150°C, which could be from solar,
geothermal or waste heat sources. The analysis shows that the proposed system can
desalinate concentrated brine without external electricity input. The analysis also
shows that major exergy destruction occurs in the MED subsystem, boiler and ejector.
By selecting a suitable cycle operation pressure, the boiler exergy destruction could
be reduced. The MED system is responsible for the largest exergy destruction in the
system, but it is not easy to reduce the exergy destruction in this system without
increasing the number of effects. By selecting high efficiency ejectors, the proposed

system could handle highly concentrated brine without additional electricity input.
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CHAPTER 6 SYSTEM INTEGRATION OF DESALINATION WITH LOW-

GRADE HEAT

There are many kinds of desalination processes as well as many types of
renewable energy sources. In this section solar energy is used as one typical
renewable energy source to study its’ integration with a desalination system. An
interface is proposed to better estimate low-grade heat for a desalination application.

Selecting a suitable desalination process for seawater requires several design
criteria including seawater quality, capital cost, operation and maintenance cost,
energy efficiency, water quality requirements, environmental impact and other site-
specific factors [294], [295]. Selecting a suitable solar system requires a number of
considerations, such as location, energy storage method, operating temperature range,
type of solar collector, working fluids, and plant configuration, [296]. When coupled
together, though some systems require some minor changes for better integration,
most of the reported solar desalination systems are not developed as a single system
but are integrations of components developed independently [297].

6.1 System Integration Based on Energy Type

Figure 6.1 shows potential processes of solar technologies combined with
seawater desalination technologies. Generally speaking, a solar-assisted desalination
system means that either solar energy is converted to electricity in order to power the
RO/MVC process, or that solar radiation is collected by thermal collectors and this
energy is used for the thermal desalination process. Solar methods which mainly

produce electricity (i.e., photovoltaic (PV) and solar chimney) [248], are suitable for
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combination with the membrane desalination process or a thermal process like MVC
which only uses mechanical energy. Other solar technologies such as solar pond, solar
collectors (including FPC, ETC, CPC, PTC), solar dish, Fresnel reflector, and solar
tower , which generate electricity and heat at the same time, could be combined with
any kind of desalination technology based on the design. Since both solar and
desalinations systems are developed independently and then coupled together, it is

necessary to analyze them separately.

Solar Radiation

LU T e T Concentrating Collectors
Solar Tube Collector
i Pond
Chimney FPC ETC PTC Solar Fresnel Solar CPC

Dish Reflector Tower

Wind
Turbine Heat Engine

Mechanical Energy e Electricity

r 4l MSF, MED, TVC, ABHP, ADHP, MD, HDH, FO

Solar Radiation =———————= Thermal Energy

Figure 6.1 Potential process of solar desalination.

6.2 Solar System Considerations

The solar system costs could range from 17.4%-76.7% of the total system
costs based on different system combinations, as can be seen in Table 6.1. With the
exception of solar pond-driven desalination systems which do not need solar
collectors, all other configurations have more than a 25% additional cost for the solar
collectors. A solar pond requires a large surface area and the pond evaporation rate
sometimes exceeds the water production rate, which makes it unsuitable for places

with limited water resources [298]. As for the solar-assisted ORC-driven RO process,
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the exergy analysis shows that for the ORC-RO system the exergy destruction in the
power plant is almost 10 times greater than that in the RO subsystem [299]. This
indicates that the overall efficiency depends more on the solar plant and less on the
desalination system. The solar system is a very large part of the overall system cost
and needs to be carefully selected. Location is one of the most important factors when
selecting a solar system because the same solar desalination system will provide
greater water production rate at locations with higher solar radiation thus lowering the
overall water cost [238], [241].

6.2.1 Comparison of Solar Systems

In order to better select the processes, the advantages and disadvantages of
solar systems used for indirect solar desalination are listed in Table 6.2. The
extraterrestrial solar radiation passes through the atmosphere, as shown in Figure 6.2.
The portion of the solar radiation that reaches the earth’s surface with essentially no
change in direction is the direct normal radiation (DNI). The scattered diffuse
radiation reaching the surface from the sky is the sky diffuse radiation. Added
together these are called global horizontal irradiation (GHI). Water vapor could
absorb or scatter part of the solar radiation and, therefore, places with higher humidity
(i.e. seaside) might have lower DNI as compared with places that are a certain
distance away from the seaside. PV uses GHI while CSP uses DNI.

As for the direct solar desalination, a general rule of thumb for simple solar
stills is 3-5 liters of water per day per m? [241]. For example, for a small family that
consumes water at a rate of about 0.6m3/day [249], 120-200m? land area is needed if a
simple solar still is used. The area might be doubled if one considers the spacing
between the solar still systems, which implies that this may not be a realistic

application because of the large area needed.

130

www.manaraa.com



6.2.2 Concentrated Solar Power (CSP) vs. PV

CSP and PV are the two most studied solar technologies used for seawater
desalination [74]. A CSP plant combined with an RO system is regarded as one of the
best choices for solar desalination [160]. Comparing PV and CSP, CSP has the
advantage by using a thermal storage system for longer hours of operation after sunset
and the ability to use a backup fuel for unexpected conditions [300]. CSP is regarded
as the appropriate solar power technology for multi-megawatt scale [301]. However,
on a cloudy or foggy day, the DNI could be negligible and CSP plants would have
little output. Therefore heat storage is a very important issue for CSP. New concepts
on phase change materials tailored for CSP applications are presently under active
research and development. In practice, DNI of 1900 kWh/mz/year to 2100 kWh/m?/
year is treated as the threshold for CSP [302]. Below that, other solar electric
technologies which take advantage of both direct and diffuse irradiance (i.e.PV) may
have some advantages [302]. Areas close to the sea could have higher humidity and
therefore affect the DNI, as can be seen from Figure 6.3 which shows the locations
suitable for CSP power plants. In addition, coastal areas normally have higher land
value, tourist areas or high population density [303], while CSP requires large, flat

land which could increase the cost of CSP-assisted desalination plants.
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Table 6.1 Solar system costs as percentages of the total solar desalination system costs

System Desal. Solar system Others cost

Reference configuration cost (%)  cost (%) (%) Notes
[146], [148], . . . o
[153] 32 40 27 Working fluids 134a, cycle high-temperature 75.8°C.
[145], [147], 2336 40.83 3581 245fa top cycle f}ulds, 134a bottom cycle fluids, cycle high-
[154] temperature 137°C.
Collector+ORC+RO 8.8 71.7% 19.5 R218 as working fluids, cycle high-temperature 87.34°C.
7.2@ 76.7% 16.1 R245 as working fluids, cycle high-temperature 120.94°C.
[135] 12.5% 59.6“ 279 R601a as working fluids, cycle high-temperature 289.73°C.
18.5@ 48 5@ 329 N—propgll benzene as working fluids, cycle high-temperature
378.44°C.
72.8 27.2 0
[25] 74.5 25.5 0
26.7” 18" 55.3
[26] Solar pond + MSF 751® 17.4® 57 5
3439 59 ¢ 6.7
[24] 4319 50.2 ¢ 6.7
279 66.67 6.33
[39] Collector + MSF 300 60 10
[75] Collector + MED 20.09 73.78 6.1
[128] PV+RO 19 27 54
[304] PV+RO 69 31¢ NA
[145] PV+RO 61 39 NA
[76] Collector+HDH NA 28 NA

