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Abstract

Clean, fresh drinking water is essential to human and other life needs like agricultures needs,
human needs and artificial needs. Access to safe drinking water has improved steadily and substantially
over the last decades in almost every part of the world. However, some observers have estimated that by
2025 more than half of the world population will be facing water-based vulnerability, a situation which
has been called a water crisis by the United Nations. Desalination provides such an alternative source,
offering water for irrigational, industrial and municipal use.

Desalination technologies can be classified by their separation mechanism into thermal and
membrane based desalination. Thermal desalination separates salt from water by evaporation and
condensation, whereas in membrane desalination water diffuses through a membrane, while salts are
almost completely retained. Thermal desalination includes multi-stage flash, multi-effect distillation,
mechanical vapor compression, and thermal vapor compression while membrane desalination contains
reverse osmosis, ion exchange, and electro-dialysis processes. Reverse osmosis and multi-stage flash are
the techniques that are most widely used in the world.

Desalination uses a large amount of energy to remove a portion of pure water from a salt water
source. Large commercial desalination plants using fossil fuel are in use in a number of oil-rich
countries to supplement the traditional sources of water supply. However; people in many other areas of
the world have neither the money nor the oil resources to allow them to develop on a similar manner.
Furthermore; problems relevant to the use of fossil fuels, in part, could be resolved by considering
possible utilization of renewable resources such as solar, biomass, wind, or geothermal energy. The
coupling of renewable energy sources with desalination processes is seen by some researchers as having
the potential to offer a sustainable route for increasing the supplies of potable water.

Solar energy can directly or indirectly be harnessed for desalination. Collection systems that use
solar energy to produce distillate directly in the solar collector are called direct collection systems
whereas systems that combine solar energy collection systems with conventional desalination systems
are called indirect systems. In indirect systems, solar energy is used either to generate the heat required
for desalination and/or to generate electricity that is used to provide the required electric power for
conventional desalination plants such as multi-effect (ME), multi-stage flash (MSF) or reverse osmosis
(RO) systems. For Middle East countries sun has a good presence beside a huge area of the desert. For
example the number of sun shine hours over Egypt is about 3600h/year with an amount of 6-
7kWh/m?/day as a global radiation.

Therefore utilization of solar energy as an alternative and renewable energy should be strongly
taken into consideration, especially, when new communities are established in the desert and remote
areas. For scientists, it is very important to decide or demonstrate the applicability of the solar
desalination system based on energy, exergy, cost, and thermo-economic analysis. The decision should
maintain different types, different configurations, and different techniques. To perform a reliable
analysis for this wide range of solar desalination processes and different configurations, a flexible
visualized computer program is required.

Therefore, the need to design and simulate solar desalination systems is very important and
essential. The main objective of this work is to develop software in order to design and simulate
different solar desalination systems such as Reverse Osmosis, Multi stage Flash, Multi Effect
Evaporation, Mechanical and Thermal Vapor Compression. The developed software is performed for
different calculations, different modifications, different comparisons, and different analysis. The
developed software has some features such as validity, generality, flexibility, easy to handle, and
executable. In this work, performing a survey about the importance of utilizing solar energy and
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desalination is done. Designing & setting up the required software for the proposed processes are
performed. Carrying out the validation results is accomplished based on different techniques. As a
result, a developed software package (SDS) is constructed to design and simulate different types of solar
desalination processes. Also, solar assisted organic Rankine cycle for reverse osmosis with pressure
exchanger unit is considered attractive based on energy, exergy, and cost analysis. Multi effect
distillation with thermal vapor compression comes next based on the same indicators. Also, a
comparison for different techniques of combination between solar power cycle and desalination process
is performed. The results reveal that solar desalination technique without power generation is
remarkable while comparing with solar desalination technique with power generation.
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Chapter 1: Introduction & Review

1.1 Water Shortage Problem

Water and its natural resources are considered very important part for living on the earth. Water
is very important for the proceeding of the all life needs and in all life fields like agricultures needs,
human needs and artificial needs. But at the last few decades water shortage problems appeared at many
countries especially developing countries. Many remote areas of the world such as coastal desert areas in
the Middle East or some Mediterranean and Caribbean islands are suffering from acute shortage of
drinking water [1]. By the year of 2025, about 60% of the world population will be suffering from
serious water shortages. Moreover; common use of unhealthy water in developing countries causes 80-
90% of all diseases and 30% of all deaths [2].

For the North African countries, Egypt lays in a semi-arid to arid region where most of its
renewable fresh water is transported by the Nile River from the Ethiopian and Equatorial plateau. It is
anticipated that by the year 2025 water per capita will drop to about 600m®/y, thus approaching the
water poverty limit. The immediate answer is to turn towards non-conventional sources such as water
recycling, reuse of drainage water, treated industrial and sewage effluents, rainfall harvesting and
desalination [3]. As an example, the geographical locations of the Red Sea natural scenarios controlled
the distribution of the hotels, villages and resorts in a sporadic pattern over the long coastline, which
spreads along about 1500 km. A severe shortage of fresh water in the Red Sea region and south Sinai in
the year 2020 is depicted as shown in Table 1.1 [4]. Table 1.1 shows that the great gab between the
demand and the available fresh water is widening and the estimated water will be around 10°m®/day. As
a result, the desalination of the Red Sea water is the only option under the expected shortage of the Nile
water resources.

Table 1.1: Fresh water demand and desalination capacity in the Red Sea and south Sinai regions [4].

Year 2001 2020

Fresh water source Red Sea coast m®/day South nga' coast Red Sea coast m®/day South 83|na| coast
m°/day m°/day

Nile water pipe-line 80,000 0 140,000 30,000

Fresh ground water 0 10,000 0 25,000

Seawater desalination | 97,000 40,000 250,000 150,000

Estimated demand 500,000 125,000 1,000,000 600,000

Water shortage 323,000 75,000 610,000 395,000

1.2 Solar Desalination Systems as a Choice

Desalination of sea water considered the most important method to free water from salt and
simply makes it ready to be used in the human needs. However; desalination process consumes a huge
thermal energy based on the amount of productivity produced. The use of solar energy in thermal
desalination processes is one of the most promising applications of the renewable energies. Countries in
south Mediterranean basin (Egypt) usually have abundant seawater resources and a good level of solar
radiation, which could be used to produce drinking water from seawater. Figure (1.1) shows the good
presence of the solar radiation in Egypt. It is pinpointed on the figure that an amount of 6-
6.9kWh/m?/day of global radiation is in the Middle East countries [5]. Solar desalination can either be
direct; use solar energy to produce distillate directly in the solar collector, or indirect; combining
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conventional desalination techniques, such as multistage flash desalination (MSF), vapor compression
(VC), reverse osmosis (RO), membrane distillation (MD) and electro-dialysis (ED), with solar collectors
for heat generation. Solar thermal energy coupled to a power cycle by using direct mechanical power
can also be employed [6]. Figure (1.2) shows a flow chart of renewable energies powered different types
of desalination processes [7]. It clear from the figure that solar energy can power thermal and electrical
desalination systems. Solar desalination is particularly important for locations where solar intensity is
high and there is a scarcity of fresh water.

Techniques of solar desalination are many and varying according to the size of the demanding of
fresh water and the size of solar energy presence. In this section; a review of using solar energy with
desalination techniques are investigated. Table 1.2 illustrates some of desalination processes combined
with solar energy. It is clear from literature that the possibility of utilizing reliable solar thermal power
with different types of distillation processes such as MED already exists. However, the technique of
such utilization with different working fluids needs more investigations. Moreover; the techniques that
are presented in literature are significantly at low capacities of operation. Therefore; it very important to
evaluate large capacities based on energy, exergy, cost and thermo-economic.
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Figure (1.1) World solar radiation [5].
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Figure (1.2) Flow chart of renewable energies powered desalination processes [7].
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Table 1.2: Some of indirect solar desalination pilot plants implemented at different locations.

Desalination process

type Location Capacity Type of power Reference
MSF Safat, Kuwait 10m°/day Solar collectors [8]
L Solar
MSF Al AzharGUnlversny n 0.2m°/day thermal collectors and [9]
aza
PV cells
MSF Berken, Germany 10m®/day -- [10]
. . 3 Low concentration
MSF Gran Canaria, Spain 10m°/day solar collectors [11]
MSE Lampedusa Island, 0.3m*/day Low concentration [12]
Italy solar collectors
. 3 Flat plate and Parabolic
MSF La Paz, Mexico 10m°/day trough collectors [13]
. 3 Parabolic trough
MSF Kuwait 100m*/day collectors [14]
. 3 Parabolic trough
MSF+MED Al-Ain, UAE 500m°/day collectors [15]
PV+RO 1m®/day PV [16]

1.3 Solar Thermal Power Cycles: Technology Overview

Solar thermal power plants, often also called Concentrating Solar Power (CSP) plants, produce
electricity in much the same way as conventional power stations. The difference is that they obtain their
energy input by concentrating solar radiation and converting it to high-temperature steam or gas to drive
a turbine or motor engine. Solar troughs as a concentrated solar power (CSP) (see figure (1.3)) can
concentrate the sunlight by about 70-100 times. Typical operating temperatures are in the range of 200-
400°C. Plants of 200 MW rated power and more can be built by this technology [18]. This technology
can provide a suitable and sufficient power to drive on membrane and thermal desalination technologies.
The CSP plants have some features:

e Concentrating solar power plants can generate electricity which can be used for membrane
desalination.

e Each square meter of the CSP’s reflector surface in a solar field is enough to avoid the annual
production of 150 to 250 kilograms (kg) of carbon dioxide (CO5).

e CSP plants can be used for combined heat and power.

e Thermal desalination methods like MED or MSF can be directly/indirectly powered by CSP,
either directly or in co-generation with electricity.

e CSP (Concentrated Solar Power) reduces emissions of local pollutants and considerably
contribute to global climate protection.

e A major benefit of CSP is that it has little adverse environmental impact, with none of the
polluting emissions or safety concerns associated with conventional generation technologies.

CSP is a domestic energy source of all MENA countries. The present increase of electricity costs can be
stopped and reversed in the medium term by introducing concentrating solar power for electricity and
seawater desalination at a large scale. CSP can be made available today at a cost of about 0.18 $/kWh
for a first, small CSP plant with about 5-10 MW capacity operating in solar only mode. In the time span
until 2010, the solar electricity cost of newly installed plants will drop to less than 0.100 $/kWh, in 2020
to 0.056 $/kWh and in 2030 it would be close to 0.050 $/kwh [18].
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A parabolic dish-shaped reflector is used to concentrate sunlight on to a receiver located at the
focal point of the dish. The concentrated beam radiation is absorbed into the receiver to heat a fluid or
gas (air) to approximately 750°C. This fluid or gas is then used to generate electricity in a small piston
or Stirling engine or a micro turbine, attached to the receiver. Parabolic trough systems represent the
most mature solar thermal power technology, with 354MWe connected to the Southern California grid
since the 1980s and over 2 million square meters of parabolic trough collectors operating with a long
term availability of over 99%. Supplying an annual 924 million kWh at a generation cost of about 12 to
15 US cents/kWh, these plants have demonstrated a maximum summer peak efficiency of 21% in terms
of conversion of direct solar radiation into grid electricity.

It is important to understand that solar thermal technology is not the same as solar panel, or
photovoltaic, technology. Solar thermal electric energy generation (CSP) concentrates the light from the
sun to create heat, and that heat is used to run a heat engine, which turns a generator to make electricity.
The working fluid that is heated by the concentrated sunlight can be a liquid or a gas. Different working
fluids include water, oil, salts, air, nitrogen, helium, etc. Different engine types include steam engines,
gas turbines, Stirling engines, etc. Heat engines can be quite efficient, often between 30% and 40%, and
are capable of producing about 10's up to 100's of megawatts of sufficient thermal power. However;
Photovoltaic, or PV energy conversion, directly converts the sun's light into electricity.

This means that solar panels are only effective during daylight hours because storing electricity
is not a particularly efficient process. Heat storage is a far easier and efficient method, which is what
makes solar thermal so attractive for large-scale energy production. Heat can be stored during the day
and then converted into electricity at night. Solar thermal plants that have storage capacities can
drastically improve both the economics and the dispatch ability of solar electricity. Table 1.3 shows a
comparison between CSP and PV solar power plants. Based on the comparison terms, CSP considered
more effective while coupling with wider types of desalination processes. Also, Figure (1.4) shows that
the specific cost for CSP with thermal desalination systems achieves lower results against the PV
operation. According to the available data in Table 1.3 and Figure (1.4), CSP operated by PTC technique
is considered in this study. The following table gives a brief comparison between solar thermal power
cycles against the Photovoltaic’s power cycles.

Parabolic trough
collector
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Figure (1.3) Photographs of PTC type for solar power generation.
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Table 1.3: CSP vs PV solar power generation [19].

Parameter: CSP (thermal) PV (electric)
Resource quality 2400 kWh/m?/yr 2445 KWh/m?/yr

Power type Thermal (indirect) Electrical (direct)
Desalination system to combined All types (MSF, MED, MED-TVC,

with ’ MESIPMV(C, RO, ED RO, MED-MVC and ED
Levelised cost of energy $/MWh 60-350 (214% in 2030) 100-450 (303$ in 2030)
Construction period/life time 2/30 years 1/30 years

Capacity factor 23-50% 20%

Stirling, Rankine, gas turbines,

steam turbines N/A

Heat engines

Cost ($/m’)

Water type Desalination system powered by

renewable energy source 1 | | 1 | l. | 1 1 | | |
| | | | | | I | | | | |
Freshwater Tankers 1o remote areas e — ]
Brackish water  Conventional energy + RO, ED ==
Brackish water  Photovoltaic energy + RO ==
Brackish water  Photovoltaic energy + ED =
Brackish water  Wind + RO e
Brackish water Wind + ED =
Brackish water  Geothermal + MED L]
Seawater Conventional energy + RO, ED, MSF, MED, VC
Seawater Photovoltaic energy +RO =" 3|
Seawater Wind + RO | e
Seawater Wind + VC [==ma]
Seawater Solar thermal + MED ——
Seawater Geothermal + MED [ —|

Figure (1.4) Desalinated water costs for various combinations of desalination processes powered by renewable energy
sources [20].

1.4 Solar Powered-Rankine Cycles

Power generation based on solar thermal medium temperature collectors are mature enough to
cover power demand around tens of MW based on Rankine cycle. In addition, a considerable additional
advantage is that a solar-heated thermodynamic cycle is able to provide low-grade thermal energy to
drive other applications as water or space heating as well as thermal energy at higher temperature for
driving an absorption chiller, a seawater distiller, etc. Furthermore; solar thermal systems have the
following additional advantages:

o Potential overall efficiency of solar thermal systems is higher than photovoltaic systems.

o Solar thermal systems permit thermal storage instead of batteries. That avoids costly
operational maintenance, toxic wastes and replacement problems.

o Many applications do not require electricity but mechanical power as pumping or reverse
osmosis desalination.

o The system is able to operate continuously with thermal energy backup.
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Solar thermal collectors are able to generate shaft power by means of a Rankine, Brayton or Stirling
cycle or by other specially designed expansion system. Therefore; Rankine cycle is used in conventional
solar electricity a generation system which uses medium temperature solar collectors-parabolic trough
collectors. The use of solar-powered heat engines offers interesting potentials for small to medium size
communities in developing and isolated areas. Direct applications are: electricity production, water
pumping, reverse osmosis (RO) desalination, vapor compression chillers, etc. Except very small systems
for water irrigation pumping, none of above applications has been thoroughly analyzed or developed and
very few pilot systems exist. With regard to seawater desalination, only three designs of solar heat
engine-driven RO have been published and only one of them has been implemented [21]. The primary
advantages of an ORC power cycle for applications with troughs are [22]:

e ORCs operate at lower temperatures and thus we can reduce trough operating temperatures
around 390°C. This means that an inexpensive heat transfer fluid such as Therminol-VP1 may be
used.

e ORCs can be designed to use air-cooling for the power cycle. This and the fact that the power
cycle uses a hydrocarbon for a working fluid (instead of steam) means that the plant needs
virtually no water to operate. This means that the plants can be built in desert locations that have
limited water availability.

e ORC power cycles are simple and generally can be operated remotely. This helps to reduce
operating and maintenance costs which have been one of the key reasons for concentrated solar
power (CSP) technologies to increase in size.

Organic Rankine Cycles are not new technology. A recent resurgence of interest in ORCs as a viable
option for small-scale solar electricity generation has been spurred by the construction of the 1 MW
Saguaro parabolic trough ORC power plant [23]. A project entitled POWERSOL [24] (Mechanical
Power Generation Based on Solar Heat Engines), partially supported by the European Commission. The
project focuses on the technological development of a solar powered ORC for RO desalination process.
Figure (1.5) shows a schematic diagram of the process configuration implemented by [24].

