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Abstract

A comprehensive analysis on the evolution of main evaporative desalination technologies
is performed in this thesis, from the simplest configurations (single stage and single
effect) to more complex and efficient solutions. In the first part, mathematical models
are developed for MSF, MED, MED-TVC and MED-MVC systems, and simulations
are run for different design conditions. The thermodynamic models, solved with EES
software, utilize accurate properties for seawater, brine and pure water. Simulation
results are discussed according to usual performance parameters (Performance Ratio
PR and Recovery Ratio RR) along with a newly defined metric based on primary
energy at input.

The second part of this work analyzes the performances of the above mentioned de-
salination systems through an exergy analysis based on SPECO method. In particular,
a new approach is illustrated for the definition of fuel and product exergies accordingly
to the real purpose of desalination plants. Decrease of chemical exergy related to fresh-
water mass flow rate is considered as system product, while all other exergy variations
(decreases or undesired increases) are considered at the fuel side. Investigating perfor-
mance of desalination systems through the newly defined approach for exergy analysis
stressed out critical aspects of PR and RR. In addition, a comparison is done with other
approaches for the calculation of exergy analysis, which points out the differences in
exergy efficiencies due to different definitions of fuel and product of the desalination

system.



Sommario

In questa tesi viene presentata un’analisi approfondita sull’evoluzione delle principali
tecnologie evaporative di desalinizzazione, partendo dalle configurazioni pitt semplici
(singolo stadio e singolo effetto) per giungere a quelle pitt complesse e performanti.
Nella prima parte vengono sviluppati i modelli delle tecnologie MSF, MED, MED-TVC
e MED-MVC, il cui funzionamento viene simulato in diverse condizioni di progetto. I
modelli termodinamici, implementati nel software EES, fanno riferimento a proprieta
accurate dell’acqua di mare, della salamoia e dell’acqua pura. I risultati delle simulazioni
vengono discussi, in questa prima fase, facendo riferimento ai parametri di prestazione
abitualmente utilizzati per I’analisi dei sistemi di desalinizzazione: Performance Ratio
(PR) e Recovery Ratio (RR). Contestualmente, viene introdotta una nuova definizione
di rendimento energetico basato sull’energia primaria in ingresso al sistema.

La seconda parte della tesi invece analizza i suddetti sistemi di desalinizzazione tra-
mite un’analisi exergetica basata sul criterio SPECO. In particolare, viene seguito un
nuovo approccio nella definizione di fuel e prodotto exergetici, coerente con lo scopo pro-
duttivo del sistema: la diminuzione di exergia chimica associata alla portata di massa
desalinizzata costituisce I'unico prodotto desiderato del sistema, mentre le le altre varia-
zioni di exergia, siano esse decrementi o incrementi non desiderati, vengono considerate
parte del fuel. Dall’analisi dei sistemi secondo questo nuovo criterio, emergono alcune
criticita dei parametri PR e RR utilizzati in precedenza. Vengono infine illustrati i valori
del rendimento dell’'impianto utilizzando diverse definizioni, mettendo in evidenza come
diversi approcci, soprattutto nella definizione del fuel exergetico, possano condurre a

valori anche molto discordanti.
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Chapter 1

Introduction

Over the last decades, unsustainable development pathways have strongly compromised
quality and availability of water resources. Rapid growth of urban areas and climate
change are two of the main causes of the increasing number of regions that will suffer
from water scarcity in the immediate future [22, 42]. In such a critical context, desali-
nation systems started to be considered a viable option to produce freshwater, despite
being energy-intensive technologies. Hence, it is essential to understand which working
parameters affect the performance of desalination plants in order to move towards more
sustainable processes. Among different desalination systems, evaporative technologies
have the possibility to be powered, for instance, by solar thermal power plants or by low
temperature waste heat resources. Therefore, despite being far from being considered
efficient, they could represent the best option for applications in arid areas.

Many studies have been conducted on the performance analysis of evaporative de-
salination plants, even though most of them do not report an organic analysis of the
evolution of configurations and design parameters of evaporative systems. More in de-
tail, many of the analyses found in the literature on the performance of evaporative
systems report evaluations based on different metrics, which makes it difficult to com-
pare one technology to the others or to evaluate the best configuration among different
ones.

Objective of this thesis is to present the evolution of evaporative systems for seawater
desalination, starting from the simplest configurations (single effect and single stage
configurations) and ending up with more complex and efficient solutions. For this

purpose, analysis of configurations proposed in the literature is performed at first, in



order to understand working principles of the processes and to individuate the adequate
parameters to describe the systems.

In the first part of Chapter 2, main desalination technologies available nowadays are
described, so as to give a general framework of the object of the thesis. The second
part of Chapter 2 illustrates metrics utilized so far for delineating the performance of
desalination processes, focusing on critical aspects of these parameters.

Thereafter, in Chapters 3 to 6 mathematical models are built for the most significant
evaporative configurations: Multi Stage Flash (MSF), Multi Effect Distillation (MED),
Multi Effect Distillation with Thermal and Mechanical Vapor Compression (MED-TVC
and MED-MVC). Models are validated with experimental data found in the literature
and simulations are run under different design conditions. Models are solved with
Engineering Equation Solver (EES) [49], which does not require a solution algorithm
as those ones used in most previous studies.

Finally, Chapter 7 reports exergy analysis for different desalination configurations
according to an exergy efficiency defined with a novel approach based on an accurate
investigation of real processes and on the productive goal of the global system. A

comparison is then presented among different definitions of efficiency.



Chapter 2

Desalination Technologies

Desalination technologies differ one from another according to the way dissolved salts
are separated from seawater. Although this work analyzes the evolution of evaporative
technologies, it is worth give a brief description of other types of desalination. The
aim of the first part of this chapter is to describe the main features of both thermal
and membrane technologies. In the second part, performance parameters utilized so far
to analyze desalination systems are illustrated. An alternative definition of energetic
efficiency is hence given at the end of this Chapter in order to overcome some critical

features of other metrics.