@ Case study results for location Barcelona; ® Interests, which are 7% for 15years, are not included; © O&M cost is not considered; @ Only
evaporator cost is considered, plant life=20 years. Annual operating 300 days and interest rate is 5%; © Without batteries;  With batteries.
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Table 6.2 Comparison of different solar systems

PV Solar pond Flat collector Concentrating collector
Resource GHI GHI GHI DNI
Humidity Tolerable Tolerable Tolerable Not tolerable.
Dry areas GHI: Less sensitive to dust. GHL: less sensitive GHI: Less sensitive to dust. DNI: very sensitive to
to dust. dust.
Land available Easier to find. More difficult. Easier to find More difficult.
Type of land Light slopes tolerated. Flat Light slope tolerated. Flat
Water Not needed. Needed Needed Needed
annectlon to the Low or medium voltage. Low or medium Low or medium voltage. Medium or high voltage.
grid voltage.
. Low number of different L.O W number of . . Several different
Complexity . different Several different equipment. .
equipment. . equipment.
equipment.
Construction Simple, quick and flexible. Simple, quick. Longer and complex. Longer and complex.
Scalability Small, medium, large-scale Small-scale Small and medium scale. Large-scale
O0&M Simple, some staff at site. Skillful operator Skillful operator needed. Complex and skilled
needed. team.
Type of o . o o .
. Distributed/central generation.  Distributed Distributed Central generation.
production
Storage Battery None Battery or cheap thermal High-temperature thermal
storage. storage.
Output stability Not §table, depends on Relatively stable. Relatively stable with thermal Relatively stable with
irradiation. storage. thermal storage.
Therma} plants No No No Yes
integration
Developers Many NA Many Few
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Figure 6.2 Attenuation of solar radiation.

Figure 6.3 Locations suitable for CSP power plants [305].

6.2.3 PV-assisted Desalination

PV could be used to power an RO or MVC system which only use mechanical
energy. The retail price for PV modules makes the solar sub-unit’s cost a key factor
in the economic feasibility of PV-RO desalination [306]. In recent years, PV prices
have dropped dramatically. PVs’ modular design makes scaling up a PV plant
relatively easy allowing a project to be built in phases. PV operation does not need
water at all, and the PV-RO combination are two systems developed independently.
However, if the local community already has a small-scale de-centralized power
generation system (i.e. diesel or natural gas) , PV alone could not make use of it,
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unlike a CSP-based system which could be integrated with a fossil fuel-based power
system. Furthermore, an RO desalination requires strigent pretreatment which
normally needs skilled labor. Therefore in remote areas where it is hard to find skilled
operators and where both energy and water are precious, the application of the PV-
driven desalination system still needs to be carefully evaluated.
6.3 Desalination Capacity Effects

Reducing costs is the key driving force when considering solar desalination.
Desalination costs are affected by many factors including solar system location, solar
radiation, and desalination system energy efficiency, . In addition, the desalination
system’s capacity has a direct impact on the water cost, as illustrated in Figure 6.4,
which lists the reported solar desalination systems with cost information. The source

data for this figure is presented in the Appendix A.

X @ Solar Collector-Heat Engine-RO
X X
50 4 X % @ Solar Collector-MD
- X A Solar Collector-MED
m X Solar Collector-MSF
. e
= - 4 X HDH
~ = -
* X - - t ® Solar Assisted Hybrid Desalination
Z X
Ss - N A +PVD
»* _XX Ak _! =PV-RO
X@ & X -
A Y 4 Solar Pond-MED
° *‘ s * olar Pon
® ® Solar Pond-MSF
X L “ M Solar Pond-RO
+ .
0.5 : : : . Solar Still
0.0 0.1 10.0 1,000.0 100,000.0
Log (Capacity), m3/day

Figure 6.4 Solar desalination capacities vs. cost (the source data and the references for
the points are shown in Appendix A).
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From Figure 6.4, it is clear that larger capacity solar desalination plants will
have lower water costs. Hybrid plants and solar pond-driven desalinaton plants
generally have relatively lower unit water costs compared to other types of solar
desalination systems when the capacities are similar. In addtion, most very small
capacity (<0.1m’/d) solar desalination systems with reported costs are solar still
systems, while most large-scale (>1000m’/d) solar desalination systems with reported
unit water costs are either hybrid or solar-driven thermal processes. Information is
available on only three PVD and solar MD solar-assisted seawater desalination
systems and more studies are needed to arrive at meaningful cost conclusions. For
small (0.1-100 m3/d) and medium (100—1000m3/d) capacities, there is no clear
evidence on which combinations are better, which means the configuration selection
must be made on a case-by-case basis, keeping in mind that optimization is a complex
problem [307].

6.4 Environmental Impact

The brine discharged from desalination plants has a higher temperature and
higher salinity than the seawater surrounding the plant. Many researchers have
expressed concerns about the environmental and ecological impact caused by
desalination plants, especially around older MSF plants discharging to the sea with
little flushing [308]. Some ocean animals can not tolerate high salinity environments
such as the oceanic posidonia, which can only tolerate a maximum salinity of 39 g/L
NaCl while most discharge brine salinities are higher than 60 g/L. NaCl. Therefore,
high recovery or near zero liquid discharge technologies need to be further developed
[309], [310]. Brauns studied the energy collected from salinity gradient power by
reverse electro—dialysis combined with a seawater desalination unit [311], [312].