Cenerator
] Electricity
i_ Froduction
|
|
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Srinve of working flids: Michanical
- Poin i Liguid power
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- Poirt 3: Samirafed vapor
- Poine 4 Liguid

Figure (1.5) POWERSOL concept: A solar-heated Rankine cycle drives either, a
generator or the high pressure pump of a reverse osmosis [24].

22



D. Manolakos [25] presented an experimental evaluation of the performance under laboratory
conditions, of a low-temperature solar organic Rankine cycle system for reverse osmosis (RO)
desalination. The operation principle of the system is given briefly below. Thermal energy produced by
a solar collectors’ array evaporates the refrigerant (R134a) in the evaporator surface of Rankine engine.
The super-heated vapor is driven to the expander where the generated mechanical work produced from
expansion drives the RO unit high-pressure pump.

Zhang [26] presented an experimental study in order to investigate feasibility of CO,-based
Rankine cycle powered by solar energy. The proposed cycle is to achieve a cogeneration of heat and
power, which consists of evacuated solar tube collectors, power generating turbine, heat recovery
system, and feed pump. The cycle recovers thermal energy, which can be used for absorption
refrigerator, air conditioning, hot water supply so on for a building. It is clear that solar ORC exhibits a
reasonable efficiency to be utilized power generation with different organic working fluids.

1.5 The Review Considerations

It is clear from literature that solar powered desalination technologies are varied. PV and CSP are
considered to power on different types of desalination systems. However; CSP is considered in this
study according to many features such as cost and the combination with all types of desalination
technologies. Rankine cycle is widely used. However, it needs more investigations besides considering
different techniques. Parabolic trough solar-thermal power generation is a proven technology. Organic
Rankine cycle (ORC) power plants are more compact and less costly than traditional steam cycle power
plants and are able to better exploit lower temperature thermal resources. Utilizing organic Rankine
cycles allows solar-thermal power generation to become a more modular and versatile means of
supplanting traditional fuels.

It is shown that solar desalination techniques are characterized as a complex processes. This is
because there are different techniques that are either thermal or membrane. Each of these configurations
consists of collective units which are connected by interactive streams. These streams differ according to
the working fluid. Therefore; to perform reliable analysis for this wide range of solar desalination
techniques and different configurations under different operating conditions, a flexible visualized
computer package has been constructed and developed in this work. This package is built up for design
and simulation of solar desalination systems (SDS). The package aids design and operation engineers to
perform different types of calculations such as energy, exergy, and thermo-economic. Additionally, the
package enables the designers to perform different modifications for any imaginary or existing system.
The aims of this work are pinpointed as follows:

v Developing a new flexible visualized computer package for design and simulation of different
types and different configurations of thermal and membrane solar desalination processes.
v Developing a reliable tool of analysis based on the first and second laws of thermodynamics
(energy, exergy and thermo-economics).
Examining the reliability, flexibility, wide capability, and the validity of the developed package.
Comparing thermo-economically between the studied solar desalination processes in order to
elect the most reliable process and technique.

v
v
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Chapter 2: A New Visual Library for Design and Simulation of
Solar Desalination Systems (SDS)

2.1 Types of Flow Sheeting Programs Used for Solar Systems

Solar desalination processes consist of a number of interactive units. Using these units a wide
range of process configurations and types can be obtained. Generally, to understand the behavior of
these processes under different operating conditions, a flexible computer program is really needed.
Using such program, large number of flow sheeting problems can be manipulated. These problems can
be generally divided into three classes: (i) performance problems, (ii) design problems, and (iii)
optimization problems [27]. In the performance problem (Figure 2.1-a), the variables associated with the
feed streams to a process unit and all design parameters (such as solar collector area, heat exchanger
area, etc.) are assumed to be known. The variables associated the internal and output streams are the
unknowns. However, in the design problem, some design parameters (Figure (2.1-b)) and/or feed
variables are left unspecified and become unknown. A corresponding number of additional equations
(equality constraints) relating some of these variables are added, such that the total number of unknowns
equates the number of equations. A number of computer programs have been developed for solar and
desalination processes simulation, design and optimization. These computer programs were developed
through three stages. In the first stage, a special purpose programs (one-off program) are used to solve
problems related to a particular process (or unit) with a fixed configuration. The structure of these
programs is rigid, simple, and straightforward. All that the user has to supply is the data and the
executive handles the program in the same way, irrespective of the nature of the process simulated. The
disadvantage of such programs is that a model exists for only one process and any changes made to that
process might require extensive re-programming. However, the specialized program makes it much
easier to produce mathematical models of sufficient realism. A large number of the published programs
for design and simulation of distillation processes are of this type, e.g., these programs are developed by
[28] and [29]. In the second generation, the developed computer programs are nominated either general
purpose programs or modular programs (flow sheeting approach). These programs are developed to
overcome the problems and limitations of the first generation. In these programs, the mathematical
model is usually formulated in terms of a set of equations representing the unit processes. Each of these
sets of equations is regarded as an independent and self-standing module. In the field of power
generation plants, a modular computer program was developed by [30]. This program takes into account
the varying in power demands and in operating conditions, as well as varying cycle configurations. A
flexible computer program for thermodynamic power cycle calculations was also developed and
described by [31]. With this program, the designer can model different cycle schemes by selecting
components from an unseen library (under DOS) and connecting them appropriately. A developed
FORTRAN program to tackle steady-state simulation and data validation for multi stage flash
desalination process is developed by [32]. The process is carried out using an equation-oriented
approach in which the decomposition of the system leads to a sensitivity matrix. This type of programs
needs expert users to describe the process topology and to enter the required data. The third generation
of computer programming for desalination processes is the visual modular program approach. This
approach aids operators and designers to build up the process configuration and enter the required data
and parameters easily. A visualized program was developed for power station plants by [33]. This
program was based on a strong library of thermal units. Different configurations of power plants can be
considered by this program. Also, a commercial process simulation tool, ISPEpro, was developed by
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Schausberger et al. [34] for studying the performance of a combined power and MSF desalination
process. The user defines process flow sheets graphically by icons. Uche et al. [35] developed an object-
oriented program for the analysis of power and desalination plants. This software was developed in the
form of building blocks for water and energy systems by using a multi-platform (Java language). VDS
program [36] is developed for design and simulation of different types and configurations of
conventional desalination processes. Object-oriented programming with Visual Basic was implemented
to offer a flexible reliable and friendly user-interface. A visual library was built by Mabrouk et al.
enables the user to construct different configurations by just clicking the mouse over the required units
(icons). The interface aids plant designers, operators and other users to perform different calculations
such as energy, exergy, and thermo-economics. In addition, the package enables designers to perform
different modifications of an existing plant or to develop a conceptual design for new configurations. A
matrix generation technique was used in this program. Large matrix representing the process
mathematical model was solved by a developed decomposition technique. This technique is called
“Variable Type by Variable Type (VITBVT) technique. In fact, this decomposition technique imposes
some limitations on the program generality and flexibility. So, the visual programming techniques of the
second generation provide a good solution for some problems related to the first generation programs.
These problems include interface, and data & configuration entry. However, nested recycle streams, and
the large size of the matrix representing the considered process are still imposing some limitations on
this program generation of solar heating and desalination systems. Now, with the rapid uprising of the
personal computer hardware and computational & graphics mathematical software, the third generation
of modeling and simulation programs for desalination processes is established. These programs are
based on the mathematical computations and modeling capabilities of some available commercial
programs. MatLab/SimuLink browser is one of the best powerful tool software introduced in the last
decades. Gambier [37] introduced the ability of MatLab/SimuLink to design library for multi stage flash
components. In Gamier demonstration, the physical properties, and heat transfer correlations, were
simulated individually in embedded MatLab/SimuLink blocks. The main objective of this chapter is to
demonstrate the developed modular computer program using MatLab/SimuLink environments for
different types and configurations of solar desalination units and processes. This modular program has
great capabilities to overcome previous programming problems and limitations such as the recycle
streams. Some units are modeled to present a good example of the proposed modular program.

a b
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Figure (2.1-a, b) Performance and design characteristics for common flow sheeting programs.
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Figure (2.2) Types of simulation programs used for solar desalination
Processes.

2.2 MatLab/SimuLink Software Tool

SimuLink [38] is a general-purpose software program for dynamic systems. This program has
been selected to carry out the task of solar desalination modeling and simulation because it offers
excellent performance qualities for designing regulation algorithms. SimuLink encourages users to try
things out. User can easily build models from scratch, or modifying an existing model. For modeling,
SimuLink provides a graphical user interface (GUI) for building models as block diagrams, using click-
and-drag mouse operations.

With this interface, user can draw the models just as it would with pencil and paper (or as most
textbooks depict them). SimuLink includes a comprehensive block library of sinks, sources, linear and
nonlinear components, and connectors. User can also customize and create his own blocks. SimuLink
can also utilize many MatLab features. The Library Browser displays the SimuLink block libraries
installed on the user system. User builds models by copying blocks from a library into a model window.

SimuLink can also utilize many MatLab features. MatLab is a high-performance language for
technical computing. It integrates computation, visualization, and programming in an easy-to-use
environment where problems and solutions are expressed in familiar mathematical notation. Typical
uses include Math and computation Algorithm development Data acquisition Modeling, simulation, and
prototyping data analysis, exploration, and visualization scientific and engineering graphics application
development, including graphical user interface building.

MatLab is an interactive system whose basic data element is an array that does not require
dimensioning. In industry, MatLab is the tool of choice for high-productivity research, development, and
analysis. It supports linear and nonlinear systems, modeled in continuous time, sampled time, or a
hybrid of the two. Systems can also be multi-rate, i.e., have different parts that are sampled or updated at
different rates.
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2.3 Simulation of Different Solar Desalination Units

Solar desalination flow sheets often contain the followings:

AR N N N N NN

<

Solar power cycle (Rankine example) and contains:

Solar radiation model to quantify the amount of thermal power.

Solar filed (solar collectors) to collect and transfer the amount of thermal power.

Boiler heat exchanger to transfer thermal power (in case of indirect vapor generation).

Turbine expander unit for electricity generation.

Condenser/Brine heater unit for preheating and heating processes.

Pump to overcome the pressure losses in the cycle and to close the cycle.

Desalination plants which include:

Membrane desalination technique (reverse osmosis, forward osmosis, ion exchange, and electro-
dialysis).

Thermal desalination technique (multi stage flash, multi effect distillation, and thermal vapor
compression).

In general, solar desalination plants contain a lot of feedback streams, forward streams, different units,
and different types with different configurations for each type. Therefore, simulation and programming
for a solar desalination plant are tedious problems. Figure (2.3) shows the interface panel of the SDS
[39] library under MatLab/SimuLink tool box.

B Simulink Library Browser Main SimuLink e et
File Edt View Help browser menu
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Libraries [ Library: SDSLIB Search Results: (none) |
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-~ 19l Robust Control Toolbox
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Figure (2.3) SDS software library browser under MatLab/SimuLink interface [39].

2.3.1 Validity and reliability of the developed SDS program under SimuLink environment

Different solar desalination processes are considered in this section to show the reliability and

flexibility of the developed SDS package. Solar radiation model, organic Rankine cycle (ORC), reverse
osmosis (RO), multi stage flash (MSF), thermal and mechanical vapor compressions (TVC & MVC),
MED processes are considered as examples to show the scope of the package.

27



a. Solar radiation model

Solar radiation models are highly useful to estimate the flux over solar plant location. Therefore,
it is very important to decide maximum and minimum flux over a specified period for the place of
operation. It would not be enough for the scientists or engineers in this location to depend on the
measured data only, but it would be important to use a useful theoretical model which could correctly
estimate and predict the solar radiation. In the absence of measured data, theoretical models are the only
available tool for solar radiation estimation. The correlations for daily global radiation (MJ/m?, monthly
global radiation (MJ/m?), and instant radiation in W/m? for horizontal surfaces are obtained from EI-
Sayed [40]. For solar radiation correlation model, input parameters include current hours, Julian day,
latitude angle, longitude, and altitude.

The model can estimate different solar angles for a specified location. (zenith, incidence,
azimuth, declination), sun set, sun rise times, day hours during the day light, solar time, equation of
time, and global radiation (monthly, daily, hourly, and instantaneously). Data results for the location of
operation are presented in Table 2.1. Solar radiation correlations are presented in the Appendix. The
results of Table 2.1 were obtained using the following parameters for Suez Gulf site: latitude angle =30°
N, and longitude =32.55° E. Correlations of the solar radiation model are presented in Appendix D.2.

Table 2.1: Data results for solar radiation model based on the specified location of operation.

Parameter: Data results
Location Suez Gulf region
longitude longitude: 32.55° E
latitude latitude: 30° N
Equation of time, min -11.25

Day hours 10.37
Declination-angle -20.138
Daily average solar radiation, MJ/m? 21.76
Monthly average of daily total radiation, MJ/m? 15.623
Extraterrestrial intensity, W/m? 1409.19
Sun temperature, K 5833.11
Sun rise time 6.814

Sun set time 17.19
Julian day 210of January

b. Solar field model validity

In this section, the validity of the solar field results under the SimuLink environment is
illustrated. Different types of thermal solar collectors are designed and modeled in the SDS library, such
as; flat plate collector (FPC), compound parabolic concentrator (CPC), and parabolic trough collector
(PTC). The PTC collector is illustrated in this chapter to examine the model validity. Specified input and
output parameters and variables are ; ambient temperature °C, solar radiation W/m?, collector width m,
collector length m, glass cover envelope m, and inner tube diameter m.

Variables such as mass flow rate kg/s, inlet collector temperature °C, enthalpy kJ/kg, and
thermo-economic streams are obtained. Also, the results include thermo-physical properties (pressure,
temperature, enthalpy, entropy), performance analysis (stream exergy, exergy destruction, thermal
power, thermal efficiency, and collector exergetic efficiency), and field design variables (total field area,
total field length, number of loops, area per each loop, and total number of solar collectors). Table 2.2
shows the results of the solar PTC block. The validity of these results is examined by comparing it with
that obtained by Torres [41].
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Table 2.2: A comparison between the SDS [39] and reference [41] results for Solar Rankine power cycle (direct
vapor generation operation).

Parameter: SDS [48]: &=0 Ref [29] &=0 SDS [29]: &=0.8 Ref [29] &=0.8
Working fluid Toluene

Evaporation temp, °C 300 300 300 300
Evaporation pressure, bar 32.75 32.757 32.75 33.737
Superheating temp, °C 300 300 380 380
Condenser pressure, bar 0.06215 0.0624 0.06215 0.0624
Working fluid flow rate, kg/s 0.5744 0.563 0.4511 0.442
Rejected power, KW 323.2 318.4 208.9 209.8
Rankine efficiency, % 22.82 23.37 31.33 31.78
PTC area, m* 681.3 672 500 514.3

&: The effectiveness

c. Turbine model

Turbine model is developed by specifying the input parameters such as the power needed by the
load, turbine thermal, and generator efficiencies. The output variables are thermo-physical properties
(pressure, temperature, entropy, enthalpy...), thermo-economic streams, and mass flow rate. The mass
flow rate would replace the old value from the memory block after some iteration.

d. Recuperator & feed heater models

Recuperators are widely used for organic cycle’s operations. The presence of the recuperator unit
utilizes available energy in the turbine exhaust to preheat the working fluid stream entering the solar
field. Open feed heater is basically a mixing chamber, where the steam extracted from the turbine mixes
with the feed fluid exiting the pump. The mixture leaves the heater as a saturated liquid at the heater
pressure. This kind of regeneration not only improves the cycle efficiency, but also provides a
convenient means of de-aerating the feed fluid. The extracted pressure values are assigned based on each
working fluid property.

e. Condenser/Brine-heater model

Condenser/brine-heater model is simulated and designed to find out the total area, number of
tubes, overall heat transfer coefficient, heat rejection, and effectiveness. The block also calculates
thermo-economic and exergetic values in the output streams. Some data results for the condenser block
are illustrated in Table 2.2.

f. Pump model

Pump unit is modeled to calculate the power required across inlet and outlet streams and by the
pressure loss through the solar filed and condenser unit. The output stream from the pump unit will enter
the recuperator unit in case of regeneration, or the directly to the solar field in case without regeneration.