2.1 Classification of Desalination Technologies

Desalination technologies can be classified according to different characteristics. The
most diffused classification divides desalination technologies in thermal and membrane
desalination systems. Among thermal desalination technologies it is worth mention:

Multi Stage Flash (MSF), Multiple Effect Distillation (MED), Mechanical and Thermal

Vapor Compression (MVC and TVC), Vacuum Freeze Desalination (VFD), Humidification-

Dehumidification (HDH), Solar stills. Membrane technologies include: Reverse Osmosis

(RO), Electrodialysis (ED), Forward Osmosis (FO), Membrane Distillation (MD).Desalination

technologies can also be classified according to the type of energy used in the pro-
cess.Table 2.3 and 2.2 show the two classifications of desalination technologies.
Beside evaporative technologies (MSF and MED), analyzed in this work, it is worth

give a brief description of working principles of the other technologies.
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Sea or Ocean Temperature (°C) TDS (ppm)

Baltic Sea 10 7000
Black Sea 20 20000
North Atlantic 17-25 29000
Pacific Ocean 25-30 33600
Atlantic South 25-30 36000
Adriatic Sea 26 31400
Indian Ocean 30-35 33800
Mediterranean 27 39000
Red Sea 30-35 43000
Arabian Gulf 30-35 50000
Australian Shark Bay 20-25 70000

Table 2.1: Temperature and Total Dissolved Salts in various Seas an Oceans. Temper-

atures refer to June 2018. |1, 60]

2.1.1 Membrane Technologies

Membrane are used in two commercially important desalting processes: Electrodialy-
sis (ED) and Reverse Osmosis (RO). Each process uses the ability of membranes to
differentiate and selectively separate salts and water. However, membranes are used

differently in each of these processes, as described in the following sections.

Reverse Osmosis(RO)

Electricity to Membrane
Pump Assembly

| Fresh
V_Vater_ I Post- |, Fresh

Saline | Pre= f T Treatment | Water
Feodwater o] Treatment i + i
ar

4
Brine:

Figure 2.1: Reverse Osmosis Unit [58]

Reverse osmosis is a membrane separation process in which the water from a pres-

surized saline solution is separated from the solutes (the dissolved materials) by flowing

4



Type of process Technology Different configurations
Once Through
Brine Mixing
MSF
Brine Circulation
Vapor Compression
Thermal TVC
MED
MVC
VFD —
HDH —
Seawater
RO
Low salinity brackish water
Membrane ED B
FO -
MD -

Table 2.2: Thermal and membrane desalination technologies.



Type of Separation Energy used Process Desalination method

MSF
MED
Water from salts Thermal Evaporation
TVC
Solar distillation
Water from salts Thermal Filtration/Evaporation MD
Evaporation MVC
Water from salts Mechanical
Filtration RO
Electrical Selective Filtration ED

Salts from water
Chemical [onic exchange Ionic exchange

Table 2.3: Classification of Desalination Technologies according to the type of energy

utilized.

through a semi-permeable membrane. No heating or phase change is necessary for this
separation. The major energy required for desalting is to pressurize the feed water to
a value higher than its osmotic pressure (about 28 bar) in order to be able to separate
salts from water. Industrial plants normally pump the feed water to a pressure of 60-70
bar. In practice, as shown in Figure 2.1, saline feed water is pumped into a closed vessel
where it is pressurized against the membrane. As a result, a portion of feed water passes
through the membrane and, after a post treatment unit, is collected as fresh water. The
remaining part of feed water(from 20 to 70 % of the feed water), with increased salt con-
tent, is discharged without passing through the membrane. This controlled discharge is
fundamental to avoid problems such as precipitation of superheated salts and increased
osmotic pressure across the membranes. Pretreatment unit is essential to guarantee
that membrane surface remains clean; it usually consists of fine filtration and addition
of chemical additives to inhibit precipitation and fouling on the membrane. Recent RO
plants also provide for an energy recovery system (generally pressure exchangers) which
increase pressure of feed seawater before entering the high pressure pump thanks to

energy recovered from the rejected brine stream.|11, 14, 48, 58].
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Electro-dialysis (ED)

Selective
Membranes

/6'- Positive Pale
Electric Charge
Electrode
—* Clean Water

Brine «—

Figure 2.2: Electro-dialysis Unit [5§]

Electro-dialysis desalination process consists of a separation of dissolved salts from
water thanks to two electrodes with opposite charged. Dissolved ionic constituents in a
saline solution, such as chloride (-), sodium (+), calcium (++) and carbonate (-), are
dispersed in water, effectively neutralizing their individual charges. When flowing in
the ED unit, salt ions tend to migrate to the electrode with opposite charge. Anion-
selective and cation-selective membranes are utilized in this process to trap ions and
prevent further movements towards the electrodes, thus leaving only concentrated and
diluted solutions in the spaces between alternating membranes(see Figure 2.2) As for
RO, also in ED pretreatment of feed salt water is needed to prevent fouling and pollution
of the membranes. Beside classical ED there is also Electro-dialysis Reversal (EDR). In
a EDR unit, polarity of electrodes is reversed at intervals of several times in an hour,
thus switching channels of brine and product water. Reversal electro-dialysis is useful
in that it breaks up and flushes out scales, slimes and other deposits in the cells before
they can accumulate and cause problems.[17, 58|.

ED units are generally used to desalinate brackish water, since their energy con-
sumption (i.e. the current used to charge electrodes) is directly proportional to the
quantity of salts removed.

In the following section, performance parameters used to analyze desalination sys-

tems are illustrated.