Similar ideas could be expanded by combining a solar-driven MED with a MVC
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system during the day and operating just the MVC system at night. Temperature
change is also a big concern for ocean animals since most desalination plants
discharge brine at a temperature higher than 40°C. Many desalination plants mix
untreated seawater with rejected brine in order to lower the discharge temperature.
However, this involves more pumping power further increasing the desalination cost.
Alarcén et al. incorporated an absorption heat pump (LiBr-H,0O) to partially recover
heat rejected from the MED unit so that the heat discharged to the environment could
be significantly reduced [102][313]. As for the potential environmental hazards
caused by solar power systems, battery banks and heat transfer fluids are the main
concerns. Implementing thermal energy storage systems can replace the need for
batteries while including a properly sized HTF containment structure in the plant will
help eliminate the hazard of an accidental HTF release.
6.5 Cogeneration and Process Using Low-grade Heat

Considerable research focuses on using solar desalination in remote, arid
areas, which normally use small-scale desalination systems. Figure 6.4 shows that
hybrid thermal systems generally have a relatively lower cost as compared with
similar capacity solar only desalination systems, however, most of them have
capacities larger than 100m3/day. For places far away from the power grid and water
system, not only water is needed but also power is needed [314]. Small desalination
systems using waste heat from decentralized diesel generators, decentralized small-
scale natural gas engines or geothermal energy could achieve lower cost, especialy if
solar is the only power supply [136]. Therefore, it is very important to study small-
scale hybrid desalination systems. On the one hand, the hybrid system could reduce
the fossil fuel energy consumption and save fuel transporation costs. On the other

hand, hybrid systems could provide lower water costs and avoid the drawback of an

137

www.manaraa.com



intermittent solar source while providing crucial water that is not weather or season
dependent. However, not many studies have been reported on small-scale solar-
assisted hybrid desalination systems. In addition, heat energy from solar collectors is
not really the same as heat energy from waste heat. Waste heat sources are considered
as “once-through” heat sources as opposed to the solar resource being a recirculating
source. This difference could impact the choice of heat engines for the desalination
system. Therefore, the two types of heat sources should be analyzed separately and it
cannot be assumed that conclusions for solar thermal are valid for hybrid desalination
or waste heat applications [265].
6.6 A Necessity to Develop a Design Tool

Section 6.1 only showed the possible combination of a solar-assisted
desalination process, however, there are many kinds of combinations already. If other
renewable energy sources (i.e., geothermal/industrial waste heat) are considered, the
possible combinations will be overwhelming. Studies in Chapter 4 clearly showed that
even when only thermal heat sources are considered, the choice of the connected
system (power cycle) could be different. Studies in Chapter 5 showed that even when
the system configuration is fixed, the variation of the water source salt concentration
will definitely affect the selection of the components. All previous studies definitely
showed the complication of using renewable energy sources (i.e., low-grade heat
sources), for desalination. In order to make the selection process easier, a tool
specially designed to assist the selection process in using low-grade heat sources for
desalination is needed. However, to date there is no such user-friendly tools/interface
available.

The research group at the University of South Florida’s Clean Energy

Research Center has started building user interfaces for two proposed novel systems,
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discussed in previous chapters. These interfaces allow the user to: a) enter data about
heat source temperature range, solar collector manufacture parameters (for CPC, ETC
and FPC collectors) and specific heat capacity information of heat sources; b) enter
desired power cycle operation pressure, maximum temperature and source water salt
concentration; and c) select the organic working fluid to gain information about the
power cycle efficiency, the solar collector area and whether a recuperator is needed,
In addition, the interface could also allow the user to see whether there is some
temperature crossover in the boiler so as to make certain the selected working fluid
and temperature range are reasonable. The interface could enable users to review
model details and obtain information for each effect of the thermal MED system. The
expander/turbine could be a multi-stage turbine and the detailed
work/pressure/enthalpy, information could also be listed. Some of the screen copies
of the interface (Figure 6.5, Figure 6.6, Figure 6.7 and Figure 6.8) are displayed

below.

Power Cycle (ORC and SORC) + RO Boiler-TVC + MED

Power Cycle (ORC and SORC)+MED/Ejector Boiler-Absorption Heat Pump + MED

Power Cycle (ORC and SORC) + MV

Created By Chennan Li
Advisors: Dr. Yogi Goswami & Dr. Elias Stefanakos

Copyright: Clean Energy Center, University of South Florida
Contact: goswami@usf.edu

Figure 6.5 Overall platform of the tool for using low-grade heat for desalination.
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Figure 6.6 Interface for using low-grade heat for RO desalination.
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Figure 6.8 Results showing the detailed MED information in a MED-Ejector desalination system.
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6.7 Concluding Remarks

Compared with conventional water treatment processes, desalination is an
energy intensive process. Renewable energy sources such as low-grade heat sources
are abundant and could be used for desalination applications, whose technical
feasibility has already been proved. Most current solar desalination systems are two
independent systems, renewable energy and desalination combined together, which
are still relatively expensive and depend on location, weather and season. Current
research shows that solar thermal/fossil/desalination hybrid systems are more
economical and could overcome the intermittence of solar energy. Additional research
is needed on solar/fossil fuel hybrid systems, especially waste heat from decentralized
thermal power systems for water and power cogeneration because both are crucial in
remote areas. In order to reduce fuel consumption and overcome the intermittence of
the solar source, waste heat from decentralized systems could be used. However, any
waste heat source or solar thermal heat source should be analyzed separately and it
cannot be assumed that the conclusions for solar thermal are the same as for hybrid
desalination or waste heat applications. With future cost reduction of solar systems
and the development of novel solar technologies as well as accurate solar radiation
data collection and modeling [315-317], solar thermal/low-grade heat desalination

could be a valid option for future desalination plants.
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CHAPTER 7 SUMMARY, PROSPECTS AND RECOMMENDATIONS

7.1 Summary

This work investigates the conversion of low-grade heat for desalination and
power production. The motivation for this research was to select a suitable process for
desalination using low-grade heat sources and improve the efficiency of the system
energy conversion.

Compared with conventional water treatment processes, desalination is an
energy intensive process, which highlights the need for finding suitable alternative
energy resources for the desalination systems. A review of seawater desalination
using solar energy is carried out in Chapter 2. Most current solar desalination systems
consist of two independent systems (solar and desalination) combined together, which
are still relatively expensive and depend on location, weather and season. Current
research shows that solar/fossil/desalination hybrid systems and a system using waste
heat from decentralized power systems are more economical and could overcome the
intermittence of solar energy. Additional research is needed on solar/fossil fuel hybrid
systems. This is especially true for waste heat from decentralized thermal power
systems for water and power cogeneration, because these are crucial in remote areas.
To reduce fuel consumption and overcome the intermittence of the solar source, waste
heat from decentralized systems could be used. However, any waste heat source or
solar thermal heat source should be analyzed separately and one cannot assume that
the conclusions for solar thermal systems are the same as for hybrid desalination

systems or waste heat usage applications.
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In order to better select the most suitable process and system configuration for
using low-grade heat to desalinate water, one can follow the analysis presented in
Chapter 3. The theoretical minimum energy required for a desalination process and
the exergy destruction of different desalination processes, could be used as criteria for
the selection. RO/MED and MED combined with vapor compressors are studied and
modeled to better understand and improve the two proposed novel systems.