2.3.2 Validity evaluation of some desalination processes under SimuLink environment

a. Reverse Osmosis (RO) model

The mathematical model validity of RO is examined in this section. The real data for Sharm El-
Shiekh desalination plant [36] is used for this purpose. The model results are compared with the
ROSAG6.1. [42] software program and Sharm EI-Shiekh desalination plant [36]. The plant design
parameters are presented in Table 2.3.
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Table 2.3: Specified design parameters of Sharm EI-Shiekh RO desalination plant [36].

Variable Value
Feed flow rate, m*/h 468
Feed salinity, TDS, ppm 45000
Recovery ratio 0.30
# of stages 1

# of pressure vessels/elements 4217
Feed temperature, °C 24-40
Fouling factor 0.85
Feed pressure, bar 67

Fresh water product M, and the plant recover ratio are specified for design calculations of RO
desalination process. The fresh water product will decide the plant power, specific power consumption
SPC, the needed feed My, the required feed pressure 4P, the product salinity Xg, the rejected brine My,
salt rejection percentage SR, and the pump horse power needed HP. The RO pump efficiency is about
80% and the feed flow rate salinity is specified as 45,000 ppm.

The input feed sea water temperature is fixed as 25°C. The plant recovery ratio is specified as
30%. The results of the developed program show a good agreement with the other software results
(ROSAG.1, and [36]) as presented in Table 2.4. This indicates the validity of both the proposed RO
mathematical model and the SDS program. RO block is built as one block contains all equations needed
for the simulation process. It can then be copied and dragged with solar cycle or with any thermal
desalination process such as MSF plant as hybrid processes.

Table 2.4: SDS results of Sharm El-Shiekh desalination plant vs. ROSA6.1 and [36].

Variable SDS [39] ROSA6.1 [42] Sharm[géfh'ekh Units
SPC 7.75 7.76 7.76 kWh/m®
HP 1131 1131.42 1130 KW
M 485.9 485.9 486 m3/h
M, 340.4 340.36 340.23 m3/h
Xy 64180 62150 66670 ppm
X4 250 283.83 200 ppm
SR 0.9944 - 0.9927 --
AP 6850 6670 6700 kPa

b. Multi Stage Flash (MSF) model

Different configurations of MSF desalination processes (brine recycles MSF-BR, once through
MSF-OT, and brine mixing MSF-MX) can be manipulated by the developed SDS program under
SimuLink environment. For design mode, distillate product, blow down temperature, inlet sea water
temperature, top brine temperature, and number of stages are specified.

The process validity of MSF-BR (Eoun Mousa, Egypt with capacity of 5000m®day [36]) is
examined by comparing the results the present SDS program. Both results are illustrated in Table 2.5. A
good agreement is obtained for both programs.
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Table 2.5: Comparison results of SDS Eoun Mousa MSF-BR plant [36].

Variables: Eoun Mousa MSF-BR [36] SDS
Total feed, kg/s 436.11 438.2
Capacity, kg/s 57.87 57.87
Make up, kg/s 183.33 184.2
Recycle flow rate, kg/s 510 507.8
Cooling water splitter ratio 0.42 0.42
Brine recycle splitter ratio 0.724 0.719
Top brine temperature, °C 110 110
Recycle blow down temperature, °C 48.05 49.7
Vapor temperature at last stage, °C 41 41.47
Sea water salinity, ppm 48620 48620
Area/Heat recovery stages, m%/# 488/17 440/17
Area/Heat rejection stages, m?/# 357/3 321/3

c. Single Effect Thermal and Mechanical Vapor Compression models

Single effect evaporation (SEE) has limited industrial applications. The system is used in marine
vessels and this because the system has a thermal performance ratio less than one, i.e.; the amount of
water produced is less than the amount of heating steam used to operate the system. However, it is
considered here just to examine the program validity for effect evaporation process. Figure (2.4) shows a
schematic diagram for the SEE system.

The main components of the process are the evaporator and the feed pre-heater condenser. The
evaporator consist of an evaporator\condenser heat exchanger tubes, a vapor space, un-evacuated water
pool, a line for removal of non condensable gases, a water distribution system, and a mist eliminator.
Table 2.6 demonstrates the obtained results by the present SDS program and by Dessouky [43]. Also,
results for a single effect thermal and mechanical vapor compression are illustrated in Table 2.6. Results
from the developed SDS program compared with the experimental results of Dessouky [43] and [36]
shows a good agreement under the same range of operating conditions.
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Figure (2.4) Schematic display of Single Effect Evaporation (SEE) under MatLab-SimuLink
software environment.
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Table 2.6: The SDS and Dessouky [43] results comparison for SEE model.

Single effect evaporation (SEE)

Variables: Dessouky [43] SDS
Steam mass flow rate kg/s 1.03 1.029
Brine mass flow rate kg/s 15 15
Total feed mass flow rate kg/s 12.3 12.31
Feed mass flow rate kg/s 25 25
Cooling water mass flow rate kg/s 9.8 9.806
Feed temperature °C 70 70.17
Vapor temperature °C 74.097 74.1
Distillate temperature °C 28 28.93
Condenser area m’ 65.5 66.17
Evaporator area m? 135.9 135.8
Performance ratio 0.97 0.9719
*Product mass flow rate kg/s 1 1
*Seawater temperature 25 25
*Condenser effectiveness - 0.92
*Feed salinity ppm 42000 42000
*Steam temperature °C 82 82
*Brine temperature °C 75 75
*Brine salinity ppm 70000 70000
Single effect thermal vapor compression (SETVC)
Variables: Dessouky [43] SDS
Steam mass flow rate kg/s 1.03 1.029
Brine mass flow rate kg/s 15 15
Total feed mass flow rate kg/s 12.3 12.31
Feed mass flow rate kg/s 25 25
Cooling water mass flow rate kg/s 9.8 9.806
Preheated feed temperature °C 70 69.2
Vapor temperature °C 74.097 74.1
Entrained vapor mass flow rate kg/s 0.37 0.373
Motive steam flow rate kg/s 0.678 0.68
*Product mass flow rate kg/s 1 1
*Seawater temperature 25 25
*Condenser effectiveness 0.9 0.9
*Steam temperature °C 82 82
*Brine temperature °C 75 75
*Brine salinity ppm 70000 70000
*Feed salinity ppm 42000 42000
*Motive steam pressure kPa 750 750
*Compression ratio 25 25
Evaporator area m? 39.8 41
Single effect mechanical vapor compression (SEMVC)
Variables: Mabrouk [36] SDS
*Product mass flow rate kg/s 17.36 17.36
Steam mass flow rate kg/s 17.36 17.36
Brine mass flow rate kg/s 31.25 31.25
Total feed mass flow rate kg/s 48.61 48.61
*Brine salinity ppm 70000 70000
*Feed salinity ppm 45000 45000
*Seawater temperature 27 27
Vapor temperature °C 60 60
Feed temperature °C 57.93 57.04
Steam temperature °C 96.2 96.17
Distillate blow down temperature °C 32.51 32.93
Brine blow down temperature °C 37.72 37.7
Inlet compressor pressure kPa 20.03 19.84
Outlet compressor pressure kPa 27.047 26.8
Compressor power kW 1081 1076
Specific power consumption kWh/m?* 17.291 17.2

*: Specified variables
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d. Multi Effect Distillation models

A multi-effect distillation (MED) desalting system with unit capacity up to 5 MIGD is a strong
competitor to the multi-stage flash (MSF) desalting system due to its low specific energy consumption
and the low temperature steam required to operate the system [44]. The process of adding more
evaporators can be continued to a final (n) evaporator.

The vapor generated in the last evaporator (n) is directed to a bottom condenser where it is
condensed. The heating steam (heat source) is condensed in the first effect at the highest temperature.
This is called the n-effect distillation system. The temperature and pressure in each effect are decreased
by the increase of the effect number.

Different MED configurations and types are simulated and designed using SDS package. The
results show a very good agreement with some existing plants. Figure (2.5) shows a display of the MED
under SDS package. Also Table 2.7 shows the data results comparisons between SDS and Darwish [45].

Data comparison with reference [45] is implemented according to Sidem 12-effect units and 11
feed heaters. The unit given data are: n (number of effects) =12, output D=500 ton/h (139 kg/s),
TBT=65°C, T, =38°C, Tt = 28°C, feed temperature at condenser exit=35°C, feed salinity S=46 g/kg, and
maximum salinity S,=72 g/kg where f and b related to feed and brine respectively.
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Figure (2.5) MED model environment designed using SDS package.

Table 2.7: Data validation between SDS and Darwish [52] for MED model.

Effect # T brine °C T feed °C M brine kg/s M distillate kg/s S brine g/kg
SDS Ref [45] SDS  Ref[45] SDS Ref [45] SDS Ref [45] SDS Ref [45]
1 65 65 62 62 373.09 373.18 11.74 11.85 47.44 47.46
2 62.54 62.55 59.54 59.55 361.41 361.37 11.71 11.8 48.98 49.01
3 60.09 60.09 57.09 57.09 349.79 349.62 11.68 11.75 50.6 50.66
4 57.63 57.64 54.63 54.64 338.22 337.91 11.65 11.71 52.33 52.41
5 55.18 55.18 52.18 52.18 326.72 326.26 11.62 11.66 54.18 54.29
6 52.72 52.37 49.73 49.73 315.27 314.65 11.59 11.61 56.14 56.29
7 50.27 50.27 47.27 47.27 303.88 303.09 11.56 11.56 58.25 58.44
8 47.81 47.82 44.82 44.82 292.55 291.58 11.53 11.51 60.51 60.74
9 45.36 45.36 42.36 42.36 281.27 280.12 11.5 11.46 62.93 63.23
10 42.9 42.91 39.91 39.91 270 268.71 11.47 11.41 65.55 65.91
11 40.45 40.45 37.45 37.45 258.87 257.34 11.45 11.36 68.38 68.82
12 38 38 35 35 247.76 246.03 11.42 11.32 71.45 71.99
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2.4 Solar Power Cycle for Desalination Processes: Case Study

In this section, a solar organic Rankine cycle for electricity and power generation is combined
with reverse osmosis desalination plant. The plant contains different units such as; solar PTC field,
turbine unit, condenser, and recuperator, pump, and RO block. RO desalination plant is operated with
pressure exchanger (RO-PEX) unit. A higher efficiency positive displacement power recovery devices
(pressure exchangers), that in the past were only used in small RO seawater units, are also slowly
gaining acceptance in large desalination plants.

Hydraulic efficiency of this type of equipment is in the range of 94-96% [46]. In this work, the
values of 80% and 96% are considered for booster pump and PEX unit respectively. Some of these
devices utilize pistons; another transfer energy through a direct contact between concentrate and the feed
stream. The process is modeled and designed under SimuLink environment. By specifying the fresh
water demand, the cycle design calculations are performed.

Table 2.8: Energy and thermo-economic results for solar powered RO-PEX technique.

Variables: SDS results:
RO-PEX section:
RO Mass flow rate, m%h 486
RO brine loss flow rate, m%h 340.2
Brine loss salinity, g/m® 63.56
Product salinity, g/m® 0.2682
PEX hydraulic power, kW 607.8
Booster pump power, kW 62.08
High pressure pump power, KW 332.1
High pressure pump pressure, bar 68.74
RO Specific Total cost, $/m? 0.68
Organic power cycle (ORC) section:
Site latitude angle =30° N, and longitude =32.55° E.
Working fluid Toluene
Solar field area, m? 1887
Solar field efficiency, % 73.61
Solar field thermal power, kW 1181
Developed turbine power, kW 394.18
Organic cycle flow rate, m*h 6.235
Rankine efficiency, % 32.64
Specific power consumption, kwh/m? 2.704
Organic pump power, kW 8.89
Condenser power rejection, kW 774.6
Total cycle exergy destruction, kKW 2538
Overall exergy efficiency, % 11.61
Total cycle exergy inlet, kW 2871
Total operating & maintenance cost, $/h 99.26
Thermo-economic product cost, $/GJ 66
Total water price, $/m® 0.71

The RO plant productivity is set as 3500m®/day. Salinity gradient is 45g/kg. Recovery ratio is
30%, number of elements per pressure vessels is 7/48, element area is 35.3m?, high pressure pump
(HPP) efficiency is 80%, and the fouling factor (FF) is set as 85%. The results are obtained. A typical
summer operating conditions are considered with global radiation of 850W/m?.The outlet collector
temperature is 340°C with Toluene as a working fluid. The turbine, pump, generator efficiencies are
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85%, 75%, and 95% respectively. RO plant life time normally set as 20years with Syears for element per
vessel, and load factor is set as 90%. The developed model can perform energy, exergy, and cost and
thermo-economic analysis for the considered process. Some results are illustrated above in Table 2.8.
The RO section with PEX device exhibits a total area of parabolic trough collector (PTC
efficiency=73%) equal to 1887m? with Toluene as a working fluid. This area would generate a thermal
power about 1887kW with outlet temperature 340°C. PEX operation reduces the required electric power
from the generator to reach 394kW instead of 1131kW in basic configuration. Lowering the required
power by the existence of PEX would lower all the dependent parameters (solar field area, pump power,
mass flow rate, condenser area, exergy destruction, and operational costs).

Based on the above comparisons, SDS program is developed for design and simulation of
different types and configurations of conventional and solar desalination processes. Embedded block
programming with SimuLink environment are used to develop a flexible reliable and friendly user-
interface. The desalination plant components such as heat exchangers, flash chambers, evaporators,
pumps, steam ejectors, COmpressors, reverse 0Smosis membranes, pipes, etc., are modeled and stored as
blocks in SimuLink visual library.

The library enables the user to construct different desalination techniques and configurations by
just clicking the mouse over the required units (blocks). The interface aids plant designers, operators and
other users to perform different calculations such as energy, exergy, and thermo-economics. In addition,
the package enables the designers to perform different modifications of an existing plant or to develop
the conceptual design of new configurations. Some operating desalination plants are simulated by the
present package to show its reliability and flexibility. The developed SDS package has some features
concluded in:

e Easy model construction.
e Easy to convert the designed code to be self executable and work under different computer
languages (Visual basic, Visual C, Visual C++, and Visual Fortran).
e The model allows users easily change to the plant variables and different operating conditions
with ultimate stream allowance.
e The developed program overcomes the problem appears in other techniques of simulation such
as sequential approach, matrix manipulation technique.
Based on the developed SDS, the upcoming chapters study the thermo-economic results of solar
powered different types of desalination systems. It became very easy to analyze and optimize the solar
desalination systems based on the developed package. Further information about the methodologies,
analysis, equations, working fluids thermo physical properties, desalination configurations and the
processes description are available in the Appendices.
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Chapter 3: Exergy & Thermo-economic Analyses of Solar
Organic Cycles Assisted Desalination Processes

3.1 Working Fluids Selection for Solar ORC

The use of solar energy to generate mechanical power, one can in principle employ the
thermodynamic power cycles commonly used for the generation of mechanical power from a heat
source. The general method of converting thermal energy into mechanical energy in this case is to apply
several processes on the working fluid of the power cycle. The selection of the more reasonable working
fluid that can be used with the solar operated Rankine cycle depends on many criteria the most
important of which is the maximum temperature of the cycle. Other criteria include the following [47];

= High molecular weight to reduce the turbine nozzle velocity.

= Reasonable pressure corresponding to boiling temperature of the fluid (high pressure requires
careful sealing to avoid leakage).

= Dry expansion, i.e., positive slope of the vapor saturation curve on T-S diagram, to assure that all
expansion states in the turbine exist on the superheat region.

= A critical temperature well above the maximum operating temperature of the cycle.

= Inexpensive, non-corrosive, non-flammable, and non-toxic fluid.

» Reasonable pressure at condensing temperature (usually about 30-40°C).

In many solar operated Rankine systems the maximum temperature does not exceed 400°C and
thus water loses its advantages as a working fluid. Many organic fluids were found to satisfy the criteria
stated above. Literature [47] shows that the selection of organic fluids is variable, wide and based on
different criteria.

Some literatures built their choices based on molecular weight and P-T behavior [47]. Others
selected the organic fluid based on boiling point and melting point; while others made their selection
based on the thermal efficiency [48, 49].

For thermal efficiency; it is not recommended as the only reference for comparison and selection
of the organic fluids because the systems with high thermal efficiency may also have high irreversibility
and economically not favorable.

In this part; the selection of the organic fluids is based on the combination of all the above
criteria. Based on critical temperature which should be well above the collector operating temperature;
Butane, Isobutane, Propane, R134a, R152a, R245ca, and R245fa are selected to operate ORC with FPC.
Fluids like R113, R123, Hexane, and Pentane; are chosen for CPC type.

For PTC type; Dodecane, Nonane, Octane, and Toluene are suitable for this kind of collectors.
Table 3.1 shows a list of the considered working fluids grouped according to collector's operating
temperature.
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Table 3.1: Properties list of the selected working fluids.