Forward Osmosis FO

Forward Osmosis Reverse Osmosis

Salt Pure
o Water

‘\ Semi-permea ﬁ.le /

Membrane

Figure 2.3: Flow directions in Reverse Osmosis and Forward Osmosis [15]

As RO, also Forward Osmosis (FO) utilizes a semi-permeable membrane to separate
water from dissolved solutes. In FO however, the driving force is an osmotic pressure
gradient between a highly concentrated solution, often referred to as draw solution,
and a solution of lower concentration, referred to as feed solution (i.e. seawater stream
for desalination purposes).The draw solution can consist of a single or multiple salts,
usually for FO desalination purposes a solution containing N Hz and C'Oy is utilized.
Flow direction is thus opposite when compared to Reverse Osmosis (see Figure 2.3).
Fresh water is obtained once draw solution is heated up to a temperature of about 65 °C,
splitting into two streams:chemical additives, which will be recycled in the process, and
fresh water. FO plants are still a niche technology due to the complex construction of
membrane. However, FO systems present some advantages over RO processes: higher
conversion capacity, lower pressure needed and thus lower energy consumption, lower

need for chemical pretreatment of the feed seawater, lower amount of discharged brine.

Membrane Distillation (MD)

As suggested by the name, Membrane Distillation (MD) combines both distillation and
membrane desalination techniques.Saline water is warmed, thus producing water vapor.
Produced vapor then passes through a selective membrane, while liquid water cannot.
After passing through the membrane, vapor is condensed on a cooler surface producing
fresh water in liquid form. Product water, which cannot pass through the membrane,
is then collected and represents the plant output. Main advantages of MD technology

lie in its simplicity and the need for only small temperature differentials to operate.
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2.1.2 Thermal Technologies

Among thermal technologies, evaporative desalination plants have for sure the largest
market share, also because they usually operate in co-generation with large power plants
(MSF and MED systems). However, there are other thermal technologies it is worth
mention that will be described in the following sections. At the end, a paragraph
on evaporative desalination systems will introduce the main aspects that need to be
investigated when analyzing evaporative desalination systems. Chapter 3 to 6 will then

develop these concepts in detail.

Vacuum Freeze Desalination (VFD)

Freezing desalination process is conceptually similar to evaporative system: dissolved
salts are separated from water during the freezing process. Theoretically, freezing desali-
nation has some advantages when compared to evaporative methods due to the minor
theoretical energy involved in the process. However, this system involves handling ice
and water mixtures, which are mechanically problematic to move. Also for this reason,

VFD does not have large commercial application nowadays.

Solar Stills

=

Solar Radiation \ Glass
_/ -

Sea
Water

Basin

Fresh Water Tank Brine Tank

Figure 2.4: Solar Still [53]

A solar still is a simple device where salty (or dirty) water is heated and evaporated

by solar energy while flowing in an airtight container. Distillate water vapor then



condenses on the inclined glass surface covering the system, and is collected. Several
designs of solar stills have been developed, with different configurations and shapes of

the container, integration of solar collectors and heat exchangers. [53, 28, 19, 39, 50, 26].

Humidification-Dehumidification (HDH)

b |
humidified]

Packed bed (Y
7 A

Humidifier ——7 ¥ Dehumidifier

p

v
8 3 Pure water, M,  Seawater in,
Brine, s T
Wt

Figure 2.5: Humidification Dehumudification Unit [16]

In Humidification-Dehumidification process, a carrier gas, usually air, is saturated
with water vapor and then, through cooling and dehumidification of humid air, fresh
water is produced. HDH processes usually operate with forced fluid circulation, and
normally humidification and dehumidification processes take place in separate cham-
bers, both of them at temperatures below the boiling point of water (around 80 °C)and
at ambient pressure. HDH technology was developed to overcome low efficiencies of so-
lar stills, and is now considered a promising technique for small and medium capacities.

37, 51, 36]

Evaporative desalination technologies

Evaporative desalination technologies basically mimic the natural water cycle: by heat-
ing salt water, distillate water vapor is produced and then condensed to form fresh water.
Critical features to keep under control in evaporative desalination plants are pressure
and temperature, which influence both boiling process and scale formation. Moreover,

for desalination plants that provides for brine discharge directly in the sea, maximum

10



salinity of brine at outlet of the plant is also a parameter to keep under control. Most
plants use multiple evaporations to better utilize heat coming from the external heat
source and thus increase their thermal efficiency. Clearly, having consecutive evapo-
rations means that salt water has to be boiled at successively lower temperatures and
hence lower pressures have to be kept in the system. As mentioned before, pressure and
especially temperature are key points to control scale formation. In particular, there
are substances in seawater, such as carbonates and sulphates, that dissolve more readily
in cooler water. One of the most important is calcium sulphate (C'a.SO,), which begins
to leave solution when seawater approaches about 115°C [17]. This material forms a
hard scale difficult to remove, especially in MED plants, causing thermal and mechani-
cal problems. Controlling the top temperature reached in the system by the salt water
(Top Brine Temperature, TBT) or adding chemicals to the seawater for reducing scale
precipitation are the most common ways to control and avoid scale formation. For this
reason, MED plant can normally operate at a maximum Top Brine Temperature (TBT)
of 70°C. This is not the case of MSF plants, where the plant’s structure allows an easier

cleaning from fouling and deposits and thus TBT can reach also 120°C [17, 48].

There are several types of evaporative desalination processes that differ one from
each other basing on the way evaporation process is performed. In Multiple Effect
Distillation (MED) water vapor is produced in a boiling process, that means evaporation
takes place over a heat transfer area. In Multiple Stage Flash distillation processes
(MSF), evaporation takes place in the liquid bulk thanks to a pressure difference, and
water vapor is thus produced and condensed instantaneously in a flashing process. Both
MED and MSF need an external heat source that provides sufficient heat to evaporate
water in the first effect or stage. External heat sources could be separated power plants,
a dedicated boiler unit, compressed vapor coming from the plant itself, solar energy.
MED processes are often matched to a Vapor Compression unit, which provides the
necessary heat to the system by compressing a portion of the water vapor produced in
the last effect of the plant. Vapor Compression unit could be either Mechanical (MVC)
or Thermal (TVC); in MVC mechanical compressors are used, while TVC provides for

the use of steam jet ejectors.