Chapter 4 proposed a new system that used a supercritical organic Rankine
cycle to directly drive a reverse osmosis desalination system. When treating regular
seawater or brackish water, the RO process is more energy efficient. A power cycle
making use of low-grade heat sources could be used to drive the RO system. The
analysis of the heat source is of key importance. When the heat source is recirculating
heat transfer fluid (i.e., solar collectors) a conventional organic Rankine cycle using
R245fa has limited advantages. However, when the heat sources are the once-through
type (i.e. waste heat or geothermal heat) a conventional ORC does not have enough
pressure to meet the RO needs. Under such conditions, a supercritical cycle shows
better performance with higher efficiency and wider operation range. For both
conditions the selection of working fluids which better match the heat source profile
are important to reduce the exergy destruction in the boiler. An investigation into
potential working fluids suitable for low-grade heat sources (150°C) was carried out
and suitable fluids were presented. This proposed SORC-RO system could make full
use of both the recirculating and once-through type of heat sources. Therefore this
could be applied to solar thermal/fossil hybrid systems to make use of the waste heat
from the fossil fuel system and eliminate the intermittent behavior of a solar system,

as well as reducing the solar desalination system cost.
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In Chapter 5 a novel SORC-Ejector-MED system was proposed and analyzed.
When water sources have higher salt concentration such as frac flow back, which is
generated in natural gas mining processes, or concentrated brine from other
desalination systems, a robust thermal desalination system has to be used. However,
thermal desalination systems are energy intensive and require external electricity
input. The proposed system could be energy independent to handle concentrated
brine. In addition, the use of the ejector loop could improve the energy efficiency of
the MED system. The analysis showed that the MED subsystem, boiler and ejector
are three major exergy destruction parts. By selecting a suitable cycle operation
pressure, the boiler destruction could be reduced. The MED system is the biggest
exergy destruction part, but it is not easy to reduce the exergy destruction by
improving performance without increasing the number of effects. By selecting high
efficiency ejectors, the proposed system could handle highly concentrated brine
without extra electricity input.

Chapter 7 summarized the possible configurations of solar desalination
systems on the basis of the analyses of chapters 2, 4 and 5. Chapter 7 points out the
complexity of using low-grade heat sources for desalination applications because
water sources and energy sources could affect the system performance and the
selections. Therefore a software tool which could easily be used for the design under
different conditions should be developed. A platform and a few preliminary user-
friendly interfaces were developed and presented.

7.2 Applications and Recommendations
The two novel systems proposed in this dissertation suggest great potential for

the efficient and economical use of low-grade heat sources for desalination or
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desalination/power cogeneration. This section offers prospects of the systems
applications as well as recommendations for future research.
7.2.1 Application of Proposed Systems

Low-grade heat sources, below 150°C are abundantly available as industrial
waste heat, solar thermal, and geothermal, to name a few. Using low-grade heat
sources for desalination could be useful in natural gas mining industries where large
quantities of highly concentrated frac water are produced and plentiful waste heat is
available onsite. The proposed systems could also be useful in the oil industry where a
large amount of water is generated with the oil production process. Water at
thousands of feet underground, is naturally at temperatures within the proposed
system application temperature range. The proposed systems could also be useful in
the iron and steel industry where many large plants are built close to the sea, and huge
amounts of waste heat is wasted by using seawater to cool the process. For example,
China has more than 50% of the iron and steel production capacity of the world and,
in the next 10 years, the country plans to move almost all of the major iron and steel
plants close to the sea to save transportation costs. The proposed systems can also be
useful in geothermal applications where brines are extracted from underground. The
proposed systems are obviously useful for solar desalination applications especially in
remote islands where, during the day, solar thermal can be used to provide both power
and water, while at night waste heat from diesel engines could be used. These systems
are also suitable for some desert areas close to the sea such as the Sechura Desert of
Peru which is close to the Pacific Ocean coast, and the Mediterranean Sea where

water is scarce while abundant sunshine is available.
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7.2.2 Recommendations for Future Research
The following are some recommendations for future work.

a) The platform/tool developed in Chapter 6 is still preliminary. The solar
collector calculations are suitable for certain types of collectors. The solar
collector models can be improved so that an accurate solar loss to the
environment can be calculated.

b) In calculating the boiler profile in the platform, the once-through heat sources
(i.e., geothermal or industrial waste heat) are assumed to have a constant
specific heat capacity. In the future, a more accurate and less complicated
expression that considers a non-constant specific heat capacity can be
developed in order to accurately calculate the boiler pinch.

¢) An economic analysis has not yet been developed for the current platform.
Thus, an economic model could be developed that includes cost estimation.

d) Even though membrane distillation suffers from additional resistance to mass
transport by the membrane as compared to MED, it has a lower cost of
membrane materials and can use more area for heat and mass transfer. It
could be used for high recovery or highly concentrated salt water treatment
that RO could not handle, which normally requires high energy consumption.
Therefore it is important to pursue the use of low-grade heat in the membrane
distillation method without external electricity input.

e) It is important to study systems that can be continuously operated by
incorporating a solar system (i.e. solar pond) and a diesel generation system,
including the storage of waste heat and solar energy. These systems could also

be very useful for applications in small or isolated islands and communities.
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f) Finally, with the construction of the USF CERC solar thermal power plant,
experiments that can simulate different types of heat sources and desalination

systems can be carried out and compared to theoretical calculations.
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Appendix A. Review of Solar Energy Driven Desalination System Cost

Reported costs of solar energy driven desalination systems are reviewed here.

. . Capacity
Ref. Cost ($) Configuration (m’/d) Notes
Study carried out through the Agriculture University of Athens, Greece. Authors’
[146], [304] 15 ETC+ORC+RO 1.8 design radiation was 1000 W/m?. Based on location of Athens, GHI was 4.58
kWh/m?*/day.
[145] 9 ETC+ORC4RO 16 Stufly carr}ed. out through the Aégnculture University of Athens, Greece. Authors
design radiation was 1000 W/m".
Study carried out through the Agriculture University of Athens, Greece. Authors’
[146], [153] 125 ETC-ORC-RO 8 design radiation was 1000 W/m”.
[145], 6.85 ETC-Cascade 4 Study carried out through the Agriculture University of Athens, Greece. Authors'
[147], [154] ' ORC-RO design radiation was 1000 W/m®.
PV panels working at solar irradiance half that of the test conditions (1000W/m")
[126] 10.4 PV-RO 0.4 shown by the Agriculture University of Athens, Greece. Reported cost was €7.8/m’
water, and PV capacity was 0.85kW.
[128] 6.95 PV-RO 12 PV capacity was 30.22 kW; design solar radiation was 1000 W/m2. With two wind
' turbines and 40% PV, this system has the lowest water production cost (€ 5.21/m3).
- . - . A K]
[128] 3 88 PV-RO 12 3096 cubic .metf.:rs per year prqductmn with 100%2;PV driven; cosF was €6.64/m
fresh water; design solar radiation was 1000 W/m™ and PV capacity was 13.2 kW.
Design points were 850 W/mz, based on the studied location; NASA GHI data was
[135] 0.94 FPC-ORC-RO 1,166 5.60 kWh/m®/day.
. . 2 . .
[135] 0.93 CPC-ORC-RO 1,166 Design points were 850 W/m”. Based on the studied location the DNI was 7.01

kWh/m*/day.
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Appendix A. (Continued)