Worl(<\|/\r/1[g:;)ﬂwd Formula wel\i/g;:te, Clgg;/anrwol Teriticat °C Peritical DAr Collector type

Butane C4Hyo 58.122 151.9 37.96 FPC
Isobutane C4Hyo 58.122 134.66 36.23 FPC
Propane CsHs 441 95 39.75 FPC
R134a CyH,F, 102.03 101 40.54 FPC
R152a C,H4F; 66.05 113.261 45.1675 FPC
R245ca C3H3Fs 134.04 170 36.36 FPC
R245fa C3H3Fs 134.048 153 35.7 FPC
Pentane CsHi, 72.1488 196.6 33.7 CPC
R113 C,Cl3F3 187.37 213 32.42 CPC
R123 C,HCI,F; 152.93 182 35.63 CPC
Hexane CesHi4 86.175 231 29.71 CPC
Dodecane CioHag 170.334 382 17.94 PTC
Nonane CoHzo 128.25 321 22.7 PTC
Octane CgHug 114.22 296 24.92 PTC
Toluene C;Hg 92.1384 318 41.26 PTC

The fluids selected for FPC (Table 3.1) are regrouped again based on the operating temperature
of the used collector. For R152a, R134a and Propane are not recommended to be in use with FPC
because these two fluids have a critical temperature not well above the collector design temperature
(80~100°C). At the same time, these fluids present an isentropic action (not dry and/or positive slope) on
the T-S diagram. However; the remaining fluids (Butane, Isobutane, R245ca, and R245fa) considered
suitable for FPC according to the critical temperature range (130-170°C) and the positive slope on T-S.

However; according to the molecular weight, R245ca presents the highest value about (134
kg/mol) followed by Butane and Isobutane. For condenser pressure, lowering it will increase the cycle
efficiency and also the cycle net work. To take advantage of the increased efficiencies at low pressure,
the condensers usually operate well below or near the atmospheric pressure. However, there is a lower
limit on the condenser pressure that can be used. It can’t be lower that the saturation pressure of cooling
water temperature (range of 30-35~40 °C i.e., P¢ong=0.032~0.06 bar).

However; lowering the condenser pressure is not without any side effects; it creates the
possibility of air leakage into the condenser and will increase the moisture content at the final stages of
the turbine. Therefore, R245ca recorded suitable condenser pressure (about 1.51 bar) at temperature
about 35°C while Isobutane achieves condenser pressure about 4.72 bar at the same condenser
temperature. Also, R245ca, its lower saturation pressure at 100°C (about 7.8 bar) may be considered an
advantage when used in DVG process inside the absorber tubes of a FPC.

Therefore, R245ca is suitable for FPC from the molecular weight, critical temperature, and
condenser pressure. But R245ca shows an isentropic behavior on T-S diagram. On the other hand,
Butane shows dry (sharp positive slope than R245ca) behavior on T-S diagram. At the same time
R245ca considered more toxic than Butane. For these reasons Butane is considered for FPC. Figure (3.1-
a) shows a schematic diagram of the considered working fluids on T-S.

Figure (3.2-a) shows the saturation pressures for different collector types with different working
fluids at the saturation temperature at the range of 35-100°C. For CPC unit, Pentane, Hexane, R113, and
R123 are examined as working fluids. R113 has a highest molecular weight against the remaining (187.3
kg/mol) followed by R123, Hexane, Pentane respectively. However, regarding the condenser pressure,
Hexane recorded the minimum value (0.3064 bar) at saturation temperature equal 35°C, followed by
R113 with 0.654 bar. Pentane gives higher values little bit more than R113 and Hexane with a value of
1.011 bar. However; R123 gives the highest value for condenser pressure as 1.34 bar. Therefore, Hexane
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is recommended for the operation of CPC with ORC. Also it is highly recommended to choose an
organic fluid with high critical temperature to achieve highest cycle efficiency and that’s another
advantage for Hexane against the remaining fluids for CPC operation. Figure (3.1-b) shows a schematic
diagram of the selected working fluids on T-S related to CPC collector. Figure (3.2-b) shows the
saturation pressures for CPC collector with different working fluids at the saturation temperature of the
range of 35-100°C.

Dodecane, Toluene, Nonane, and Octane are evaluated for PTC operation. They have high
critical temperature with accepted range for PTC to operate ORC. Dodecane gives the highest molecular
weight against the others with a value equal to 170.3 kg/mol, followed by Nonane, Octane, and Toluene
respectively. However, Dodecane gives very low value for condenser pressure at 35°C (about 0.00043
bar). At this pressure value many aspects for safety are required and large condensers are needed.
Nonane comes next with respect to the condenser pressure by 0.0106 bar.

Octane achieves a suitable value for condenser pressure about 0.0336 bar but with lowest critical
temperature (about 296°C) value. Dodecane and Octane are not suitable for solar ORC due to very low
condenser pressure and low critical temperature respectively. Toluene gives a condenser pressure value
about 0.0648 bar. And that’s mean it is suitable for this selection. Although Nonane is recommended by
its molecular weight and critical temperature (little bit higher than Toluene), Toluene achieves the
recommended condenser pressure value at the same saturation temperature.

Also, Toluene achieves lower values of specific vapor volume (0.00117 m®kg Vs 18.75 m3/kg),
this leading to a low condenser area followed by achieving low in economic evaluation. Figure (3.2-c)
shows the saturation pressures for PTC collectors with different working fluids at the saturation
temperature at the range of 35-100°C.

From the working fluid analysis, it is clear to elect Butane, Hexane, and Toluene to be work with
FPC, CPC, and PTC respectively in case of direct vapor generation (DVG). Pentane considered valuable
however; its effect on the condenser unit is not remarkable. Also, Nonane is not recommended for
Rankine condensation stage due to lower density meaning high specific vapor volume.
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Figure (3.1) The selected fluids behavior on T-S diagram for different solar collectors (FPC, CPC, and PTC).
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3.2 Solar ORC Assisted RO Desalination Process
3.2.1 Solar ORC/RO process: Basic Cycle

Although a small ORC is characterized by rather low efficiencies (8—12%), it is particularly easy
to manufacture. Another important advantage of ORC’s is that it can utilize waste heat from low-quality
exhausts or steam, which makes it suitable for a very large range of applications which include those
with low temperature waste heat sources [47]. Donghong Wei [50] presented a system performance
analysis and optimization of an organic Rankine cycle (ORC) system using HFC-245fa (1,1,1,3,3-
pentafluoropropane) as working fluid driven by exhaust heat.

The thermodynamic performances of an ORC system under disturbances have been analyzed.
Pedro J. Mago [51] presented an analysis of regenerative organic Rankine cycles using dry organic
fluids, to convert waste energy to power from low-grade heat sources. The dry organic working fluids
that selected for that investigation were R113, R245ca, R123, and Isobutane, with boiling points ranging
from -12°C to 48°C. The evaluation was performed using a combined first and second law analysis by
varying certain system operating parameters at various reference temperatures and pressures.

Delgado-Torres et al [52, 53, 54] gave a detailed analysis of low power (100kW) solar driven
Rankine cycles for medium range of operating temperatures. Toluene, Octamethylcyclotetrasiloxane
(D4) and Hexamethyldisiloxane (MM) were considered working fluids for ORC. The direct solar vapor
generation (DVG) configuration of solar with ORC was analyzed and characterized with LS-3 and
IND300 parabolic trough collector (PTC) models. According to Torres results, PTC LS-3 type is
implemented for this study. The proposed configuration consists of the vapor generation within the
absorber tube of the parabolic trough. The power output from the turbine is used to drive the (RO) unit.
It is clear from literature that solar powered organic Rankine cycle is implemented however; such
systems should be evaluated based on exergy and thermo-economic analyses.

In this part, exergy and thermo-economic approaches are used to evaluate the operation of solar
ORC combined with RO desalination system. For more details, all the specific relations and the
mathematical models are illustrated in the appendix. The validity of the mathematical model is
examined in the past chapter. The real data for Sharm El-Shiekh desalination plant [36] is used for this
purpose based on Suez Gulf region (latitude angle =30° N, and longitude =32.55° E). The plant design
parameters are presented in Table 3.2. Figure (3.3) shows a schematic diagram of the basic solar-ORC
powered RO process.

Table 3.2: Specified design parameters of Sharm El-Shiekh RO desalination plant [36].

Variable Value
Feed flow rate, m*/h 468
Feed salinity, TDS, ppm 45000
Recovery ratio 0.30
# of stages 1

# of pressure vessels 42
Feed temperature, °C 24-40
Fouling factor 0.85
Feed pressure, bar 67

# of elements 7
Element type FTSW30HR-380
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Figure (3.3) Schematic diagram of DVG solar ORC powered RO (basic cycle).

For design calculation based on the RO mathematical model; it should be noted that the distillate
product My should be specified with plant recovery ratio. The distillate product will decide the plant
power capacity, specific power consumption SPC, the demanded feed, the required feed pressure, the
product salinity, the rejected brine, salt rejection percentage, and the pump horse power needed. The
proposed RO section has an element area fixed as 35.4 m? while using FTSW30HR-380. The RO pump
efficiency is about 80% and the feed flow rate salinity is specified as 45,000ppm. The input feed sea
water temperature is fixed as 25°C. The plant recovery ratio is specified as 30%. The assumptions and
specified parameters for the proposed cycle may be listed as follows:

= The isentropic efficiencies of the turbine, and the pump would be fixed as 85% and 75%
respectively.

= The value of 95% is assigned for generator unit.

* Condensation and inlet cooling water temperatures would be fixed at 35°C and 20°C
respectively.

= For climate conditions, solar radiation is maintained based on Suez Gulf region (latitude angle
=30° N, and longitude =32.55° E), and ambient temperature is maintained at 25.4°C.

= Feed water salinity is about 45,000ppm.

= |nlet seawater temperature to the RO module is depending on the outlet temperature value from
condenser/pre-heater unit.

= RO product will be set as 145.8m/h.

= Other specifications of Sharm EI-Shiekh RO desalination plant like fouling factor, recovery ratio,

and high pressure pump are presented in Table 3.2.

For DVG saturation operation; maximum operating temperature for FPC is set as 80°C, and 130°C for
CPC and 300°C for PTC. However, for DVG superheat operation; the deference temperature between
saturation and superheat degrees is set as 20°C for all collector types. The obtained results are illustrated
in Table 3.3.
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Table 3.3: Results of ORC/RO process with different working fluids and different types of solar collectors.

Saturation Superheat
Parameter Butane, FPC  Hexane, CPC ' Toluene, PTC Butane, FPC  Hexane, CPC @ Toluene, PTC
T=80°C T.,=130°C T,=300°C T=100°C T.,=150°C Te=320°C
P, bar 10.14 4,992 32.78 10.14 4,992 32.78
Acol, M 2.111E+04 1.506E+04 6747 2.14E+04 1.696E+04 6734
W, kW 999.4 1065 1119 997.8 1054 1120
IR, % 8.15 14.46 25.81 8.07 13.89 26
m’, kg/s 28.31 13.94 5.75 26.16 13.8 5.24
liotal, MW 16.48 11.65 4.951 16.7 13.18 4,94
Hex, %0 5.22 6.5 14.04 5.2 5.85 14.06
SPC, kWh/m® 6.855 7.302 7.677 6.84 7.231 7.679
Water

Parameter Saturation Superheat

FPC CPC PTC FPC CPC PTC

T=80°C T=130°C T,=300°C T=100°C T,,=150°C T,=320°C

P, bar 0.576 2.755 85.9 0.576 2.755 85.9
Acol, M? 1.864E+04 1.27E+04 5949 1.82E+04 1.626E+04 5851
X, quality 0.92 0.86 0.74 0.93 0.93 0.76
W, kW 1019 1084 1130 1022 1055 1131
R, % 8.89 17.68 29.93 10.17 13.34 30.47
m’, kg/s 4.12 2.38 1.407 3.97 3 1.335
liotal, MW 14.48 9.731 4.28 14.13 12.6 4.2
Hex, %0 5.64 7.64 16 6.82 7.86 22.52
SPC, kWh/m® 6.988 7.437 7.748 7.01 7.24 7.756

Note: To: Outlet collector top temperature to the sink (turbine).

It is clear from the result table that saturation operation for Butane with (FPC) collector gives
lower values of collector area, and total exergy destruction than superheat operation. Therefore;
saturation operation for Butane (FPC) would give higher values of power output, Rankine efficiency,
mass flow rate, overall exergy efficiency, and specific power consumption than the superheat operation.
While comparing with the conventional working fluid (Water); Water (FPC) gives lower values against
Butane (FPC) with respect to evaporation pressure, collector area, mass flow rate, and total exergy
destruction.

Also; Water with (FPC) gives higher values with respect to power output, Rankine efficiency,
overall exergy efficiency, and specific power consumption. However, Water with (FPC) needs an
expansion wet turbine for dryness fraction of about 0.92 otherwise the superheat operation should be
implemented with the expense of reducing in overall exergy efficiency and increasing in collector area.
Saturation operation of Hexane (CPC) would give the same behavior as Butane results. That's mean,
lower values in collector area, and total exergy destruction than superheat operation. And that would be
followed by an increase in power output, Rankine efficiency, mass flow rate, overall exergy destruction,
and the specific power consumption. Water with (CPC) gives lower results in collector area, and total
exergy destruction than that of Hexane (CPC).

However; the steam quality 0.86 is lower than that of the FPC. But; Hexane (CPC) achieved
lower results than Butane (FPC) with respect to evaporation pressure, collector area, mass flow rate, and
total exergy destruction. At the same time Hexane (CPC) gives higher results than Butane (FPC) with
respect to power output, Rankine efficiency, overall exergy efficiency, and specific power consumption.
The same behavior exists for Water (CPC) results Vs Water (FPC) results regardless the quality of steam
produced at the turbine last stage. PTC operation is quite different against the other two types. Saturation
operation for Toluene (PTC) gives lower values than superheat ones with respect to Rankine efficiency,
overall exergy efficiency, and specific power consumption. At the same time saturation operation gives

43




higher results than superheat operation for Toluene (PTC) with respect to collector area, mass flow rate,
and total exergy destruction. Water with (PTC) produces more attractive results than Toluene with
(PTC) collector regardless the steam quality produced at the turbine last stage and the higher values of
evaporation pressure (higher values of evaporation pressure may cause problems to the collector sealing
and joints). From the above analysis it could be concluded that, Toluene (PTC-superheat) and Water
(PTC-superheat) considered valuable for the operation of Sharm EI-Shiekh RO desalination plant.
Moreover; saturation operating condition for Toluene operation is quite remarkable with no need for
superheat.

Cost analysis is introduced based on two major parts. First of them is the solar organic Rankine
cycle, and the second is the RO desalination plant. There is no much precise information about the
current capital cost of ORC. By information obtained from literatures; solar collectors costs may be
evaluated as 150~200$/m” The operation and maintenance costs for the case of these solar collectors
have been estimated to be 15% of the investment cost. Table 3.4 shows the investment capital costs
(ICC) and operation and maintenance costs (O&M) of solar Rankine cycle. For the RO, the operation
and maintenance costs have been considered as shown in Table 3.5 [55]. The investment and operating
& maintenance costs analyses are performed for each component, solar field, steam turbine, condenser,
and pump unit. For that purpose; the amortization factor is estimated based on the following relation
[56];

(14 )L
f = SIT (1)
(14 D)LTr —1

Where i is the interest rate and set as 5%, LT, is the plant lifetime and set as 20 years. For RO
section, cost analyses are estimated based on direct capital costs (DCC), indirect capital costs (ICC), and
the total capital costs (TCC). Table 3.5 [63] illustrates the costs for RO desalination section. Cost
analysis are performed based on USD ($) currency. The total water price (TWP, $/m?) for the ORC-RO
plant may be estimated based on the following relation:

TWP = Costorc+Costro (2)
Mq

Table 3.4: ICC and O&M costs for solar organic Rankine cycle components.