According to HEATSEP method [59], it is always convenient to separate problems

of definition of the structure of the heat transfer section and definition of the rest of the
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system. A distinction is thus made among "basic" components and components involved
in the internal heat transfer (heat exchangers). Basic components are those essential
to implement the system working principle. Applying these concepts to energy systems
firstly allows to better understand the system purpose and, in a second moment, to
find the optimum heat exchangers network for the selected plant. Also for evaporative
desalination systems, an HEATSEP approach would highlight main differences among
several desalination techniques. Starting from clear definitions of each technology would
then be possible to delineate the best internal heat transfer network. In Chapters 3 to 5,
different evaporative desalination systems are described, starting from the definition of
basic components and structure. Mathematical models are then built for complex plant
configurations (multi-effect and multi-stage). Results are thus discussed and compared

with data available in the literature.

2.2 Performance Parameters of Desalination Plants

Efficiency of evaporative desalination plants is usually expressed through two different
parameters: Performance Ratio PR (or Gain Output Ratio GOR, which is similar) and
Recovery Ratio RR. Recovery Ratio is defined as:

My
Msw,’in

RR = (2.1)

where My s the mass flow rate of product freshwater and M, ;,, is the mass flow rate
of feed seawater entering the desalination plant (sum of freshwater, brine and cooling
water). PR and GOR definitions are slightly different from paper to paper. Referring
to Blessiotis et al. [60] :

e PR: quantity of distillate water produced by the plant for 2326 kJ of heat input;

e GOR: quantity of desalinated water produced (expressed in kg) per kg of heating

steam at inlet of the plant.

El-Dessouky and Ettouney [17] define PR as the ratio between mass flow rate of product
freshwater and heating steam entering the evaporator at the tube side. In addition to

PR, GOR and RR, specific electric consumption of the plant and specific area are often
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considered when talking about efficiency of a desalination plant, although specific elec-
tric consumption is mostly utilized for describing efficiency of membrane desalination
systems.

Defining efficiency of an evaporative desalination plant in this way has two main

disadvantages:

1. Having at least two different parameters to consider (PR and RR or GOR and
RR), comparison among different technologies or between different design condi-

tions of the same technology is not immediate;

2. Quality of energy required by the system is not considered; this can induce to
misleading evaluations, especially when comparing thermal driven and electrical
driven desalination processes. For example, utilization of waste heat would not
be taken into account with the present evaluation, thus leading to efficiencies
probably lower than other plant configurations which, however, utilize high quality

energy sources.

Moreover, Chapter 7 will point out that variables involved in the calculation of PR and
GOR are not always representative of the desalination plant under consideration.

Shazad et al. [52] and Lienhard et al. [25] highlight disadvantage (2) cited before
and refer PR to primary energy. In particular, they modify PR’s definition of equation
2.2 into the Universal Performance Ratio (UPR) of equation 2.3:

B 2326(k.J/kg]
Ph= 3.6[kW her/m3] 4 [EW hynerm/m3] + [kW By /m3] (22)
UPR - 2326[k.J /kg] 2:3)

3.6[kWh6[/m3] : CFl + [kWhtherm/mg] ' CFQ + [kWhT@n/mg] ' CF3

where C'F},C'Fy, and C'F; are conversion factors of the different forms of energy into
primary energy. Results of UPR are then related to the thermodynamic limit for de-
salination of 0.78kWh/m?3, corresponding to PR = 828.

In a similar way, a new efficiency definition for evaporative desalination systems is
developed in this work starting from chemical process of salts dilution in water. The

desalination process itself is energy demanding, implying to pass from a higher entropy
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state (water with dissolved salts) to a minor entropy state (freshwater and salts). In
fact, chemical reaction of salts dilution is exothermic. Considering, for simplicity, only

NaCL as salt in seawater, chemical process of salt dilution in water is:

Where E is the energy released by the process of salts dissolution in water (com-
prehending heat of dissolution, osmotic pressure and boiling point elevation). It is
experimentally evaluated that at least 0.75 kWh are needed to desalinate 1 m? of wa-
ter with salinity of 40000 ppm [48|. In addition, energy linked to inefficiencies of the
desalination plant has then to be supplied to the process. As a consequence, it makes

sense to define the efficiency of an evaporative desalination process as :

Dreal
Dmax

n= (2.5)

where D,.q is the real amount of fresh water obtained from 1 kWh of primary energy
input and D,,,, is the ideal amount of fresh water obtained from a desalination process

( 1m3

ST = 1.33m3/kWh). Equation 2.5 defines an efficiency parameter that can be

compared to an iso-entropic efficiency. In fact, as iso-entropic efficiencies compare real
processes with the ideal ones, also 17 compares the real performance of a desalination
plant, in terms of [m?/kWh]|, to the reversible chemical process. Moreover, this way
of estimating the efficiency of a desalination plant allows to take into account quality
of energy in input just by considering primary energy as input of the plant. Primary
energy can easily be determined by multiplying different forms of input energy of the
plant by the corresponding correction factor. Table 2.4 reports conversion factors of
the main energy sources utilized in desalination plants.

Also with this new definition of efficiency, value of RR is essential to estimate cooling
or dilution needs of a plant. Therefore, new parameter n only improves the evaluation
of a desalination plant’s efficiency, but does not solve the problem of having two dif-
ferent parameters to take into consideration. Exergy analysis and the delineation of an
exergetic efficiency in Chapter 7 aim to solve also this problematic.

As a conclusion to the presentation of the different desalination technologies, Ta-

ble 2.5 reports main performance parameters and temperature ranges of operation for
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Form of Energy Conversion Factor

Electrical Energy from the grid 2.18
Natural Gas 1.32
Renewable Energy 1.00
Waste heat 1.00
On-site co-generation 1.00

Table 2.4: Primary energy conversion factors used in this work for different energy

sources [54]

the different plants. reported data are average values of those found in the literature.
Even though each desalination plant has to follow precise constraints (limits on rejected
brine salinity, purpose of the plant, performance requirements, etc.), data available on
performance parameters, electrical energy required at inlet and temperature ranges of
operation clearly suggest that different technologies are suitable for different conditions.
In particular, main differences between thermal and membrane technologies are evident.
On the one hand, thermal technologies work at temperatures that are much higher than
the ones needed by membrane technologies. However, membrane technologies require
a high level of chemical pretreatment in order to avoid scale formation and fouling.
Moreover, from Table 2.5 it can be noted how the "classic" definition of efficiency of
an energy plant does not take into account quality of input energy: most of membrane
desalination plants are electrical driven, whilst thermal desalination plants often uti-
lize waste heat. By analyzing only PR and RR (or GOR and RR) it is impossible to
differentiate the two forms of energy utilized in the plants, which would therefore be
compared in a misleading way. In the following chapters different evaporative desali-
nation technologies are modeled and efficiencies are evaluated with the method just

described.