. . Capacity
Ref. Cost ($) Configuration (m’/d) Notes
. . 7. . .
[135] 0.90 PTC-ORC-RO 1,166 Design 2pomts were 850 W/m~; Based on the studied location the DNI was 7.01
kWh/m“/day.
[74], [236] 15 FPC-PV-MD 0.1 Location: Agaba Port, Jordan; the GHI is 5.891 kWh/mZ/day.
[236] 18 Flat CI\?I%"“OI' 04  Location: Agaba Port, Jordan; the GHI is 5.891 kWh/m?/day.
[73] 31750_ FPC-MED 0.2 Location: Jordan; the GHI is 4.571 kWh/mz/day.
Experimental. Convert to US dollar by using 192.21 Spain Pesetas per United States
[108] 2.2-47 PTC-MED 2 Dollar. Based on the studied location the DNI was 5.601 kWh/m?/day.
[76] 4 FPC-MED 100 Experiments at Sydney; the GHI was 4.981 kWh/m*/day.
[76] 5.1 ETC-MED 100 Experiments at Sydney; the GHI was 4.981 kWh/m“/day.
[69], [76] 5-6.7 ETC-MED 500  Location: Abu Dhabi; the GHI was 5.611 kWh/m” day.
[69], [74] 8.3-9.3 ETC-MED 100 Location: Abu Dhabi; the GHI was 5.611 kWh/m” day.
[69], [74] 3.4-4.4 ETC-MED 1,000  Location: Abu Dhabi; the GHI was 5.611 kWh/m"” day.
[75] 7-10 ETC-MED 80 Experiments at; Abu Dhabi, the GHI is 5.611 KWh/m? day.
géllg%,][log] 2 PTC-MED 800 Based on studied location in Spain, the DNI was estimated as 5.601 kWh/m? day.
[109] 348923_ PTC-MED 72 Based on studied location in Spain, the DNI wa estimated as 5.601 kWh/m? day.
[72] 0.92 Collector-MED 10,000 Based 02n studied location: Eilat, Israel, the NASA data showed GHI was 5.65
kWh/m~ day.
[131] solar thermal 5,000  Annual insulation was 2,000kWh/m?; peak radiation was 1000W/m>.
collector - MED
[44] 0.9 FPC-MSF 8.5 Experiments at Tamilnadu, India; the author mentioned 400-900 W/m”.
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Appendix A. (Continued)

. . Capacity
Ref. Cost ($) Configuration (m?/d) Notes
Based on studied location in Tianjin, China, which has an estimated DNI from the
391 4.67 FPC-MSF 03 NASA database at 4.36kWh/m’ day.
Based on studied location in Tianjin, China, which has an estimated DNI from the
391 39 FPC-MSF 6 NASA database at 4.36kWh/m day.
1800 -  Studied location: SE Spain, which has an estimated DNI from the NASA database
[40] 2.5-38  PTC-MSFK 3000 at 5.6kWh/m’day.
[236] 2.84 Collector-MSF 1 Authors were in Kuwait which has GHI at about 5.40kWh/m~ day.
[319] 3.3 HDH 10
[319] 2.4 HDH 30
[76], [320] . .. ) 2
[321] 29.46 HDH 2,000  Location: South Tunisia, which has GHI at about 5.24 kWh/m~ day.
(322] 337 FPC-CAOW 1 A demonstration system was installed and commissioned in Jeddah/Kingdom of
’ HDH Saudi-Arabia.
(322] 6.25 FPCI&SSOW 5 Assumed in Jeddah /Saudi Arabia.
[322] 5.71 FPCI_igﬁOW 10 Assumed in Jeddah /Saudi Arabia.
Location: Sfax in Tunisia. Based on NASA database, GHI was estimated at about
[210] 45 FPC-HDH 04 487 KWh/m? day.
Location: Sfax in Tunisia. Based on NASA database, GHI was estimated at about
[210] 80 FPC-HDH 0.5 4 87 KWh/m> day.
[320] 61.65- HDH 0.44 -  Location: Sfax in Tunisia. Based on NASA database, GHI was estimated at about
109.6 0.5  4.87 kWh/m® day.
320] 39.25 FPCI;%’;IOW 10 Location: Tunisia, Solar radiation 510 W/m?.

180

www.manaraa.com



Appendix A. (Continued)

Capacity

Ref. Cost ($) Configuration (m*d) Notes
[320] so6  FCTAOW 10 Location: Tunisia, Solar radiation 510 W/m®.
[320] 49.05 FPCI__I(I:)?IOW 10 Location: Tunisia, Solar radiation 510 W/m®.
[320] 4631 FPCEAOW 10 Location: Tunisia, Solar radiation 510 W/m®.
Hvbrid-MED- Model only; cost information calculated by converting 192.21 Spain Pesetas per
[108] 2.34 y HP 100 United States Dollar. Based on studied location, using the NASA database GHI
could be estimated at about 4.65 kWh/m? day.
Hvbrid-MED- Model only; cost information calculated by converting 192.21 Spain Pesetas per
[108] 1.82 y P 500 United States Dollar. Based on studied location, using the NASA database GHI
could be estimated at about 4.65 kWh/m? day.
Hvbrid-MED- Model only; cost information calculated by converting 192.21 Spain Pesetas per
[108] 1.66 y P 1,000  United States Dollar. Based on studied location, using the NASA database GHI
could be estimated at about 4.65 kWh/m? day.
Hvbrid-MED- Model only; cost information calculated by converting 192.21 Spain Pesetas per
[108] 1.25 y HP 5,000  United States Dollar. Based on studied location, using the NASA database GHI
could be estimated at about 4.65 kWh/m? day.
. Location: Zikim, Israel; Based on studied locations, readers could use NASA
[72] 0.64 Hybrid-MED 100,000 database and estimate GHI close to 5.57 kWh/m? day.
Hybrid-SP- Paper used 2000 kWh/m” annual solar insulation; authors’ Location is Tel Aviv,
[62] 0.79 MED/RO 20,000 Israel.
Hybrid-SP- Paper used 2000 kWh/m” annual solar insulation; authors location is Tel Aviv,
[62] 0.65 MED/RO 200,000 Israel.
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Capacity

Ref. Cost ($) Configuration (m*/d) Notes
. Based on studied location, Safat in Kuwait, GHI could be estimated at about
(301, [76] 179 Hybrid-SP-MSF I 5.4kWh/m?” day from the NASA database.
- . . . o)
[180] 1 PVD 0013 Monthly .average daily glgbal solar radiation in Bahrain was 3000-7200 W/m“/day.
Location: Isatown, Bahrain.
. .. . . 2
[180] 0702 PVD 01 Monthly average daily global solar radiation in Bahrain was 3000-7200 W/m~/day.