Parameter ICC, $ 0&M, $ TCC, $/year Z1C&0M ¢/h Ref

Solar field 639.5%(Aco)) " 15%x1CCo Ax(ICC+O&M )q, TCC,,/8760
Steam turbine 4750% (Wp)>™ 25%x1CCy Ax(ICC+O&M)y TCC,/8760

*Recuperator 150% (Areo)*® 25%x1CCrec Ax(ICC+O&M )rec TCC1/8760 [55]
Condenser 150% (Agong)™® 25%x1CCeonq Ax(1ICC+O&M )eong TCCeona/8760
Pump 3500 (W)’ 25%X1CCoump  ApX(ICC+O&M)pump TCCump/8760

Note: All parameters in Table 3.4 are identified in the Appendix.
Table 3.5: ICC and O&M costs for RO desalination plant [56].
DCC, $ ICC, $ TCC, $ ACC, $lyear O&M, $lyear ZIC&0M g/
CCaip=996xM* ICC=27%x  TCC=ICC+ ACC=TCCX  OC,oue=LFx0.06%SPCxMj, Z1C&0M—
CChppy=393000+10710 xAP DCC DCC A OCapor=LFx0.01x M, (ACC+0C,,)

CC.=FexPyxN,+FexPV,xn, OCm=LFx*0.04xMq4 /8760

CCoequip=CCauip+CCipp+CCs
CCsitezlot%)xCCequip
DCC:CCequip+CCsite

Note: All parameters in Table 3.5 are identified in the Appendix.

OCinsur=0.005%xTCCxA¢
OCrem=PpxNp/LTy,
OCro:OCpower"'OCIabor"'
OCchm+OCinsur+OCmemb
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The results for DVG process for both steam operating conditions (saturation and superheat) are
shown in Figure (3.4). The figure shows that total water price (TWP, $/m?) for superheated steam under
FPC and CPC is higher than saturation operating conditions. This may due to the area added on the T-S
curve for each working fluid based on mass flow rate, power produced, and condenser area. Butane
(FPC)satsup gives the highest values among the other fluids followed by Water (FPC)satsup. And that is
referring to the massive effect of solar field costs (larger area means higher costs) compared with the
other unit’s costs. Hexane (FPC)sat.sup followed by Water (FPC)satsup COMes next with an advantage for
Water (CPC)sat-sup- Toluene (PTC)sat.sup followed by Water (PTC)sasup give lowest values of total water
price (TWP, $/m®) with an advantage to Water (PTC)satsup Operation. From the techno-economic
analysis of the considered cycles, it can be deduced that PTC is the best option in both steam operating
conditions.

It is quite clear that Water and Toluene are suitable for both operations. However, Water needs
expansion wet turbine for dryness fraction ranged between 0.7 and 0.95 for both operations. Moreover,
the evaporation high pressure (85.9 bar) considered not safe for the collector design requirements.
Between all units, solar collector field (based on area as a cost function) exhibits the largest effect on the
cycle specific cost, minimum exergy destruction, and overall exergy efficiency. Generally and for both
operations; increasing the collector evaporation temperature will cause an increase in turbine power,
Rankine efficiency, pump work, SPC, and reverse osmosis operating pressure; with decrease in collector
area, working fluid flow rate, condenser area, condenser heat load. Thus, according to the current
techno-economic framework, the PTC system is the best choice.

D.9416
CPC
D.939;

PTC
0.903

0.88

Qatiiratinn Siiner Heat

Figure (3.4) Total Water Price (TWP, $/m°) for cycles different working
fluids & different steam operating conditions with different collector types.

3.2.2 Solar ORC/RO process: Regenerative Cycles

There are many possible organic Rankine cycle configurations, several of which will be
considered. However, a particular design that is by far the most commonly observed in commercial
applications. Also, reverse osmosis (RO) is quite suitable for small to medium capacity systems and also
has good perspectives for cost reduction and improvement in efficiency in the near future. In this part,
the considered process power plant cycle consists of solar organic Rankine cycle (solar collector,
turbine, condenser, and pump). It is revealed from the previous part that Toluene is recommended and
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considered to drive the solar ORC part as a DVG technique. The aim of this section may be concluded
into these points:

= Investigating and analyzing the design of solar Rankine cycle under different configurations, and
different types of operations.

= Saturation and superheat operations are used to examine the cycle configurations performance
with different working fluids (Water and Toluene for parabolic trough collector-PTC).

= Adding open feed heater (OFH) and recuperator units under saturation and superheat operation is
investigated. Also adding OFH with recuperator together is established for both operations
(saturation and superheat).

= Examining and comparing the results with the basic cycle (cycle without OFH or/and
recuperator) is evaluated.

Different schematic diagrams of the proposed cycles (Regenerative ORC+RO) are presented below. The
assumptlons and specified parameters for the proposed cycle model may be listed as following:
Rankine cycle gross work will be assigned by RO unit.

= Turbine, generator, and all Rankine pumps efficiencies would be fixed as 85%, 95%, and 75%
respectively.

= Condensation and inlet seawater temperatures would be fixed at 35°C and 20°C respectively.

= Recuperator effectiveness will set at O for basic ORC, and 0.8 for regeneration case.

» For saturation operation; maximum operating temperature is set as 300°C for PTC. For superheat
operation the degree temperature of superheat is set to be higher than the saturation temperature
by 20°C for all collectors (PTC=300+20°C).

= Based on the unremarkable results in the previous section, Butane (FPC) and Hexane (CPC) are
eliminated from this comparison.

a. ORC/RO with recuperator unit

Figure (3.5) shows a schematic diagram of regenerative Rankine cycle (R-ORC). The
recuperator unit is added to the basic cycle components to preheat the inlet fluid stream entering the
collectors filed. The only departure from the basic Rankine cycle in the system shown in Figure (3.2) is
the presence of the recuperator unit which utilizes available energy in the turbine exhaust to preheat the
working fluid stream entering the solar field.

b. ORC/RO with OFH unit

Figure (3.6) shows a schematic diagram of organic Rankine cycle with Open Feed Heater (OFH)
unit (OFH-ORC). Open feed heater is basically a mixing chamber, where the steam extracted from the
turbine mixes with the feed fluid exiting from the pump. The mixture leaves the heater as a saturated
liquid at the heater pressure. Such kind of regeneration not only improves the cycle efficiency, but also
provides a convenient means of deaerating the feed fluid. The extracted pressure values are assigned
based as 0.8bar Toluene.

c. ORC/RO with OFH and recuperator

Figure (3.7) shows a schematic diagram of the 3" configuration. This configuration is considered
the same as the basic one. Otherwise, adding open feed heater and recuperator unit together is the
difference. Before entering the solar field, the working fluid passes first through the recuperator then the
OFH. A portion of extracted steam is mixed with the preheated fluid from the recuperator unit. For each
working fluid, the value of extraction pressure is considered with value of recuperator effectiveness. For
Toluene, 0.8bar of extraction is operated with 0.8 of recuperator effectiveness.
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Figure (3.5) A schematic diagram of solar Rankine cycle components for saturation and/or superheat with
recuperator unit.
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Figure (3.6) A schematic diagram of solar Rankine cycle components for saturation and/or superheat with
OFH unit.
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Figure (3.7) A schematic diagram of solar Rankine cycle components for saturation and/or superheat with
OFH and recuperator units.

A methodology of energy, exergy and cost analysis for performance of different configurations of solar
organic Rankine cycle is presented in this part (more analyses are mentioned in the appendix). The
performance analysis of the energy part is concluded in Rankine efficiency, collector area, power
generation, and specific power consumption (SPC). The first law Rankine efficiency is calculated from
the following relation;

_ WC_VVP _ Wt_Wpl_WpZ
7,]ORC - i h _ h . - i h _ h . "'(3)
m X( co cz) Basic m X( co cz) Reg
Collector area is a very effective parameter to judge the system performance causing an increasing or
decreasing in the plant total cost. The collector total area is estimated based on the collector energy
balance equation as a function of collector efficiency as following;
Aco=QuMcor Go -..(4)
Where Q, is the collector thermal power and (Gp) is the direct global beam over the collector area, and
Acol is the collector total area. The characteristics efficiency curve of the collector is presented in the
Appendix B.1.1. The collector energy equation may exist according to the following relation;
Qu = Mcor X (heo — hey) .. (5)
The required power input in kW to the RO high pressure pump (HPP) is estimated as;
HPP _ 1000 X My x AP
POWeT = 3600 X pr X1,
Where ps is the feed flow rate density, and #, is the driving pump mechanical efficiency and AP is the
pressure difference across the RO module. The specific power consumption in kWh/m? is estimated as;
HPPpower (7)
M,
The cycle flow rate in kg/s is presented as following;

SPC =
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Where h is the specific enthalpy across the turbine, Y is the extraction percentage, and 7 is the
generator efficiency. The subscript b is referring to the bled steam from the turbine. Where, ti, is
referring to inlet and outlet turbine conditions. Exergy and cost analyses are presented based on the
previous indicators that are presented in the Appendix. For Toluene (PTC), Tables 3.6, 3.7 summarize
the results obtained for saturation and superheat operations at different configuration. Toluene results
give a superior data related to Rankine efficiency, solar collector aperture area, exergy efficiency, and
total water price.

In Toluene case, the cycle mass flow rate is decreased causing an increasing in seawater
temperature stream to the RO leading to a significant increase in power generated. Saturation operating
conditions for the basic configuration considered competitive only against OFH and OFH+REC
configurations. Basic configuration gives lowest solar field area against the regeneration techniques
except recuperator configuration.

Recuperator configuration results a minimum solar filed area ranged as 5866m?. However,
recuperator configuration generates more power due to the decreasing of seawater stream temperature to
the RO module. The generated power would affect the plant SPC, TPCos:, and mass flow rate. Due to
this effect, TPC.os for recuperator configuration considered the lowest among the other configurations
causing a decrease in TWP $/m® (from 1$/m? in basic technique to 0.903$/m® in recuperator technique).

Saturation results based on Rankine efficiency drive to assure that recuperator configuration
gives the highest value (30%) followed by the configurations of OFH+REC (25.92%), basic (25.81%),
and OFH (24.06%) respectively. The total exergy destruction rate explains the massive effect of total
solar filed area. As a result of increasing or decreasing the solar filed area, the exergy destruction rate is
followed. Due to this, recuperator gives the lowest values of exergy destruction rate through the process
units followed by OFH+REC, basic, and OFH respectively.

Moreover, recuperator configuration achieves maximum exergy efficiency among the other
configurations (16.99% Vs 14% in basic, 15.3% in OFH, and 16.8% in OFH+REC). Recuperator
configuration gives lowest values while comparing to TPCgs, SPC, and TWP. That is referring to the
effect of solar field area. Moreover, the total water price (TWP, $/m?) is considered the final judge on
process cycle from the side of techno-economic evaluation.

Superheat operation almost gives the same behavior but a significant changes are noticed. Solar
field area decreased against saturation operation and that affects on the cycle exergy destruction rate,
inlet exergy to the process cycle, exergy efficiency, and specific total plant cost. Recuperator
configuration gives the highest results in Rankine efficiency followed by the OFH+REC cycle, basic,
and OFH respectively. Also recuperator configuration achieves minimum inlet exergy and exergy
destruction rate among the other configurations (4.2MW Vs 5MW in basic technique). It is obvious that
Toluene (PTC) under superheat operation gives remarkable results with only recuperator configuration
against the other configurations.

Unlike organic fluids, Water is the working fluid of choice for the vast majority of large scale
fossil-fired Rankine cycle power plants. Water is well-suited for those high-temperature applications,
but it has its limitations that become more significant during lower temperature operation. It is the
unique properties of organic fluids that allow them to excel where water falters. The principle difference
between organic fluids and water is their behavior when expanding from a saturated or superheated state
through a turbine at low to moderate temperature (200-400°C). The analysis shows that recuperator
configuration is not suitable for Water operation (saturated and superheat). Because the turbine outlet

.. (8)
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conditions considered wet with quality ranged from 70% to 85%. At the same time, under the case of
PTC (Tewp=200°C & 300°C) steam superheat temperature should reach 465°C & 620°C to achieve quality
about 100% and that can't meet the PTC operation and its safety requirements. Moreover, evaporation
and superheated steam pressures give higher values in case of Water (at Te,;,=300°C P=85.9bar) against
Toluene case. These terms are considered not safe for the collector absorber tubes. For these mentioned
reasons, recuperator, OFH and OFH+REC configurations wouldn't be used in Water analysis, only the
basic configuration (see figure (3.2)) is performed. Results for basic configuration are carried out for
superheat operation only. Also, Water results are established only for PTC technology. Parabolic dish is
suitable for water operation however; it needs a complicated tracking system. Also, holding a massive
tanks (filled with water) is not favorable and needs a special structure. Therefore; parabolic dish is not
considered in this work.

Basic configuration gives higher results based on Rankine 1% and 2™ efficiencies. Based on
power generated by the HPP unit, basic configuration gives a little bit more power compared with the
other working fluids resulting an increasing in TPCcos, SPC, and TWP. This is due to that the solar field
area has a massive effect against the effect of generated power by the HPP unit. Water with PTC gives
attractive results (see Table 3.9) against the remaining fluids but the steam quality considered low about
77% and needs a large turbines. For that, Toluene for PTC with recuperator configuration gives superior
results regardless Water operation with steam quality less than 100%. Table 3.9 shows and summarizes
the results obtained only for recuperator configuration for Toluene and Water working fluids.

Table 3.6: Data results of Toluene (PTC) for different configurations under saturation operation.
Toluene (PTC, Saturation)

Parameter: Acol, M? W;, KW Mype Ka/s yr, % Pext, bar Erec Y
Basic 6747 1119 5.75 25.81 -- -- --
OFH 7136 1115 7.38 24.06 0.8 -- 0.208
REC 5866 1130 5.8 30 -- 0.8 --
OFH+REC 6677 1121 6.9 25.92 0.8 0.8 0.04
Exergy and Cost

Parameter: leycle, MW Hex, %0 Exin, MW | TWP, $/m® TPCeost, $ k\/SvFr)1(/.:m3
Basic 4,952 14.02 5.76 0.904 2.277x10’ 7.677
OFH 5.153 15.32 6.08 0.9047 2.279x10’ 7.648
REC 4.2 16.99 5.04 0.9035 2.276x10" 7.753
OFH+REC 4,74 16.85 5.71 0.9048 2.28x10’ 7.689

Table 3.7: Data results of Toluene (PTC) for different configurations under superheat operation.

Toluene (PTC, Superheat)

Parameter: Ao, M? W,;, kKW Mygc Kals HRr, % Pext, bar Erec Y
Basic 6734 1120 5.24 26 -- -- --
OFH 7180 1115 6.66 24 0.8 -- 0.1913
REC 5600 1134 5.31 31.57 -- 0.8 --
OFH+REC 6573 1123 6.1 26.47 0.8 0.8 0.005
Exergy and Cost

Parameter: leycle, MW Hex, Y0 Exin, MW | TWP, $/m® TPCest, $ k\?vi?mg
Basic 4,94 14.06 5.74 0.9039 2.277x10’ 7.679
OFH 5.18 15.25 6.11 0.9047 2.279x10’ 7.645
REC 3.96 18 4.83 0.9033 2.276x10’ 7.776
OFH+REC 4.7 17.5 5.7 0.9046 2.279x10’ 7.691
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Table 3.8: Data results of Water (PTC) for basic configuration under superheat operation.

Water (PTC, Superheat)
Parameter: A, M’ W, kW Mypc Ka/s iR, % Pext, bar Erec Y
Basic 5851 1131 1.335 30.47 -- --
Exergy and Cost
Parameter: leycte, MW Hex, Y0 Exn, MW | TWP, $/m* TPCeost, $ k\rls\lFr’fm3
Basic 4.2 22.52 5.42 0.9034 2.276x10’ 7.756

Table 3.9: Data comparisons between different working fluids for recuperator configuration under saturation and
superheat operations.

Parameter: Collector HRr, %0 leyole, MW TWP, $/m3 Quality, %
Tolueneg; (£1e.=0.8) PTC 30 4.2 0.9035 -
Toluenegy, (£re:=0.8) PTC 315 3.96 0.9033 -
Watery,, (Basic) PTC 30.47 4.2 0.9034 77

3.2.3 Solar ORC/RO process: RO-Energy Recovery Units

Toluene is the working fluid used in most of the solar pilot facilities [54]. Also, Toluene gives
superior results as presented in the previous sections. Therefore, it is selected to perform the analysis
presented in this section. Direct solar vapor generation (DVG) within the absorber tube configuration of
solar collector with ORC is analyzed and characterized with LS-3 parabolic trough collector (PTC)
models. The power output from the turbine is used to drive a (RO) unit with Pressure Exchanger (PEX)
configuration. In Delgado-Torres’s work, the organic Rankine cycle and the RO systems were not
modeled by the same simulation platform and the cost analysis wasn't considered in Torres [54] work.

Voros [55] investigated the solar energy exploitation for assisting the operation of reverse
osmosis seawater desalination plants. A hybrid solar-assisted steam cycle was designed in order to
provide the required shaft work to drive the RO high pressure pump. In Voros work, solar energy was in
share with conventional cycle and not stands alone. Moreover, VVoros [55] work established for RO unit
with only Pelton Wheel Turbine (PWT) device. Sharaf et al [47] investigated the operation of RO
system with different operating conditions and different configurations of solar Rankine cycle. In
Sharaf’s work, energy, exergy, and cost analysis was performed only for RO basic configuration (PWT
and Pressure Exchanger (PEX) were not considered).