15



Unit MSF MED-TVC MED-MVC RO ED
Temperature °C 90-120 55-70 70 Ambient temperature Ambient temperature
of operation
Thermal Energy EWh/m? 70-160 40-120
consumption
Electrical Energy EWh/m? 3-5 1.5-2.5 8-15 3-5 for seawater; 1.5-4
consumption 1.5-2.5 for brackish water
Level of pretreatment -] low low very low high medium
required
Quality of product ppm < 10 <10 <10 200-500 150-500
freshwater
GOR B 8-12 12-14
Recovery Ratio % 35-45 35-45 23-41 20-50 for seawater; 50-90

50-95 for brackish water

Table 2.5: Performances of main desalination technologies.|52, 25, 17|
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Chapter 3

Multi-Stage Flash

Vacuum

Seawater |n

Steam
In @ *

.- - . -. b’ . .. -.
) ) . & &
Freshwater Out
g:! >
)

Condensate Out g

Figure 3.1: Multi Stage Flash desalination unit [58]

Multi Stage Flash desalination (MSF') was the dominant method in the 1960s. Even
though nowadays MSF is mostly replaced by MED and RO, it still represents the main
technology in some countries (North Africa and Middle East) [61]. MSF plants can
be operated at high temperatures, high turbidity and high salinity of feed seawater;
most of the times plants are integrated with power plants to produce both water and
electricity. Different flow-configurations of MSF systems are possible; the most common
are MSF once through (MSF-OT) and MSF with brine recirculation (MSF-BR). Even
though MSF-BR are the state of the art for MSF plants, MSF-OT technology is a good
starting point to analyze main operating features of this technology.

In this Chapter, MSF-OT process is described. A mathematical model is built and

simulations are run under different conditions, comparing the results with data available
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in the literature. Firstly, in a HEATSEP perspective [59], basic components of a MSF

plant are analyzed, in order to figure out the simple working principle of this technology.

3.1 Basic Structure and Components

Multi Stage Flash technology differs from MED system in the way evaporation of sea-
water is driven. While for MED systems evaporation and condensation of distillate
vapor are separate processes, in MSF desalination system they happen simultaneously
in a flash process. Feed seawater itself absorbs the latent heat of condensation of the
flashed vapor. Feed seawater has then to be heated in a brine heater in order to gain
a temperature difference sufficient to evaporate inside the stage. Hence it is clear that

for a MSF system the basic components, as shown in Figure 3.2, are:

e Brine heater;

e Flash stage.

A black-box representation of the system is given in Figure 3.3, valid for all plant
configurations, which shows input and output streams of the plant and the internal

path of each flow.

Preheated feed
seawater
Msw, Tsw P Feed seawater
W Y Il Msw, Tew
&
Y
Product
Heating steam - freshwater
Ms, Ts —» é Md
Condensed
heating steam €———
Ms,Ts Brine Heater 'y ‘
Rejected brin
p| Flash-stage Mflr

Figure 3.2: Basic components of a MSF desalination plant.

3.2 Process Description

Figure 3.1shows a simple schematic for a MSF-OT desalination plant. Heating steam

from an external source (Ms ;,) enters the brine heater in saturated vapor conditions.

18



MSF system
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Rejected brine Freshwater
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Figure 3.3: Black box representation of a MSF desalination plant.

Latent heat released by the condensing heating steam increases temperature of the
feed seawater Myeq to the Top Brine Temperature T3,¢. Feed seawater then enters
the first stage, kept at a temperature Tj,; lower than Tp,. o by ATee. Temperature
difference between each stage ATy is constant through all the stages. Pressure in
cach effect py,; is the saturation pressure at the stage temperature 7j, ;. Once entered
in the first stage, a portion of the feed seawater, My, instantaneously evaporates and
condenses in a flash process. The remaining part, My, o, flows into the second stage,
a portion of it (My2) flashes thanks to the pressure difference with the previous stage
and the remaining part M;, 3 flows into the third stage. In each stage, heat necessary
to evaporate the distillate mass flow rate My, is given by the mass flow rate of brine
from the previous effect (M, ;_1)) decreasing its temperature by AT,g.. Latent heat
of condensation of My, is transferred to feed seawater flowing at the tube side of the
stage. Feed seawater is thus preheated when flowing from the last stage to the first
one. In contrast with MED, no cooling water is needed in MSF processes. Moreover,
as mentioned before, MSF plants can operate at higher Top Brine Temperatures and

higher salinities of the feed seawater.

3.2.1 Mathematical Model

Mathematical model is built basing on mass and energy balances in each component.

Figure 3.4shows the diagram used to develop the model. Assumptions made for mod-
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Figure 3.4: Schematic diagram of a Multi Stage Flash plant used for modeling. Reported values of temperature, pressure and salinity

are referred to a plant with 15 stages.
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eling are:
e Steady state operation;
e Salinity of the distillate product is considered null;

e Heating steam (M) enters the brine heater in saturation conditions, thus only

releasing latent heat in the heat exchanger;

Mass balances in each component i are expressed as:

Z Min,i = Z Mout,i (31)

At the brine heater, preheated feed seawater coming from the tube side of the
stages is heated up to the top brine temperature thanks to the latent heat released by

the condensing heating steam. Energy balance of this process is:
Mg -rs=Ms-c, - (T'BT —Tgyp1) (3.2)

Where M is the mass flow rate of heating steam, r, is the latent heat of condensation
of heating steam, ¢, is the specific heat at constant pressure of feed seawater, 7T'BT" is
the top brine temperature and Ty, ; is the temperature of feed seawater at the end of
the preheating process through the stages.