Location: Isatown, Bahrain.

Model only; cost information calculated by converting 192.21 Spain Pesetas per
[108] 3.9 PV-RO 100 United States Dollar. Based on studied location, using the NASA database GHI
could be estimated at about 4.65 kWh/m? day.

Model only; cost information calculated by converting 192.21 Spain Pesetas per
[108] 2.99 PV-RO 500 United States Dollar. Based on studied location, using the NASA database GHI
could be estimated at about 4.65 kWh/m? day.

Model only; cost information calculated by converting 192.21 Spain Pesetas per
[108] 2.76 PV-RO 1,000  United States Dollar. Based on studied location, using the NASA database GHI
could be estimated at about 4.65 kWh/m? day.

Model only; cost information calculated by converting 192.21 Spain Pesetas per
[108] 2.34 PV-RO 5,000  United States Dollar. Based on studied location, using the NASA database GHI
could be estimated at about 4.65 kWh/m? day.

PV capacity was 4kW; study carried out by CRES, at Laviro in Greece; water
production wais 130 1/h with an RO unit energy recovery system ; reported cost was

[74], [138] 31 PV-RO 3.1 €23/m? for water. Based on studied location, the NASA database could estimate
GHI as 4.95 kWh/m? day.
[74] 9.75 PV-RO 40
[323], [324] 9 PV-RO 4 Yearly solar insulation was 2000kW h/m”.
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Ref.

Cost ($)

Configuration

Capacity
(m’/d)

Notes

[325]

16

PV-RO

1

A small reverse osmosis (RO) plant supplied by a photovoltaic (PV) power supply
was been installed at the island of Grand Canary, Canary Islands, Spain. Based on
studied location, GHI could be estimated close to 5.67kWh/m> day.

[139]

13.16

PV-RO

10

PV capacity 4.8kW; location is ITC-DESSOL, Grand Canary, Canary Islands,
Spain, based on studied location, GHI could be estimated from NASA data as 5.4
kWh/m?*/day.

[326]

38-42

PV-RO

3.1-4.6

Studied location was Tan Tan City, Morocco; solar insulation was 4624 Wh/mz, and
the desalination system operated 2434 hours per year. A lifetime of 20 years for the
equipment is considered. The analysis was made assuming a 3% to 5% rate of
return and a yearly water production of 1,350 m>. A total fresh water cost of €29
/m? for a rate of return of 3% is calculated while a total water cost of around €32/m’
is calculated for 5% annual rate of return.

[131]

PV-RO

5,000

Annual solar energy was 2,000kWh/m?.

[137]

7.21

PV-RO

20

PV capacity was 11.25kW; the system wa a diesel-assisted system. Location was
Abu Dhabi. Based on studied location, GHI could be estimated close to
5.61kWh/m*/day.

[137]

7.3

PV-RO

44

PV capacity was 22.49 kW 100% driven by solar energy. Location was Abu Dhabi.
Based on studied location, GHI could be estimated as close to 5.61kWh/m2/day.

[74], [140]
[141]

PV-RO

Location at Loughborough University, UK. PV system has solar tracking system.
Location GHI could be estimated as 2.65kWh/m2/day.

[142]

9.6

PV-RO

1.2

PV capacity 4.8 kW; location is CIEA-ITC, Canary Islands, Spain; Based on
studied location, GHI could be estimated at close to 5.4kWh/m2/day based on
NASA data.
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Capacity

Ref. Cost ($) Configuration (m*/d) Notes
PV capacity 50kW; Location was GECOL at Ras Ejder, Libya. Based on studied
[144] 3 PV-RO 300 location, solar radiation could be estimated as 5 .24kWh/m2/day.
[236] 2.7 PV-RO 500 Annual insulation as 2,000kWh/m?, design radiation was 1000W/m>.
Location: Safat in Kuwait; using the NASA database to estimate GHI
[236] 12.05 PV-RO 1 5 AKWh/m?/ day.
[76] 01'6474_ SP-MED 100,000 Annual solar insulation was 2400 kWh/mZ/y.
[62] 0.89 SP-MED 20,000  Authors used 2000kWh/m* annual insulation; authors location was Tel Aviv, Israel.
0 . - . .
[62] 0.71 SP-MED 200,000 f:;l;;lslors used 2000kWh/m~ annual insulation. Aauthors location was Tel Aviv,
30MW gas engine waste heat was discharged into a solar pond. Solar pond size was
[27] 0.621 SP-MED 2,348 7800m>. If authors’ location was used, the GHI could be estimated as
4.54kWh/m?/day.
120MW gas engine waste heat was discharged into a solar pond. Solar pond size
[27] 0.466 SP-MED 15,044  was 7800m> If authors’ location was used, the GHI could be estimated as
4.54kWh/m?/day.
Paper reported 1.63 KD per cubic meter water cost, but the authors used 1KD=$3.4.
[30] 2.84 SP-MSF 1 Location: Safat, Kuwait where the NASA database showed GHI was
5.40kWh/m*/day.
Paper reported 1.63 KD per cubic meter water cost, but the authors used 1KD=$3.4.
[30] 5.7 SP-RO 1 Location: Safat, Kuwait where the NASA database showed GHI was
5.40kWh/m?/day.
[25] 548 SP-MSF 15 Location: Tan Tan City, Morrocco where the NASA database showed GHI was

5 .75kWh/m2/day; Solar pond size was 2500 m’.
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. . Capacity

Ref. Cost ($) Configuration (m3 /d) Notes

Location: Tan Tan City, Morrocco where the NASA database showed GHI was
251 2.39 SP-MSF 300 5 .75kWh/m2/day; Solar pond size was 36000 m>.

Pond size was 80000 m”. Based on studied location, the NASA database and
[26] 2.8 SP-MSF 1000 imated DNT at 6 kWh/m?/day.

Pond size was 80000 m”. Based on studied location, the NASA database and
(26] 1.84 SP-MSF 10,000 estimated DNI at 6 kWh/mz/day.

30MW gas engine waste heat was discharged into a 7800m” solar pond. If authors’
[27] 0.916 SP-MSF 2,040 location was used, the GHI could be estimated as 4.54 kWh/mZ/day.

120MW gas engine waste heat was discharged into a solar pond. The solar pond
[27] 0.827 SP-MSF 12,378  size was 7800m2; If authors’ location was used, the GHI could be estimated as

4.54kWh/m?/day.
[28] 1.8 SP-MSF 1,570  Pond size was 70000 m~ radiation was less than <350W/m".

The author listed a location but chose data from Dakar due to lack of solar data;
[24] 3.71 SP-MSF 550 solar pond size was 65361 mz; solar insulation was 246.3W/m>.