Mark Wilf [46] considered the configuration and operating parameters of RO desalination
systems. In this section, a combined solar ORC (solar collector, turbine, recuperator, condenser, and
pump), with a RO unit and different RO energy recovery configurations are considered. Using a thermo-
economic approach, a comparison for the considered configurations of energy recovery units (PWT, and
PEX) with RO desalination system is executed. The analysis and investigations are performed using the
developed Solar Desalination Systems (SDS) package [39] under same platform of MatLab/SimuLink
computational environments.

It is required to desalinate and produce a total capacity of 145.8m%h from RO module (Sharm
El-Shiekh desalination plant-case study). The site data are specified as latitude angle =30° N, and
longitude =32.55° E. The developed SDS program is used to assemble and design the required solar
ORC-RO units. The RO high pressure pump (HPP), and PWT efficiencies were fixed at 80% and 96%
value was fixed for PEX. The input feed seawater temperature is assigned by the output preheated
stream from the ORC condenser unit.
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a. ORC-RO (RO-Basic configuration)

Figure (3.8-a) shows the process schematic diagram of the solar ORC with the basic
configuration of RO desalination system. The process consists of solar field, expansion turbine for
power generation, recuperator unit for regeneration, condenser unit for heat rejection and preheating
processes, and circulation pump unit. The condenser outlet stream (preheated seawater) is pumped into
the RO module for desalination process by a high pressure pump.

b. ORC-RO (RO-PWT configuration)

Figure (3.8) shows a schematic diagram of a combined RO desalination process with different
energy recovery units. Figure (3.8-b) illustrates the combined RO process with a Pelton Wheel Turbine
(PWT) unit. The rejected brine from RO unit with its high pressure will drive the PWT and that can
provide sufficient operational flexibility as a power recovery device. The value of 80% for PWT
efficiency is considered in this work. The advantage of the Pelton wheel is that the flat efficiency curve
in a wide range of concentrate flows, and concentrate exits the Pelton wheel at atmospheric pressure.

c. ORC-RO (RO-PEX configuration)

Figure (3.8-c) shows the process schematic diagram of the RO process with a pressure exchanger
unit (RO-PEX). A higher efficiency positive displacement power recovery devices (pressure
exchangers), that in the past were only used in small RO seawater units, are also slowly gaining
acceptance in large desalination plants. Hydraulic efficiency of such types of equipment is in the range
of 94-96% [36]. In this study, the values of 80% and 96% are considered for booster pump and PEX unit
respectively.

Some of these devices utilize pistons; other transfer energy through a direct contact between
concentrate and the feed stream. According to the Figure (3.8-c), feed (F) is split into two streams. One
stream (F1), which has a flow rate equivalent to the permeate flow (P), is pumped to the feed pressure
by the main high pressure pump (HPP). The second stream (F2), which flow rate is equivalent to the
concentrate flow, flows through pressure exchanger and exchanges pressure with the concentrate stream

©).

The pressure of stream F2 at the exit from the pressure exchanger is a function of concentrate
pressure and efficiency of the pressure exchanger device. The pressure of stream F2 is lower by 3-5 bars
than the pressure of stream F1 at the discharge of the HPP [36]. The pressure of stream F2 is increased
to the pressure of stream F1lby a Booster Pump (BP). Both streams (F1+F2) are combined at the entrance
to the membrane feed manifold. The pressure exchangers are positive displacement devices and
therefore have high transfer efficiency.

Splitting the feed stream, as in the case of operating a PEX, leads to a significant reduction of the
energy demand for the far smaller high pressure pump. Additionally, due to the high efficiency of the
PEX, an amount of about 36.8% of the input energy can be recovered from the energy contained in the
concentrate that leaves the modules with 37.4% of the initial value [57]. Nowadays PEX configuration
has been used in over 400 seawater reverse osmosis plants worldwide [58]. The general specifications
and the specified design parameters of the combined processes for two energy recovery configurations
for a RO desalination process are illustrated in Table 3.10.
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Table 3.10: Specifications and design parameters of the considered processes.

Parameter: ORC/RO-Basic ORC/RO-PWT ORC/RO-PEX
. ) Gy, W/m? 850 850 850
Design point Tomp, °C o5 o5 o5
Teo/ Tsup 300/340 300/340 300/340
Teonas °C 35 35 35
7% 85 85 85
ORC 7o % 75 75 75
7y % 95 95 95
Erec % 80 80 80
m,, kg/s 40.5 40.5 40.5
X, ppm 45000 45000 45000
RR 0.3 0.3 0.3
ne/n, 7/43 7/44 7/48
A, m? 35.3 35.3 35.3
RO plant Nhpp %0 80 80 80
npwt %0 - 80 -
pex %0 - - 96
FF % 85 85 85
LTy, year 20 20 20
LT, year 5 5 5
Cost LF % 90 90 90
i % 5 5 5

Based on the mathematical model for the considered process (see the Appendix for more details)
and the energy, cost, and thermo-economic analysis presented in Part I, the developed SDS program [39]
give the results illustrated in Tables 3.11 and 3.12. Table 3.11 shows that the required power for the HPP
of the RO process is 1.123MW. This power is obtained by a 5377m? (site: latitude angle =30° N, and
longitude =32.55° E) of solar collector area and a mass flow rate of 4.934kg/s.

Also, Table 3.11 shows that the irreversibility of the basic configuration is 6MW. This amount is
distributed on the process components as shown in Table 3.12. The solar collector field irreversibility
rate considered the highest among the other units with percentage about 48.3% of the total
irreversibilities, followed by the RO plant with 45.4%, steam turbine with 2.8%; condenser and
recuperator units both give 1.2%, and the pump unit with a sharing percentage of about 0.4%.

The overall exergy efficiency is 9.38% due to the outlet exergy streams (product stream) over
inlet exergy streams (feed, pump power, and solar power to the system). The specific annual total costs
(C, $/m®) for this configuration is about 0.898%/m?>, with total investment and operation & maintenance
costs (Z'“*°#My about 131$/h. RO sector exhibits the largest percentage of (Z'“*9*M=131$/h) by 89.16%
followed by steam turbine unit with 8.44%/h and a percentage of 6.44%.

Solar field gives a percentage of 4.22%, recuperator unit with 0.018%, and condenser unit with
0.022%, and the pumping unit with a percentage of 0.111%. Thermo-economic unit product exergy cost
is about 58.7$/GJ with a total water price (TWP) about 0.89$/m*. The specific power consumption
(SPC) is about 7.7kWh/m® and this considered high regarding to the other configurations. The PWT
efficiency is set as 80% the same as the efficiency of HPP unit. The consumed power (Wxpp-Wpwr)
would require about 3038m? of solar collector field area with a percentage of decrease about 43.5%
against the basic configuration. The consumed power of this configuration is decreased by 43.5%
producing specific power consumption (SPC) about 4.35kWh/m®. To maintain the same operating
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conditions for RO section (HPP pressure load should be=68 bar for all configurations) the number of
pressure vessels is then increased to become 44 instead of 42 as in basic plant.

According to the less in total solar field area comparing with the basic one, the total
irreversibility (3.763MW) would decrease against the basic configuration (6MW) with a percentage of
37.2%. RO section gives the highest exergy destruction of about 1.91MW with a percentage of 50.7%
followed by solar collector field with a percentage of 43.45%, steam turbine gives a percentage about
2.6%, recuperator and condenser units result together 2.84%, and the organic cycle pump unit gives
0.34%. This configuration exhibits larger exergy efficiency than of the basic one (11% against 9.3%)
with a percentage of increases about 15%.

The specific annual total costs for this configuration is about 0.683%/m?, with total investment
and operation & maintenance costs (Z'“*°*M) about 99.58%/h meaning by this a percentage of decreasing
equal to 24% against the basic configuration. RO sector costs about 91.2% of all the total
7'c*0&M=9g9 58%/h, and this due to the additional costs of PWT drive, and the exceeding of permeators
numbers. Steam turbine is followed by a cost of 5.5%/h with a sharing percentage about 5.5%. Solar
collector field consumes about 3.215%/h with a percentage of 3.22%, followed by both recuperator and
condenser units with a percentage 0.035%, and the organic Rankine cycle pump unit with a percentage
of 0.11%. The plant total water price is about 0.69$/m>, and the unit product cost becomes 59.2$/GJ.
This configuration is favorable against the basic configuration due to many aspects such as total exergy
efficiency, total irreversibility, total solar collector area, specific power consumption (SPC) and total
water price (TWP).

Table 3.11 shows that the PEX configuration consumes very low power compared against the
past two configurations. The developed power by the Rankine cycle steam turbine is about 0.394MW
with a power decreasing percentage of about 65% against the basic configuration. This leads to specific
power consumption of about 2.7kWh/m® with mass flow rate and total solar field area of about
1.732kg/s and 1887m? respectively. To maintain the operating pressure over the HPP in RO section; the
number of pressure vessels become 48 instead of 42 as in the basic and 44 as in PWT configurations.
The reduction in the power is caused by splitting the sea water feed stream which in turn decreases the
total solar collector field area.

Therefore; the total irreversibility rates for this configuration is about 2.538MW which
representing a percentage of decrease of about 57.7% against the basic configuration. RO section
irreversibility has a large sharing with a percentage of about 54.5%, and the steam turbine gives about
2.36%, recuperator and condenser units together give about 2.5%, and the Rankine cycle pump unit
gives about 0.33%, and the solar field gives about 41.8%. The overall exergy efficiency is increased
from 9.3% for the basic to become 11.6% for this configuration. Also the total inlet exergy rate is
reduced from 6.59MW in the basic to become 2.87MW.

This is due to the reduction of the solar collector area against the basic configuration. The
specific annual total cost (C,, $/m®) for this configuration is about 0.68%/m?, with total investment and
operation & maintenance costs (Z'*°*M) of about 99.26%/h which leads to 24.2% less than the basic
configuration. The major costs belong to RO section which consumes about 93.94% followed by solar
collector field with 2.06%, steam turbine gives about 3.8%, and recuperator, condenser, and pump units
give about 0.023%. The expenditures of RO section exceeded due to the high prices of recovery units
however the total plant expenditures for this configuration considered the lowest against the other
configurations due to the high effect of solar collector cost. It is clear from tables (3.11, 3.12) that PEX
configuration appears lowest against the remaining configurations regarding to the solar collector area
cost, collector area irreversibility, total power, specific power consumption, cycle flow rate, total water
price, total capital costs, total investment and operating & maintenance costs. It is clear that solar

55



collector field produces larger irreversibility only in case of the basic RO; however; ROgeciion/PWT-PEX
produces larger exergy destruction due to the less in exergy inlet to the cycle. Moreover, larger costs are
belonging to RO section followed by steam turbine, and solar field respectively. ORC pump produces
the lowest cycle irreversibility rate in the range of 9-28kW for the considered configurations followed
by the recuperator and the condenser units respectively.

From Table 3.12, it is obvious that and regardless the final thermo-economic product cost c,, the
unit cost stream from pump unit to recuperator unit Cp.rec IS particularly high (about 2.07, 2.32, and
2.57%/GJ for basic, PWT, and PEX configurations respectively). The recuperator to solar collector
stream cost Crec-col COMes next and it decreases from the basic configuration down to PEX. Cooling sea
water cost stream is decreased from the basic down to PEX. The most important parameter is thermo-
economic unit product cost which is obviously less in basic followed by PWT, then the PEX
configuration. That's because the increase of power cost stream and at the same time the decreasing of
exergy of product stream as presented in exergy equations.

This effect is indirectly proportional of preheated inlet seawater stream from the condenser unit.
The exergy of the inlet seawater stream for the basic configuration considered the highest comparing
against PWT and PEX respectively. And that would follow a decreasing in product exergy stream,
moreover; that would increase the unit product cost of PEX followed by PWT then the basic one.
Although the operation & maintenance costs (Z'“*°*™) is notable less in PEX configuration but the
effect of unit power cost c, and product exergy E, is highly effective. It is clear that the energy
conservation related to the RO section has a priority against the solar energy utilization. Because the
conservation in the RO section would reduce the total solar field area thence the capital costs.

Table 3.11: Energy and thermo-economic results for different configurations.

Energy

Parameter: Acol, M? W, MW Myprc Kals Hr, % Pev, bar k\va;](/:mg RO AP, bar
Basic 5377 1.123 4.934 32.64 32.78 7.704 68.66
PWT 3038 0.634 2.788 32.64 32.78 4.35 68.74
PEX 1887 0.394 1.732 32.64 32.78 2.704 68.74

Thermo-economic (Exergy & Cost)
Parameter: | loyee, MW Hex, %0 Exin, MW | TWP, $/m® | Z'“**M g/h Cp, $/GJ
Basic 6 9.38 6.593 0.898 131 58.7
PWT 3.763 11.06 4.231 0.683 99.37 59.2
PEX 2.538 11.61 2.871 0.572 83.45 66.6
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Table 3.12: The comparison percentages for different configurations based on thermo-economic results.

Parameter: RO-Basic RO-PWT RO-PEX
lcol 2.89 (48.3%) 1.635 (43.45%) 1.061 (41.8%)
lst 0.173 (2.8%) 0.098 (2.6%) 0.06 (2.36%)
Irreversibility, lrec 0.072 (1.2%) 0.04 (1.063%) 0.025 (0.985%)
MW lcond 0.111 (1.85%) 0.067 (1.78%) 0.043 (1.6%)
lpump 0.024 (0.4%) 0.013 (0.34%) 0.008 (0.335%)
I 2.725 (45.4%) 1.91 (50.7%) 1.384 (54.53%)
Zool 5.53 (4.22%) 3.215 (3.22%) 2.045 (2.06%)
Zy 8.442 (6.44%) 5.5 (5.5%) 3.85 (3.8%)
Z'CHO&M g/h Zrec 0.024 (0.018%) 0.015 (0.015%) 0.01 (0.01%)
' Zecond 0.03 (0.022%) 0.02 (0.02%) 0.013 (0.013%)
Zoump 0.146 (0.111%) 0.112 (0.11%) 0.09 (0.09%)
Zo 116.8 (89.16%) 90.77 (91.2%) 77.48 (93.94%)
Ceolst 1.073 1.095 1.112
Cstrec 1.073 1.095 1.112
Creccol 1.295 1.171 1.03
. Crec-cond 1.073 1.095 1.112
STtrr‘ee;mg SonOMC [Cong | 1073 1.095 1112
: Cp-rec 2.07 2.32 2.573
Con 0.043 0.032 0.027
C, 54.7 56.1 66.6
Cy, 3.326 3.672 3.996

I1C&OM

. . Coew+Cy— +Z .- .
Based on the overall thermo-economic equation (c, = —=—="=% total_ ¢/GJ), it is obvious
14

that the unit product cost is highly dependent on product exergy which is also depending on the product
mass flow rate. By increasing of water demand, the product exergy would increase related to the
increase of mass flow rate. Also the upper side in the overall thermo-economic equation (C.,, +
Cow—pump + Z129M) will increase but the effect of product exergy is massive and leads to a decrease in
the overall thermo-economic product cost.

The unit product cost for basic configuration is noticed less than PWT and PEX configurations
respectively. Although the basic configuration considered not recommended based on the consumed
power, total solar collector area, total water price, but the product exergy is the highest due to the effect
of the temperature of the preheated seawater from condenser unit. The preheated seawater leads to an
increase in product exergy which will decrease the thermo-economic unit product cost.