Temperature drop in each stage is equal to ATy;q4.. Therefore, temperature in each
stage i is calculated as:

,Ti =Ti1—1- A,Tstage (33>

T; is the same for brine and distillate at stage i. At each stage, at the tube side, feed

seawater temperature is increased of ATyqge:
Tsw,i = Tfeed + (n - (l — 1)) . ATstage (34)

In equation 3.4, Ty, ; is the feed seawater temperature at the end of the preheating
process happening at stage i, n is the total number of stages and Tyeed is the feed

seawater temperature at plant inlet. Salt balances at each stage i are:
Mbr,ifl : Cbr,ifl = Mbr,i : Obr,i (35)

where my,; is the mass flow rate of non evaporated brine at the stage i and C},; is the

salinity of brine at the stage i.
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Flashing process in each stage can be modeled with equations 3.6 and 3.7, derived

from the first law of thermodynamics applied to the single stage:
Mbr,ifl cCp - Ajﬂ’stage = Md,i *Tds

Md,i *Tds = Mfeed cCp - AT’stage

Performance Ratio (PR) and Recovery Ratio (RR) are calculated as:

My
PR =
M
Mg
RR =
Mfeed

(3.6)

(3.7)

(3.8)

(3.9)

where My is the amount of product freshwater, M, is the heating steam flow rate and

M eeq is the feed seawater flow rate.

The model is validated with experimental data available in the literature. As shown

in Table 3.1, there is a good correspondence between the actual model results and values

reported by El Dessouky and Ettouney [17].

3.3 Model Simulation

Variables that can be set as independent to solve the model are:
e (s salt concentration of feed seawater;
® Tecq: temperature of feed seawater;
® Dgyin: Pressure of feed seawater;
® (b mae: maximum salinity of rejected brine;

o T} rej: temperature of the rejected brine;

e T'BT: top brine temperature (brine temperature at the evaporator);

® 15, iso-entropic efficiency of pumps;
e My total amount of freshwater produced;

e n: number of stages;
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El-Dessouky and

Unit Ettouney Model
Model [17]

n 24 24
Feed Seawater Temperature  [K] 298 298
Salinity of feed seawater [ppm| 42000 42000
Top Brine Temperature K] 379 379
Temperature drop per effect  [K] 2.75 2.75
PR 3.96 4.26
Distillate Product effect 1 [kg/s] 16.70 16.64
Distillate Product effect 2 [kg/s] 16.61 16.57
Distillate Product effect 3 kg /s 16.53 16.49
Distillate Product effect 4 [kg/s] 16.45 16.41
Distillate Product effect 15 |kg/s] 15.58 15.59
Distillate Product effect 16  |kg/s] 15.50 15.52
Distillate Product effect 17 |kg/s] 15.43 15.45
Distillate Product effect 23 |kg/s] 14.98 15.02
Distillate Product effect 24 |kg/s] 14.90 14.95

Table 3.1: Model validation: MSF model results compared to literature data [17]
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o AT, temperature drop per stage;
e ATy, minimum temperature difference at the brine heater.

Cy, Tteea, ATy, and 1,5, are fixed from external conditions, depending on charac-
teristics of feed seawater and machines (pumps) utilized in the plant. All the other
variables listed before can be either fixed as independent or calculated by the model.
Choice of independent variables depends on how the model is utilized. In contrast with
MED plants, MSF plants do not have requirements on maximum top brine tempera-
ture to avoid hard scaling. Moreover, MSF plants can cope with high salinity of the
feed seawater and slightly increase the salinity of the rejected brine. Therefore, it was
decided not to fix Cj 4, as an independent variable. Pressure of feed seawater pgy in
is set at 6.5 bar, an indicative value high enough to win pressure losses in the system
(as for the other plants previously described, pressure of feed seawater does not directly
influence the system performance; obviously, higher values of ps,, i, would require higher

pumping power).

7_ —0—n=5
L —n=10
6L —-n=11

PR [-]

330 340 350 360 370 380 390 400
TBT [K]

Figure 3.5: Performance Ratio of a MSF plant as a function of number of effects n and

Top Brine Temperature T'BT'.

Number of effects (n) is set as independent variable in order to determine perfor-

mance parameters in different design conditions. n strongly affects other parameters
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Figure 3.6: Performance Ratio of a MSF plant as a function of Top Brine Temperature

and salinity of the feed seawater.
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Figure 3.7: Recovery Ratio RR as function of number of effects n and Top Brine

Temperature T'BT of a MSF plant.
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of the plant, thus representing a key point in the design of the entire process. Tem-
perature of the rejected brine (7},,.;) can be set as independent in order to cope with
environmental constraints on plant output. Having set both n and T ,.;, it is sufficient
to set just one variable among top brine temperature T'BT (or temperature of heating
steam (7)) and temperature drop per effect (AT, ), because the other one will be cal-
culated by the model. Adjusting value of minimum temperature difference at the brine
heater (ATy,), allows to control top brine temperature of the plant. Figures 3.5 to
3.7 illustrate main working parameters for the MSF plant described in Table 3.1. As
mentioned before, seawater salinity does not affect performance of the plant. On the
contrary, Performance ratio (PR) strongly depends on Top Brine temperature 7'BT and
number of stages n. In particular, for a fixed number of stages n, higher T'BT result
in a drop of PR. This is due to the fact that increasing top brine temperature means
increasing the temperature drop per stage, thus decreasing the thermal coupling at the
heat exchangers (i.e. the efficiency of heat exchange itself ). Number of stages affects
PR at lower Top Brine Temperatures, while it is less influent for higher values of T'BT'.
On the other hand, Recovery Ratio is slightly affected by different values of T'BT’, but

strongly depends on number of stages.
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Chapter 4

Multiple Effect Distillation

Multi-Effect Distillation (MED) represents one of the most widely used desalination
techniques. It is based on the working principle of Single Effect Distillation, but it has
better thermal performances due to the higher number of effects that allow to better
utilize the heat provided from the external source.