The author listed a location but chose data from Dakar due to lack of solar data;
[24] 3.42 SP-MSF 550 solar pond size was 49441 mz; solar insulationwas 246.3W/m”.
[327] 2.88 ST 70
[76], [320] 4.11 ST 1-50
[76], [328] 3 ST 10
[76], [328] 6 ST 10
[76], [328] 12 ST 10
[76], [328] 3 ST 50
[76], [328] 6 ST 50
[76] 23.8 FPC-ST 0.004
[76] 9.95 Multi-effect ST 0.012
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Ref. Cost ($)  Configuration C?gl%fét)y Notes
[76] 9 Multi-effect ST 0.02
[76], [320] 39.456  Multi-effect ST 10
[76], [320] 11.99 ST 20 Location: Sydney where the NASA database showed GHI was 4.98kWh/m2/day.
Location: Safat, Kuwait where the NASA database showed GHI was
[30], [236] 12.5 ST 0.8 5.4kWh/m%day.
. Design solar insulation 850 W/m”. Based on studied location, the NASA database
[329] 25.2 Single-slope ST  0.00888 showed GHI was 5.35kWh/m?/ day.
. Design solar insulation 800 W/m”. Based on studied location, the NASA database
[329] 14 Single-slope ST 0.00132 1 (00 1 GHI was 5.05kWh/m®/day.
[329] 39 ST with solar 0.00463 Design solar insulation 850 V&;/mz. Based on studied location, the NASA database
collector showed GHI was 3.35kWh/m“/day.
(329] 13.8 ST with solar 0.0038 Design solar insulation 800 V&;/mz. Based on studied location, the NASA database
) concentrator ) showed GHI was 5.35kWh/m“/day.
[329] 9.6 ST using 0.009 Design solar insulation 800 W;/mZ. Based on studied location, the NASA database
' pyramid-shaped ' showed GHI was 5.05kWh/m~/day.
a) For capacity range, use low end, i.e. 7-10 m’ /day, choose 7 m3/day
b) For cost range, pick middle cost, i.e. 7-10 $/m>, use low cost due to the technology development and solar products price drop
¢) Convert all the currency into dollars based on Oct.14, 2011 currency rate
d) If hourly rate is given, convert to daily production using 8 hours, i.e. 3m>/h, converted as 24m*/day (except that the authors’ directly
mentioned operation hours and daily production).
e) For research given by L/year, convert to daily production by dividing 365.
f) FPC, ETC, CPC and PTC combined with desalination system is just generalized as collector+desalination (i.e. FPC+RO) and is called
collector+RO in the cost figure.
g) Single-effect solar still, multi-effect solar still and collector/PV combined with solar still are all abbreviated as ST.
h) All kinds of power cycles are called engine in Figures ( i.e. FPC with ORC-driven RO) used collector-engine-RO in the figure.
1) Different HDH processes are generalized and called HDH process (i.e. FPC+CAOW HDH) is represented as HDH only.
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j) GHI: NASA 22-year monthly and annual average showed Insolation Incident on a horizontal surface, unit kWh/m” day. Data is estimated
based on authors’ studied location and the NASA database.
k) DNI: Based on the studied location, NASA 22-year monthly and annual average data showed direct normal radiation, unit is kWh/m?/day.
Data is estimated based on authors’ studied location and theNASA database.
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Appendix B. Error Analysis

In order to validate the property of the working fluids that were used in the
investigation, a comparison between the data from NIST and EES was carried out in
the following.

Table B.1 Error analysis

Data Source R152a

T. (K) P. (MPa)
NIST 386.41 4.5168
EES 386.40 4.5200

—\2
The standard deviation of T is o7, =, ’M =0.005K
—\2
The standard deviation of P.is Op, = . ’M =0.0016MPa

Table B2 shows the differences of thermal power input at given conditions
between the developed model and published data from the reference. The comparison
shows the difference is within 2%, and the standard deviation of the difference is
0.77%. It indicates the developed model has good agreement with the referenced data,
and the model is reasonably reliable for MED process predication.

Table B.2 Comparison of model predictions and data for MED unit*from
reference [52]

Ilflep;; | Per formance Recovery rate Thermal power input (lg\&’f)erence’
©C) Ratio Reported Model Reported Model %
57 8.9 0.2375 0.2375 137 135.6 1.02%
60 9.1 0.275 0.275 153 153.5 -0.33%
63 9.3 0.3 0.3 166 163.9 1.27%
65 9 0.3375 0.3375 191 190.5 0.26%
68 10 0.3625 0.375 182 184.2 -1.21%
70 9.5 0.3625 0.3625 195 193.9 0.56%
72 94 0.375 0.375 203 202.7 0.15%
74 9.3 0.375 0.375 207 204.9 1.01%
Standard deviation  0.77%
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1. Chennan Li, D. Yogi Goswami, and Elias Stefanakos. “Solar-assisted Seawater
Desalination: A review”, Renewable and Sustainable Energy Review, (Decision in
Process).

2. Chennan Li, Saeb Besaratia, Yogi Goswami, Elias Stefanakos, Huijuan Chen,
“Reverse Osmosis Desalination Driven By Low-temperature Supercritical
Organic Rankine Cycle”, Applied Energy, (In Press).

3. Chennan Li, Yogi Goswami, Andrew Shapiro, Elias Stefanakos, “A New
Combined Power and Desalination System Driven by Low-grade Heat for
Concentrated Brine”, Energy, (Accepted with minor revision).

4. Chennan Li, George Kosmadakis, Elias Stefanakos, Yogi Goswami, “Parabolic
Trough Solar Collector Driven Supercritical Cycle for Power-Desalination
Cogeneration”, Renewable Energy, (Finished, to be submitted).

5. Saeb Besarati , Yogi Goswami, Elias Stefanakos, Chennan Li, “A Novel
Combined Cycle using Supercritical CO, for Power Generation”, Applied Energy,
(In Preparation) .

6. Chennan Li, Gongquan Sun, Suzhen Ren, “Casting Nafion—sulfonated Organic
Silane Nano Composite Membranes Used in Direct Methanol Fuel Cells”, Journal
of Membrane Science, vol. 15, pp. 50-57, 2006.

7. Li Chennan, Sun Gongquan, “Development of The Perfluorosulfonic Acid and
Modified Composite Membranes Used in Fuel Cells”, Chinese Science Bulletin,
vol.50, no 19, pp. 2049-2054, 2005.

8. Li Chennan, Sun Gongquan, Liang Zhenxing, “Recycling the waste Nafion
membrane and the use of recast Nafion membrane in direct methanol fuel cell”,
Journal of Functional Materials , vol.36, no.7, pp.1030-1033, 2005.

9. Suzhen Ren, Chennan Li, Xinsheng Zhao ‘“Surface modification of sulfonated
poly(ether ether ketone) membranes using Nafion solution for direct methanol fuel
cells”, Journal of Membrane Science vol. 247, pp. 59-63, 2005.