Figure (3.9) shows the effect of fresh water production rate (m*/h) on thermo-economic product
cost ($/GJ). Increasing the productivity would decrease thermo-economic unit product cost but also
would harvest much larger solar collector area and power from turbine unit. Figure (3.10) shows the
behavior of increasing the power consumption related to the productivity demand. Figure (3.11)
represents data results for each stream in solar ORC/RO-PEX configuration.
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Figure (3.10) Variation of product stream exergy rate (MW) and power consumed (MW) by the
RO-PEX against the variation in fresh water production rate (m%h).
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Figure (3.11) Data streams for solar ORC with RO-PEX configuration (145m°/h).
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3.3 Solar Thermal Organic Cycles Assisted Multi Effect Distillation (MED)
Desalination Process

Solar desalination systems are classified into two categories: direct and indirect collection
systems. As their name implies, direct collection systems use solar energy to produce distillate directly
in the solar collector, whereas in indirect collection systems, two sub-systems are employed (one for
solar energy collection and the other one for desalination). Among the several options to connect a
seawater desalination system with a solar power plant the combination of a thermal desalination system
such as a Multi Effect Distillation (MED) and a solar trough field as the heat source is one of the most
promising [59]. The race for the second generation of the seawater desalination systems has been settled
with Reverse Osmosis (RO) and low temperature MED of horizontal tube evaporators. Both systems are
characterized by their low energy consumption as compared to the Multi Stage Flash (MSF) system,
[60]. Conventional MED desalting system uses about half of the MSF pumping energy, and almost the
same amount of thermal energy used by the MSF, if both have the same gain ratio [61]. However, a
recent trend of using low-temperature MED allows the use of low temperature (in the range of 70°C)
steam as heat source, and consequently of low exergy and low equivalent work. This can bring the MED
consumed equivalent mechanical energy close to that consumed by the efficient RO system. Recent
construction in Abu Dhabi of an MED plant with a 240,000 m*/day capacity shows a breakthrough in
large-scale MED plants [59]. In this part, investigation analyses are performed for different
configurations of MED with low capacity range (100m®day) by using solar energy. Two different
techniques are studied in this part: The first technique utilizes the solar energy by using the concentrator
(PTC) to deliver thermal power via heat exchanger boiler to drive MED directly. And the second
technique utilizes the rest of the exhaust energy from solar Rankine cycle turbine unit to drive the MED
process. First effect for both techniques works as a brine heater for MED plant. Both techniques use
Therminol-VP1 [62] heat transfer oil (HTO) for indirect vapor generation via heat exchanger boiler. The
MED introduced in this work has a capacity about 100m*/day. The analyses are introduced based on
thermo-economic mathematical approaches. The comparison is made to evaluate the most economical
and reliable MED-configuration to be implemented with solar energy. The aim of this work may be
concluded into these points:

= [|nvestigating and analyzing the design limitations of utilizing solar energy with different

configurations of MED process.

= Electing the most reliable MED configuration based on energy, exergy, cost and thermo-

economic analysis putting in mind the number of MED effects.

= Comparisons are introduced versus conventional operation (Water working fluid). The

design points are summarized according to typical winter operating conditions due to the
high demanded thermal load for such types of desalination processes (MED or MSF).

3.3.1 MED Process Configurations

MED plants utilize horizontal tube, falling-film evaporative condensers in a serial arrangement,
to produce through repetitive steps of evaporation and condensation, each at a lower temperature and
pressure, a multiple quantity of distillate from a given quantity of low grade input steam. Technically the
number of effects is limited only by the temperature difference between the steam and seawater inlet
temperatures (defining the hot and cold ends of the unit) and the minimum temperature differential
allowed on each effect [61].
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The low temperature operation aided by a comprehensive multi-disciplinary development and
design approach has made possible the utilization of economical and durable materials of construction
such as aluminum alloy for heat transfer tubes, plastic process piping and epoxy-painted carbon steel
shells which show a better resistance against corrosion when matched with aluminum alloy or titanium.
Also, the significant increase in heat transfer area, in addition to the thermodynamic superiority of MED
over the MSF process, results in a very low temperature drop per effect (1.5-2.5°C), enabling the
incorporation of a large number of effects (10-16) even with a maximum brine temperature as low as
70°C, consequently resulting in very high economy ratios (product to steam).

There are different schemes for supplying the feed seawater water to the evaporators, mainly
forward, backward, parallel, and mixed feed systems [44]. In the forward feed (MED-FF) arrangement,
the feed water (after leaving the bottom condenser) is supplied to the first effect of the highest
temperature. In the backward feed (MED-BF) arrangement, the feed water is directed from the end
condenser to the last effect, (of the lowest temperature) and the brine leaving the first effect is blown
down to the sea. Thus, the feed and vapor entering the effects have opposite flow directions. In the
parallel feed (MED-PF) arrangement, the feed leaving the condenser is divided and distributed almost
equally to each effect.

The choice of any of these feed arrangements affects the design and performance of the MED
desalting system, e.g. the evaporator arrangements, the required heat transfer areas of the effects, the
amount of vapor generated in each effect (evaporator), the amounts of vapor generated by boiling and by
flashing, the pumping energy, the gain ratio (distillate to heating steam ratio), and the cooling water to
distillate ratio. For forward feed with feed heaters (MED-FFH), cooling water enters an end condenser
to condense (last effect vapor output) and part of the leaving cooling water is pre-treated and becomes
feed water, and is heated successively as it flows in the feed heaters before entering the first effect (for
more details, see ref [44]).

In this work, all the above mentioned feed arrangements (see MED section in the Appendix) are
considered and compared to pin point the most reliable configuration. Moreover, the number of 16
effects is offered to ensure minimum temperature drop between effects. Top steam temperature is
maintained based on the type of technique presented (solar desalination and/or power and solar
desalination). The design limits for MED is maintained under winter operating conditions to dominate
stable operation along summer period. Dealing with solar energy is concerned with sun availability
during summer and winter periods. Table 3.13 illustrates the specifications and design limits that
considered for different MED configurations under winter operating conditions.

Table 3.13: Specifications of MED desalination plant (all configurations) under winter operating conditions for

100m?*/day capacity.
Design point: MED-(BF, FF, FFH, PF)
Ambient temperature, °C 20
Seawater temperature, °C 25
Brine blow down temperature, °C 40
Top steam temperature (TST), °C Depends on each technique
Sea water salinity, ppm 42,000
Brine blow down salinity, ppm 70,000
Condenser effectiveness 0.8
Condenser inner tube diameter, m 0.039
Condenser outer tube diameter, m 0.04
Number of effects 16
Number of feed heaters (in case of MED-FFH) 15
Effect inner tube diameter, m 0.0295
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Effect outer tube diameter, m 0.03

Productivity, m*/day 100

Brine mass flow rate, kg/s calculated
Distillate profile mass flow rate, kg/s calculated
Feed mass flow rate, kg/s calculated
Cooling water mass flow rate, kg/s calculated
Steam mass flow rate, kg/s calculated
Vapor temperature through the effects, °C calculated
Brine temperature through the effects, °C calculated
Effects area, m? calculated
Feed heaters area, m? calculated
Condenser area, m calculated
Gain ratio calculated

3.3.2 Solar power cycle configurations

Operating conditions (TBT) of MED allow the use of Parabolic Trough Collector (PTC) in solar
power plants. Conventional PTC uses heat transfer oil as heat transfer fluid and the hot oil is stored in an
insulated tank. In solar PTC application to desalination, the heated oil could be sent to a boiler, which
would generate the steam required by a conventional MED plant. In this work, boiler unit with heat
transfer oil is used in the analysis. The storage element isn’t investigated in this work. There are two
methods of combining solar thermal power cycle with MED plants. The first is direct contact of PTC
field to the first MED effect, and the second is utilizing solar Rankine cycle for desalination and
electricity production by mean of using the exhausted steam from the turbine to operate the first effect.

a. Solar desalination with MED (SDMED)

Figure (3.12) shows a schematic diagram of the process units for the first technique. This
technique consists of a pump unit to overcome the pressure losses, solar collector field (PTC-LS-3 type
[54]) for thermal power delivering, boiler heat exchanger for vapor release and MED with 16 effects.
The organic HTO across the PTC would transfer its thermal power to the fluid (water) across the boiler
heat exchanger unit.

The generated steam would raise the preheated seawater brine to the desired temperature (TBT).
The rest of the working fluid (water) would be condensed again to the boiler heat exchanger unit. In this
part and based on previous studies [61], HTO is selected as a working fluid for PTC. Table 3.15 shows
and summarize the design points for this technique. The specifications and design parameters for this
technique are pin pointed as follows:

= Direct normal irradiance under winter operating conditions is assumed for Egypt-Suez Gulf
region (latitude: 30° N; longitude: 32.55° E)). It is estimated by reference [40] that the daily
average global radiation in a typical day in winter would be in the range of 21~22MJ/m?. To
dominate long operation along the day light (11 hrs), the solar radiation would be estimated and
fixed at 503W/m? (21.4MJ/m?~503.7W/m?). For all day operation (24 hrs), the daily average is
estimated as 252W/m?. Figure (3.13) shows the variations of solar radiation on the specified
location in 21 of January. Also, Table 3.14 illustrates some of the data results of the solar model
according to the location of operation. Designing the solar field based on lower values of solar
radiation such as winter conditions give the allowance to collect huge amount of solar radiation
based on larger expected area. Although the PTC operates at 850\W/m? but this value could cause
a very need to storage element (extra costs) during winter or may also not be able to operate the
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plant based on lower operation area. However, under summer conditions it will be expected that
there is an excessive energy due to large field area and it might be handled through bypassing
some loops in the solar field for maintenance operation.

The distillate product is fixed at 100m*/day (1.157kg/s), and the inlet seawater feed temperature
stream is fixed at 25°C with a salinity about 42,000ppm. The outlet brine stream temperature is
adjusted as 40°C and the number of effects is fixed at 16 effects.

According to pinch technology and the design operating temperature for the recommended
working fluid, the outlet collector temperature would be fixed at 350°C and the boiler heat
exchanger evaporator temperature will be adjusted at 75°C putting in mind the 1% effect
effectiveness and higher gain ratio.

The efficiency of the positive displacement pump unit is about 75%.

PTC configuration and design specifications are adjusted according to LS-3 type [61].
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Figure (3.12) A schematic diagram of solar MED units for desalination:
Solar field, Boiler heat exchanger, Pump, MED.
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Figure (3.13) Solar radiation data results based on hourly, daily average (11 hrs), and daily
average (24 hrs) variations.

Table 3.14: Data results for solar radiation model based on the specified location of operation.

Parameter: Data results
Location Suez Gulf region
longitude longitude: 32.55° E
latitude latitude: 30° N
Equation of time, min -11.25

Day hours 10.37
Declination-angle -20.138
Daily average solar radiation, MJ/m? 21.76
Monthly average of daily total radiation, MJ/m? 15.623
Extraterrestrial intensity, W/m? 1409.19
Sun temperature, K 5833.11
Sun rise time 6.814

Sun set time 17.19
Julian day 210of January

b. Power & Solar desalination with MED (PSDMED)
This technique consists of two pumps for circulation and pressure drops, solar collector field (PTC),
boiler heat exchanger, turbine expander unit, recuperator for regeneration and de-superheating, and
MED with 16 effects. This technique is similar to the previous however; turbine and recuperator units
are added to this one for electricity and regeneration. Moreover, the first effect would operate as a brine
heater for MED and a condenser unit for the Rankine cycle. Figure (3.14) shows a schematic diagram of
the process units for the second technique. Table 3.15 shows and summarize the design points for this
technique. The specifications and design parameters for this technique are pin pointed as follows:

= Solar radiation and ambient temperature would be fixed at the same as the previous technique
(252W/m?* & 20°C).
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The distillate product is fixed at 100m®day, and the inlet seawater feed temperature stream is
fixed at 25°C with a salinity about 42,000ppm. The outlet brine stream temperature is adjusted as
40°C and the number of effects is fixed as 16 effects. The brine blow down salinity is assumed as
70,000ppm.

Due to the MED operating conditions (TBT) and boiler heat exchanger effectiveness, the
collector outlet temperature is maintained at 350°C (HTO) to dominate a saturated vapor
(Toluene) that enters the turbine unit first stage in the range of 200°C. The outlet turbine
conditions would be maintained at 85°C (saturated temperature) putting in consideration the
recuperator unit effectiveness and the top steam temperature (TST °C).

The efficiency of turbine, generator, recuperator and pump units is fixed at 85%, 95%, 80% and
75% respectively.

PTC configuration and design specifications are adjusted according to LS-3 type [54].
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Figure (3.14) A schematic diagram of solar MED components for desalination and power generation:
Solar field, Boiler heat exchanger, Pump, Turbine, Recuperator, MED.
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Table 3.15: Design points considered for MED according to the 1 and the 2™ techniques.

Design point: 1* technigue (SDMED) 2" technique (PSDMED)
Gp, W/m® 252 (winter) 252 (winter)
Tamba OC 20 20
Teo, °C 350 350
n, % 85
Ng, %0 95
Npy Y0 75 75
Seawater condenser effectiveness 0.8 0.8
Recuperator effectiveness 0.8 0.8
Boiler heat exchanger 0.8 0.8
effectiveness
Boiler inner tube diameter, m 0.0127 0.0127
Boiler outer tube diameter, m 0.0129 0.0129
Teear °C 25 25
Tsteam, from boiler, °C 75 200
T, °C 40 40
Feed salinity, ppm 42000 42000
Brine blow down salinity, ppm 70000 70000
No. of effects 16 16
Product mass flow rate, kg/s 1.157 1.157
Solar field mass flow rate per

1 1
loop, kg/s
Plant life time, year 20 20
Power generation cost, $/kWh 0.06 0.06

3.3.3 Results of SDMED & PSDMED techniques

a. Results of SDMED

As indicated earlier, this technique is established to desalinate seawater regardless the method of
power consumption and/or production. Therefore; the system is mainly contains solar collector field
(PTC LS-3), boiler heat exchanger (BHX), pump, and MED desalination plant. Turbine unit is not
present in this technique. HTO (hot saturated liquid) is maintained through the PTC collector, however;
pure water (dry saturated steam) is maintained between BHX and the first effect of MED process.

Generally, it is so clear form Table 3.16 that MED-PF considered very promising against the
remaining configurations. MED-FFH comes next and followed by MED-BF. MED-FF configuration
considered not applicable due the results obtained. Also results show that MED-BF cannot compete
against MED-PF and MED-FFH due to many aspects such as the salinity gradients in the first effect.

The salinity gradients in the first effect considered very high and would affect on the tubes and
the effect status generally (in this work, the salinity concentration of blow downstream from the first
effect would be around 69 to 70g/kg). MED-FF consumes large power trying to increase the feed
temperature stream that comes from the condenser unit to the desired TBT (from 36°C up to 73°C). And
that’s explained larger area needed per effect and lower gain ratio.

Therefore; MED-BF, FF is eliminated from the comparison (based on this techniques results)
due to lower gain ratio, larger solar collector area, larger effects area, and larger total water price. MED-
PF noticed durable and reliable against MED-FFH by achieving lower solar collector area needed (1096
vs. 1005m?) meaning by this lowering control and maintenance issues. For both configurations (MED-
PF, FFH), the plant under the specified operating conditions (100m*/day) harvest about one solar PTC
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(LS-3 type) with one loop. However, MED-PF achieves lower Reynolds number due to lower mass flow
rate across the solar field (about 0.372kg/s). Therefore; MED-PF gives lower exergy destruction rate per
solar collector against MED-FF (159 vs. 173.5 kW) due to the less in area needed. Also the same
behavior is obvious for all cycle’s units. Although the total effects heat transfer area for MED-PF
considered higher vs. MED-FFH but by adding the calculated heat transfer area of the feed heaters
(about 53m?) it becomes 835m? vs. 853m? giving an advantage to MED-PF configuration.

The Gain Ratio (GR) for MED-PF noticed higher than MED-FFH (15.2 vs. 13.93) due to the
minimum rate of steam needed (0.076 vs. 0.083kg/s). Total water price (TWP $/m°) is around 5.7 and
5.4%/m* with a little bit advantage to the MED-PF configuration against MED-FFH. Moreover, thermo-
economic unit product cost ($/GJ) considered lower to MED-PF configuration against MED-FFH.

Related to this solar operation technique, MED-PF configuration considered the most reliable
one among the other configurations based on many terms such as total water price, areas, mass flow
rates, exergy destruction rates for each unit, and gain ratio and so on. However; reducing the number of
effects gives an advantage to MED-FFH configuration against the MED-PF.

Therefore; it depends on the designers’ decision about the reliable operating conditions, areas,
and cost. However; increasing the number of effects gives an advantage to the desalination plant by
reducing the TWP and increasing the GR. Figure (3.15) shows that by increasing the number of effects,
the GR will increase. It is obvious from Figure (3.15) that MED-PF and MED-FFH exhibits larger GR
against MED-BF and MED-FF respectively. Moreover; dealing with effects number less than 8~10
effects, MED-FFH is dominated however; going further than 10 effects MED-PF reveals more reliable
and dependable.

Table 3.16: Data results for 1* technique operated by Water and HTO fluids.