In this Chapter, basic components of MED are described, working principle of MED
is shown and mathematical model is built. Simulations are run in different conditions,

and the model is validated with experimental results found in the literature.

4.1 Basic Structure and Components

Multiple Effect Distillation (MED) provides for the evaporation of salt water thanks to
heat provided by an external heating source in order to form two streams: fresh water
vapor and brine. Distillate water vapor has then to be condensed to obtain the desired

output of the plant, fresh water. Basic components of a MED plant are therefore:
e Evaporator
e Condenser

Figure 4.1 reports the schematic diagram of a Single Effect Distillation system,
that is the configuration of MED that provides only for the basic components. Intake
seawater enters the condenser in the tube side. Here its temperature increases from
T to Ty thanks to the heat provided from the condensing fresh water vapor (My)

coming from the evaporator. The increase in the feed seawater temperature is essential
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Figure 4.1: Schematic of Single Effect Evaporation, i.e. MED with only basic compo-

nents.

to improve the thermal performance of the process. However, mass flow rate of feed
seawater M alone is not enough to condense the freshwater vapor M, produced in the
effect. Therefore, intake seawater mass flow rate comprehends cooling water flow rate
(M,,), which is then rejected back to the sea after the condenser. The preheated feed
seawater (My) is then sprayed into the evaporator. At the same time, steam from an
external source (Mj) is introduced in the tube side of the evaporator. While flowing in
the tubes bundle, the heating steam condenses, releasing its latent heat to the falling
film of sprayed seawater. As a result, the feed seawater is heated up to the boiling
temperature Th, and a part of it (M) is able to evaporate. The generated vapor flows

through a demister to remove the entrained brine droplets.

More in general, a MED desalination plant could be represented as a "black-box",
which takes into account only flows entering and exiting from the whole system. Figure
4.2 thus represents all possible configurations of MED, highlighting also all the internal
connections of the plant. Schematic representation of a MED system of Figure 4.2 is
the starting point of complex analysis, such as exergy analysis performed in Chapter 7.
Following sections will analyze more in detail MED plants, in which several evaporations

(several "effects") improve the thermal performance of the whole system.
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Figure 4.2: Black-box representation of a MED desalination system.

4.2 Process Description
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Figure 4.3: Multi Effect Distillation unit [58]

MED plant can have different flow configurations: forward feed, parallel feed and
backward feed. The latter is not industrially utilized. In this Chapter, parallel feed
configuration is analyzed. Figure 4.3 shows a schematic parallel feed diagram for a
basic MED plant. Heating steam from an external source (M ;,,) enters the evaporator
and condenses, releasing latent heat necessary to vaporize feed seawater in the effect
(M; ;). Brine (M,, ;) and distillate water vapor (Mg ;) are produced in the effect: brine
is rejected and distillate vapor is transferred to the following effect, where it releases
latent heat to the feed seawater entering that effect. This process is repeated in all the

effects. Distillate vapor from the last effect (M,,,) enters the condenser together with
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the feed seawater (Mg, ;n) and the cooling seawater (M., ). Seawater, absorbing latent
heat released from the distillate water vapor, increases its temperature from T, to
Tswout- As for Single Effect Evaporation (SEE), increase of feed seawater temperature
is essential to improve thermal performance of the system. The role of cooling water is
to absorb the excess heat added to the system by the heating steam in the evaporator.
[17]. After the condenser, the cooling water flow rate (M., ) is dumped back to the sea

or salt water source and the rest of the feed seawater (My..q) is sent to the effects.
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Figure 4.4: Calcium sulfate solubility and top brine temperature for parallel feed mul-

tiple effect evaporation. [17]

The nature of chemical additives to control scale formation dictates the magnitude
of boiling temperature of the feed seawater in the evaporator. Temperature in each
effect is decreasing when going from evaporator towards the condenser, according to the
minimum temperature difference in each effect AT,,;, (see Figure 4.5). Thus, pressure
decreases when going from evaporator (first effect) towards the condenser, being the

effect’s pressure the saturation pressure at the temperature in the effect.

Salinity of the brine stream leaving each effect is close to solubility limit of C'aSO,

at brine temperature of the fist effect (Figure 4.4).
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Figure 4.5: Thermal profiles of a Multi Effect Distillation plant used for modeling.

Boiling Point Elevation is not represented in the scheme for simplicity.

4.3 Mathematical Model

Figure 4.6 shows the diagram used for developing the mathematical model of a basic

MED plant. Assumptions made for modeling are:
e Steady state operation with negligible heat and pressure losses;
e Salt concentration in the distillate product is considered null;

e Heating steam (M ;,) enters the evaporator as saturated vapor, thus it only

releases latent heat in the heat exchanger;

e Distillate water vapor produced in evaporator and effects is in saturated vapor

conditions;

e Seawater properties are calculated with correlations developed by Sharqawy et al.

[54];

e Properties of pure water are calculated thanks equations of state incorporated in

EES software;

e Salt concentration of the rejected brine at the evaporator is calculated from the
correlation developed by El-Dessouky and Ettouney [17] (salt concentration is

expressed in [ppm|, temperature expressed in Celsius degrees):
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Figure 4.6: Schematic diagram of a Multi Effect Distillation plant used for modeling.

to a MED plant with 5 effects.

Values of temperature and pressure reported refer
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Cy = 0.9 - (457628.5 — 11304.11 - T,) + 107.5781 - T} — 0.360747 - T}

Mass balances in the i-th component are:

Z Mzn,z = Z Mout,i
7 i
In the effects the salt balance is :
Mfeed . Cfeed = Mbrine : Cbm'ne + Mdistillate : Cdistillate

where C is the salt concentration of the streams.

Energy balance for each effect is:

Mdistillate,(i—l) " Tdistillate,(i—1) — Mfeed,(i) * CPfeed,(i) (Tb’rine,(i) - Tseawater,out)+
+Mdistillate,(i) * Tdistillate, (i)
Boiling point elevation was calculated as in equation 4.5 [17]
BPEg) = Aty * Sor o) + Ba) * Sy + Cty * St
with
Ay =8.325-1072 4+ 1.883 - 107" - Tjy 5y +4.02-107° - Ty, ;)

By = =7.625-107" 4+ 9.02- 107 - Ty ) — 5.2- 107" - T3

Clyy=1522-107"=3-10"°- T 5y — 3-107° - T3

(4.1)

(4.2)

(4.3)

(4.6)

where T is the temperature in Celsius degrees and Sy, (;) is the salt weight percentage.