10. Suzhen Ren, Gongquan Sun, Chennan Li , “Organic silica/Nafion composite
membrane for direct methanol fuel cells”, Journal of Membrane Science, vol. 282,
no. 1-2, pp. 450-455, 2006.

11. Suzhen Ren, Gongquan Sun, Chennan Li , “Sulfonated poly (ether ether
ketone)/polyvinylidene fluoride polymer blends for direct methanol fuel cells”,
Materials Letters, vol. 60, no.1, pp. 44-47, 2006.

12. Suzhen Ren, Gongquan Sun, Chennan Li . “Sulfated zirconia/Nafion
compositemembranes for higher temperature DMFCs”. Journal of Power Sources,
vol. 157, no. 2, pp. 724-726, 2006.

13. Ren Su-zhen, Sun Gong-quan, Wu Zhi-mou, Li Chen-nan ., “Blend membranes of
sulfonated polyether ether ketone/polyvinylidene fluoride”, Chinese Journal of
Power Sources, vol. 3, pp. 200-203, 2006.
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14. Shuang Gu, Gaohong He, Xuemei Wu, Chennan Li . “Synthesis and
characteristics of sulfonated poly(phthalazinone ether sulfone ketone) (SPPESK)
for direct methanol fuel cell (DMFC)”, Journal of Membrane Science, vol. 281,
no. 1-2, pp. 121-129, 2006.

Conference Proceedings

1. Chennan Li, Sesha S. Srinivasan, Nikolai Kislov. “Photocatalytic activity by N-
doping using the gas phase impregnation method”, Mater. Res. Soc. Symp. Proc,
Materials Research Society,vol 1217, pp 1217-Y03-35, 2010.

2. Chennan Li, Sesha S. Srinivasan, Nikolai Kislov., “Increasing the photocatalytic
activity by mechano-chemically milling on Zn- doped TiO2”, Mater. Res. Soc.
Symp. Proc. Materials Research Society, vol.1217, pp. 1217-Y03-34, 2010.

3. Chennan Li, Zhenxing Liang, “Nafion—sulfonated organic silane proton
conductive composite membranes with low methanol permeation”, Processing and
Fabrication of Advanced Materials XIII, vol.1, pp. 221-239, 2004.

Patents Disclosures

1. Chennan Li, D. Yogi Goswami, and Elias Stefanakos. “Method and systems for
water and power cogeneration using organic Rankine Cycle-Ejector-Thermal
Desalination for low- and mid-grade temperature sources”, U.S. 11A070.
(Prepared to file; disclosure issued)

2. Chennan Li, D. Yogi Goswami, and Elias Stefanakos. “Method and systems for
water and power cogeneration using supercritical power cycles for low- and mid-
grade temperature sources”, U.S. 11A071. (Disclosure issued)

Book Chapter

1. Mohammad Abutayeh, D. Yogi Goswami, Chennan Li and Elias Stefanakos.
“Desalination: Water From Water”, Chapter 11: Solar Desalination,
Scrivener/Wiley to be published.
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The author was invited to review papers submitted for the following journals
for his expertise:
1. Journal of Membrane Sciences
2. Journal of Chemical Product and Process Modeling
3. Journal of Solar Energy Engineering
4

. Energy Conversion and Management
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Appendix E. List of Symbols

Nomenclature

e Specific exergy (J)

E Exergy (J)

E Rate of exergy (J/s)

h Specific enthalpy (J/kg)

1 Irreversibility (J)

I Rate of irreversibility (J/s)

L Latent heat (J)

m Flow rate (kg/s)

N, Power of the pump (J/s, W)

N, Power of the turbine (J/s, W)

P Pressure (bar)

P. Critical pressure (MPa)

q Heat flow (J/s)

0 Heat input (J)

q Heat input per mass (J/kg)

R Universal gas constant (J/ K—mol)

S Salt concentration(%), entropy (J/K)

T Temperature (K)

T, Critical temperature (K)

Ty Reduced evaporation temperature (K)

T, Temperature at dead state (K)

Vin Mole volume (m*/mol)

w Work output (J)

z Vertical coordinate (m)

AH Enthalpy of vaporization (J)

AV Volume change of the phase transition (m?)
Efficiency
Ratio of entropy and temperature on a saturation curve (J/K?)

p Density (g/cm’)
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Subscripts
c
cov

ex

n

out

th

zeo

Superscripts

in

out

Condenser

Energy conversion
Exergy

Fluid
high-temperature, heating process
Input
Low-temperature
Output

pump

Turbine

Thermal

Zeotropic mixture

Input
Output

Common parameters used in MED system

Tn
Tfn

Temperature of the effect n

Feed-in water temperature come out of the preheater of the effect n
Vapor temperature in effect n

Vapor generated at this temperature by brine flash in effect n

Vapor flashed from condensed fresh water at the effect n

Latent heat of vaporization at the vapor temperature Tv,, in effect n
Latent heat related to the brine flash temperature T*,, in effect n
Latent heat related to the condensed fresh water T,, in effect n flash box
Salt concentration in the brine stream leaving effect n

Salt concentration in the feed stream

Vapor generated by evaporation within effect n

Vapor generated by brine flash in effect n

Vapor generated by condensed fresh water in flash box of the effect n

Total distillate flow rate

193

www.manaraa.com



Appendix E. (Continued)

BPE, Boiling point elevation of effect n caused by dissolved salt
Ue, The overall heat transfer coefficients in the evaporator for effect n
Uc, The overall heat transfer coefficients in the preheater for effect n
NEA*, The nonequilibrium allowance of brine flash in effect n
NEA,, Nonequilibrium allowance of fresh water condensate flash in effect n
B, The concentrated brine mass come out of effect n
0, The percentage of the vapor condensed in the preheater of effect n
Acn The evaporator area in the effect n, all effects have the same area
Apn The preheater area in the effect n, all effects have the same area
Cpn The mean specific heat of feed-in water happened in preheater
Cp*, Mean specific heat of brine happened during brine flash process
Cp, Mean specific heat of condensed fresh water during flash process
LMTD, The log mean temperature of the preheater in effect n
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Appendix F. Figure Copyright Disclaimer

The author disclaims that Jutta Hoflich at DESERTEC Foundation has all the
rights to Figure 6.3, and acknowledges his permission of reference in this dissertation.
Below is his email confirmation.

From: pop.desertec.org <request@desertec.org>

Date: Wed, Oct 26, 2011 at 2:04 AM

Subject: Re: E-Mail through DESERTEC.org Contact Form
To: cli3@mail.usf.edu

Dear Mr. Chennan,

You are welcome to use the picture as long as you note our copyright.
Kind regards,

Jutta Hoflich

Office DESERTEC Foundation
Ferdinandstr. 28-30

D-20095 Hamburg

Phone: + 49 (0)40 32 507 795
E-mail: office@desertec.org

www.desertec.org
Clean Power from Deserts
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