Parameter: MED-BF MED-FF MED-FFH MED-PFE
Solar Collector field:

High pressure, bar 5.5 55 55 55
Total solar field area, m? 1545 3408 1096 1005
Solar field flow rate, kg/s 0.572 1.262 0.406 0.372
Solar field R, number 1.1x10* 2.75x10* 1.073x10* 7980
No. of collectors (LS-3)/No. of loops 2/1 6/1 11 11
Solar field width, m 11 27 10.5 8
Solar collector thermal efficiency, % 69.7 69.7 69.7 69.7
Solar collector thermal power, kW 271 598 192.5 176.5
Exergy destruction rate, kW 2445 540 1735 159
Exergy inlet rate, kW 370.2 816.3 262.6 240.7
Cost stream to BHX, $/GJ 3.837 3.677 3.911 3.931
Boiler heat exchanger unit:

Vapor pressure, bar 0.485 0.485 0.485 0.485
Area, m? 0.575 1.268 0.408 0.374
Outlet HTO temperature, °C 130 130 130 130
Steam mass flow rate, kg/s 0.1171 0.2583 0.083 0.076
Exergy destruction rate, kW 82.5 182 58.5 53.6
Cost stream to MED, $/GJ 5.65x107 4.82x10° 6.05x107 6.16x107
Cost stream to pump, $/GJ 3.837 3.677 3.911 3.931
HTO pump unit:

Power, kW 0.428 0.95 0.304 0.278
Mass flow rate, kg/s 0.572 1.262 0.406 0.372
Exergy destruction rate, kW 0.212 0.4764 0.1507 0.138
Cost stream to PTC, $/GJ 4.289 4.058 4.406 4.437
MED section (16 effects):

My, kg/s 1.157 1.157 1.157 1.157
M, kgls 2.894 2.894 2.894 2.894
Mew, kg/s 0.702 0.702 0.702 0.702
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M, ka/s 0.1171 0.2583 0.083 0.076

T;, °C 36.38 36.38 36.38 36.38
Ta °C 27.85 27.85 27.85 27.85
TBT, °C 73.53 73.53 73.53 73.53
TVT, °C 72.76 72.76 72.76 72.76
TFT, °C 36.38 36.38 69.92 36.38
Condenser area, m 13 13 13 13
Total effects area, m? 1135.4 2486 800 835
Total feed heaters area, m* 53
GR 9.88 4.48 13.93 15.2
Exergy destruction rate, kW 5136 5168 5135 5134
Cost stream to BHX, $/GJ 5.65x10 4.82x10° 6.05x10° 6.16x10°
Product cost stream, $/GJ 1.756 1.82 1.73 1.72
Performance & cost:
Specific thermal power consumption, kWh/m?* 65.2 143.8 46.25 42.4
Total operating & maintenance cost, $/h 10.5 12.75 9.94 9.8
Total plant cost, $/y 2.345%10° 4.226x10° 1.88x10° 1.79x10°
Total water price, $/m® 7.139 12.87 5.75 5.47
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Figure (3.15) The GR variations for different MED configurations due to the variations of
effect numbers at 100m*/day based on SDMED technique.

b. Results of PSDMED technique

In this technique; power is generated via turbine unit beside seawater desalination. Therefore; the
system is mainly contains solar collector field (PTC LS-3), boiler heat exchanger (BHX), turbine,
recuperator for regeneration, pump, and MED desalination plant. HTO (saturated liquid) is maintained
through the PTC collector, however; Toluene organic fluid (dry saturated steam) is maintained between
the organic Rankine cycle (ORC) and the first effect of MED process. Generally, it is so clear form
Table 3.17 that MED-PF shows very promising against the remaining configurations. MED-FFH comes
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next and followed by MED-BF. MED-FF considered not applicable due the poor results obtained based
on energy, exergy, and thermo-economic terms. Also MED-BF can’t compete against MED-PF and
MED-FFH due to many reasons such as presented in the previous subsection. MED-FF consumes large
power trying to increase the feed temperature stream that comes from the end condenser unit to the
desired TBT (from 36°C up to 88°C). And that’s explained larger area needed per effect and lower gain
ratio. For the reasons that presented in the previous technique, MED-BF, and MED-FF are eliminated
from the comparison. MED-PF is considered reliable against MED-FFH by achieving lower solar
collector area needed (about 2.8% less area) meaning by this lowering control and maintenance issues.
For both configurations (MED-PF, FFH), the plant under the specified operating conditions (100m*/day)
harvest about two solar PTC (LS-3 type) with one loop.

Although the total effects area for MED-PF is considered higher vs. MED-FFH but by adding the
calculated area of the feed heaters (about 68m?) it becomes 548m? vs. 505m? giving an advantage to
MED-PF configuration. The Gain Ratio (GR) for MED-PF is higher than MED-FFH (2.45 vs. 2.38) due
to the minimum rate of steam needed (0.472 vs. 0.486kg/s). Total water price (TWP $/m®) is around
5$/m® for both configurations with an advantage to the MED-PF configuration against MED-FFH.
Moreover; thermo-economic unit product cost ($/GJ) considered the same for both. Related to this solar
operation technique, MED-PF configuration is the most reliable one among the other configurations
based on many terms such as total water price, areas, mass flow rates, exergy destruction rates for each
unit, and gain ratio and so on.

Table 3.17: Data results for 2™ technique operated by Toluene and HTO fluids.

Parameter: MED-BF MED-FF MED-FFH MED-PFE
Solar Collector field:

High pressure, bar 55 55 55 55
Total solar field area, m? 2855 5762 1393 1353
Solar field flow rate, kg/s 1.157 2.334 0.564 0.548
Solar field R, number 3.28x10* 6.56x10* 1.608x10* 1.608x10*
No. of collectors (LS-3)/No. of loops 5/1 10/1 2/1 2/1
Solar field width, m 25 50 12 12
Solar collector thermal efficiency, % 69.7 69.7 69.7 69.7
Solar collector thermal power, kW 501.4 1012 244 237
Exergy destruction rate, kW 445.7 900 217 211
Exergy inlet rate, kW 684 1380 333.6 324
Cost stream to BHX, $/GJ 3.593 3.454 3.75 3.75
Boiler heat exchanger unit:

Vapor pressure, bar 75 75 75 7.5
Area, m? 1524 3.07 0.74 0.722
Outlet HTO temperature, °C 151.5 151.5 151.5 151.5
Steam mass flow rate, kg/s 0.9972 2.012 0.4864 0.472
Exergy destruction rate, kW 62 125 30.26 29
Cost stream to turbine, $/GJ 0.1026 0.076 0.1417 0.1435
Cost stream to pump, $/GJ 3.593 3.454 3.75 3.75
Turbine unit:

Power developed, kW 120 241 58.2 56.76
Outlet temperature, °C 111.2 111.2 111.2 111.2
Exergy destruction rate, kW 40.24 82 20 19.07
Cost of power, $/GJ 3.79%4 3.17 4,565 4.59
Cost stream to recuperator, $/GJ 0.1026 0.076 0.1417 0.1435
Recuperator unit:

Power rejected, kW 32 64.2 15.5 15
Area, m* 1 2 0.46 0.45
TST, °C 90.67 90.67 90.67 90.67
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Preheated stream temperature, °C 101.9 101.9 101.9 101.9

Cost stream to BHX, $/GJ 2.517 1.845 3.493 3.54
Cost stream to MED, $/GJ 0.1026 0.076 0.1417 0.1435
Rankine pump unit:

Power, kW 1.162 2.346 0.566 0.55
Mass flow rate, kg/s 0.9972 2.012 0.4864 0.4727
Exergy destruction rate, KW 0.844 1.7 0.411 0.4
Cost stream to recuperator, $/GJ 38.57 28.3 53.73 54.46
HTO pump unit:

Power, kW 0.428 1.898 0.43 0.417
Mass flow rate, kg/s 0.572 2.334 0.564 0.548
Exergy destruction rate, kW 0.212 1.148 0.258 0.251
Cost stream to PTC, $/GJ 4.289 3.601 4.046 4.056
MED section (16 effects):

My, kg/s 1.157 1.157 1.157 1.157
M, kg/s 2.89%4 2.89%4 2.89%4 2.894
Mcw, kgls 0.6733 0.6733 0.6733 0.6733
M, kg/s 0.9972 2.012 0.4864 0.4727
Ty, °C 36.38 36.38 36.38 36.38
Tq, °C 27.85 27.85 27.85 27.85
TBT, °C 88.23 88.23 88.23 88.23
TVT, °C 87.46 87.46 87.46 87.46
TFT, °C 36.38 36.38 84.61 36.38
Condenser area, m’ 12.93 12.93 12.93 12.93
Total effects area, m 987 1983 480 505
Total feed heaters area, m* 68.7
GR 1.16 0.58 2.38 2.45
Exergy destruction rate, kW 5076 5089 5072 5072
Cost stream to BHX, $/GJ 0.1026 0.0759 0.1417 0.1435
Product cost stream, $/GJ 1.749 1.799 1.72 1.72
Performance & cost:

Specific thermal power consumption, kWh/m® 71.13 1435 43.7 33.7
Total operating & maintenance cost, $/h 13.4 17.64 11.1 11
Total plant cost, $/y 2.638x10° 4.517x10° 1.686x10° 1.66x10°
Total water price, $/m® 8.031 13.75 5.132 5.057

c. General comparisons: Case study

It is clear from the previous analysis that MED-PF configuration is reliable. However, MED-
FFH is dominated when less number of effects is operated (normally 8~12 effects). It is very important
now to decide which technique thermo-economically attractive. Consider an example of solar energy to
operate MED-PF plant with a capacity of 5000m*/day with 8 effects, and the top steam temperature is
maintained at 73°C (see reference [36]). The example specification is pointed as following:

= Sea water temperature 27°C.

Salt concentration in feed, 45 g/kg.
Required Distillate 5000m*/day.
Brine temperature at the last effect, 40°C.
Salt concentration at the reject stream, 70 g/kg.
For SDMED technique, the plant consumes about 1.009x10°m? solar collectors with 37kg/s mass flow
rate through the field, and the circulation pump consumes about 30kWe. The gain ratio is about 7.56
with evaporators total heat transfer area about 17425m® of MED-PF effects. The product TWP is in the
range of 1.645%/m® with specific power consumption about 2.179kWh/m®. For PSDMED technique, the
plant harvest about 1.32x10°m? solar collectors with 50.83kg/s mass flow rate through the field, and the
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circulation pump consumes about 164.3kWe. The Turbine unit would supply about 5.381MWe to serve
the plant facilities and the rest might supply to the community grid. The gain ratio is about 1.26 with
evaporators total heat transfer area about 15061m? of MED-PF effects. The product TWP is in the range
of 1.845%/m® with specific power consumption (SPC) about 2.676kWh/m°. The GR considered very low
(1.257) in this technique. That’s because the effect of latent heat of vaporization of the toluene which is
considered very low compared against the water. Table 3.18 shows the data comparison between the
proposed techniques based on 5000m*/d parallel feed configuration.

Table 3.18: Data results for both techniques based on 5000m*/d.

1*" technique: SDMED-PF 2" technique: PSDMED-PF
Acol, M 1.009%10° 1.32x10°
SPC, kWh/m? 2.17 2.67
GR 7.56 3
TWP, $/m* 1.645 1.845
Cq, $/GJ 0.4878 0.4117
Total exergy destruction, MW 155.7 157.8
Overall exergy efficiency, % 31.82 33.1
Turbine power, MW -- 5.381
M, kg/s 7.65 46.05
Asttects, M° 17425 15061

It is noticed that PSDMED gives higher values against the SDMED technique comparing based
on TWP ($/m?), solar field area and total exergy destruction rate. However; it considered attractive
based on the results of effects area, exergy efficiency, and the developed power by the organic turbine.
This is referring to the cost of power developed by the turbine unit to serve the auxiliaries (pumps, fans,
other facilities...) through the plant. Solar collector area might be drop by 48% under summer operating
conditions. There are an amount of 64,230m? might be out of service for maintenance and cleaning
operations during the summer time. The effect of evaporators’ numbers (Neg) considered a vital tool to
judge the plant performance. Figure (3.16) shows the effect of evaporators’ numbers on SDMED
technique. The results are obtained based on SDMED case study (5000m®/d). It is pin pointed from
Figure (3.16-a) that increasing Neir would decrease the SPC kWh/m?®. That is referring to the effect of
total feed flow rate and cooling water flow rate according to the increase of N Reducing the mass flow
rates would decrease the required pumping power. Steam temperature has no significant effect on the
SPC however; increasing the steam temperature would little bit decrease the SPC. Thermo-economic
product cost ($/GJ) is also decreased by the increasing of the N (Figure (3.16-b)). Also the gain ratio
(GR) is increased as a direct effect of Negr. For Negr around 10, the GR would become 9. However, the
opposite behavior is significantly happened for evaporators’ area. Also, solar field area is gradually
decreased by the increase of Nesr. Physically that’s happened due to the decrease of steam mass flow rate
across the heat exchanger unit. Figure (3.17) shows the effect of daily productivity on the system daily
productivity. It is shown from the figure that by increasing the productivity, the thermo-economic
product cost would decrease. That’s referring to the effect of GR of the system and the effect of product
exergy stream. Increasing the product exergy will decrease the thermo-economic cost. Figure (3.18)
shows the effect of the productivity on the developed power by the turbine unit in PSDMED technique.
It is become clear that the developed power by the turbine is increased due to the demanded increase in
the steam mass flow rate by the first effect of the MED. The increasing in the demanded steam would
increase the ORC mass flow rate thence increasing the power from the turbine unit. The advantage of
this technique (PSDMED) is that the powered developed may serve the auxiliaries in the cycle and the
rest of power is considered a gain to the main electricity grid.
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3.4 Solar Thermal Organic Cycles Assisted Multi Effect Distillation-Vapor
Compression (MED-VC) Desalination Processes

Solar energy can positively operate and power MED-VC desalination processes according to
many reasons such as; low top brine temperature (TBT), low top steam temperature (TST), high gain
ratio, and lower specific power consumption comparing against multi-stage flash and/or reverse osmosis
desalination types. According to vapor compression type (mechanical or thermal), the combination
technique with concentrated solar power plant (CSP) would be determined from technique to another.
The following sub-sections explain the process techniques and the promise of coupling CSP plants with
MED-VC desalination process.

3.4.1 Solar SMED-PF-TVC: 1% technique

Firstly, multi-effect distillation parallel feed configuration (MED-PF) is recommended by the
authors to be operated with vapor compression type. In the parallel feed (MED-PF) arrangement, the
feed leaving the condenser is divided and distributed almost equally to each effect. Darwish et al. [45]
and Dessouky et al. [43] both gave more details about MED feed arrangement.

The efficiency of the MED process is enhanced by compressing the vapor from the last effect in
order to increase its temperature to drive the first evaporation effect. The Performance Ratio (PR) of a
MED process can be significantly increased by coupling a thermal vapor compression TVC unit. The
compressor acts as a steam ejector and requires motive steam at a pressure of 3—20bar.

Vapor is removed from one of the multi-effect (ME) evaporators at about 0.1bar and is
compressed to about 0.25bar [63]. Operating conditions (TBT) of MED-PF-TVC allow the use of
parabolic trough collector (PTC) in solar power plants. In solar PTC application to desalination, the
heated oil could be sent to a boiler heat exchanger (BHX), which would generate the necessary steam by
a conventional MED-TVC plant.

This technique consists of pump unit to overcome the pressure losses, solar collector field (PTC-
LS-3 type [54]) for thermal power, BHX for vapor release and MED-PF-TVC type with 5 effects. The
organic HTO across the PTC would transfer its thermal power to the fluid (water) across the BHX unit.
The generated motive steam is used to compress part of the vapor generated in the last effect by the
steam ejector.

The expanded motive steam and the recompressed vapor leaving the steam ejector are directed to
and condensed in the first effect. Part of the condensate returns to the boiler, and the other part join the
potable water product. The vapor formed in the first effect by boiling is directed to the second effect
where it acts as a heat source [64]. Figure (3.19) shows a schematic diagram of the process units for the
1% technique. Table 3.18 shows the design points and specifications for the 1% technique. The
environmental conditions are selected based on Suez Gulf site: latitude angle =30° N, and longitude
=32.55° E.
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Figure (3.19) A schematic diagram of solar MED-PF-TVC components: (1) Solar field, (2) Boiler
heat exchanger, (3) HTO pump, (4) MED-PF-TVC, (5) Water pump.

3.4.2 Solar SMED-PF-MVC: 2™ technique

The multi-effect distillation—mechanical vapor compression process (MED-MVC) is one of the
attractive techniques for remote and small population areas. The MED-MVC is compact and confined.
The system is driven by electric power; therefore, it is suitable for remote population areas. The MED-
MVC can also be driven mechanically by diesel engine. Another advantage of the MED-MVC system is
the absence of the down condenser and the cooling water requirements. The MED-MVC system is a
viable alternative to the reverse osmosis (RO) systems. The barrier to achieving this potential is the
absence of a specially designed steam compressor of a capacity comparable to that of the multi-stage
flash