Model was validated with data available in the literature for real plants. Comparison

between model and real data is reported in Table 4.1.
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Dessouky
Unit and Ettouney [17] Model

n -] 4 4

Performance Ratio -] 3.7 3.6
Recovery Ratio -] 0.62 0.64
Heating steam temperature  [K]| 333 333

Table 4.1: Model validation: MED model results compared to literature data [17]

4.4 Model Simulation

Variables that can be set as independent in order to solve the model are:
o ('t : salt concentration of the feed seawater;
® Cmar: Mmaximum salt concentration of the rejected brine;
e A T,,, : minimum temperature difference at each heat exchanger;
o My, ror : total amount of freshwater produced;
o T in @ temperature of heating steam from the external source;
o M, ;n: mass flow rate of heating steam;
e n : number of effects;
® Tou.in: inlet temperature of feed seawater in the preheater/condenser;
® Dsw.in: pressure of feed seawater entering the preheater/condenser;
e AT, temperature increase at the down condenser;
o Ty ou: temperature of the preheated feed seawater.

C and Ty n, temperature and salinity of the salt water source (Table 2.1), result
fixed from external conditions. The other variables mentioned before can be either
fixed as independent or calculated. Choice of independent variables depends on how

the model is utilized. For example, one possible choice could be to set Chmaz, M fuw tot
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and n as independent variables. This allows to analyze the plant performance with a
fixed output (M py ot set at 1 kg/s for all calculations) and see which inputs are needed
(temperature and mass flow rate of the heating steam, feed seawater and cooling water
and temperature drop at each heat exchanger) in order to meet constraints on Ch qq-
Pressure of feed seawater pg, n is set at 6.5 bar (enough to win pressure losses in the
system; this value does not directly influence the performance of the plant in terms of
performance parameters calculated in the model, even though in real plants pressure
losses play a key role in operation costs). The difference (T out-Tswin) is set at 5 K
([17]). The model is run for different values of heating steam temperature Ty ;,, for a
plant with a certain number of effects, calculating the minimum temperature drop at
each heat exchanger (AT,,;,). Higher heating steam temperature means higher AT},
and thus lower costs, but also lower performance of the system. On the other hand,
low temperatures of the heating steam require lower AT,,;, at the heat exchangers
(considering that constraints on Cj 4, remain the same), resulting in higher costs and
higher performances of the process. More detailed analysis on MED performance can be
done referring to exergetic efficiency instead of Performance Ratio and Recovery ratio
(Chapter 7).

With the same model it is also possible to analyze systems with different number of
effects, thus evaluating how n affects the overall system efficiency. Figures 4.7 to 4.11
reports system performance parameters obtained in the model as functions of heating
steam temperature at inlet of the evaporator, number of effects and feed seawater
salinity:.

As mentioned before, Cj 4, can be chosen as independent variable because it is
normally constrained to environmental limits to avoid heavy impacts on ecosystems.
Being the concentration of salts in the rejected brine a function of brine temperature (see
Figure 4.4), value of Cj 4, also defines the brine temperature at the last effect 7j,,, and
hence in all the other effects. As a result, limitations on Cj 4, point out temperature
ranges of operation for the plant. As an alternative, Top Brine Temperature can be fixed
as independent variable. In this case, however, it will be necessary to check whether
value Cj 4, meets environmental constraints or not.

Figures 4.7 and 4.8 show that Performance Ratio is decreasing at increasing top

Brine Temperature. This is due to the fact that at higher TBT lower salinity can be
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Figure 4.7: Performance Ratio PR of a MED plant as a function of feed seawater salinity

C'y and Top Brine Temperature T'BT.

T ! T i T T T T T
7,2 4
6,3 4
: 5747 4
14
o L ]
450 \ .
3,61 —0-n=s .
I ——n=5
I . 1 . 1 n 1 n 1
324 328,5 333 337,5 342

TBT [K]

Figure 4.8: Performance Ratio PR of a MED plant as a function of number of effects n

and Top Brine Temperature T'BT'. Feed salinity of seawater is set at 36000 ppm.
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Figure 4.9: Recovery Ratio RR of a MED plant as a function of number of effects n
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Figure 4.11: Efficiency parameter 7pyimaqry defined in Chapter 2 represented as a function

of number of effects n and Top Brine Temperature.

reached at the evaporator to avoid precipitation of C'aSO4. As a consequence, higher
amount of brine will be produced per effect and hence higher amount of feed seawater
will be supplied to each effect (amount of distilled vapor is fixed). In order to evaporate
higher amounts of feed seawater, higher amount of heating steam is required at the

evaporator, thus decreasing PR.

In addition, PR also decreases for higher salinities of feed seawater (Figure 4.7) and
for lower number of effects (Figure 4.8). On the one hand, higher salinities of feed
seawater would increase the amount of necessary feed seawater and hence the mass flow
rate of heating steam that must be supplied at the evaporator (see salt mass balance in
eq. 4.3). Also, it should be noted that the influence of feed seawater salinity is higher at
higher temperatures (and so at lower values of Cp4.). On the other hand, increasing
number of effects will augment internal reutilization of heat, thus decreasing the need

of heat supplied at the evaporator.

Figure 4.9 depicts Recovery Ratio RR as a function of Top Brine Temperature TBT
and number of effects n. Increasing number of effects results in better heat reutilization
in the plant, thus improving its performance. In contrast with PR, RR increases for

increasing TBT. This is due to the decreasing mass flow rate (Figure 4.10) that has to
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be supplied to the plant at higher temperatures.
Finally, trend of efficiency parameter n based on primary energy is reported in
Figure 4.11. In this case, n has te same tendency of PR: increasing at higher number

of effects,decreasing at higher temperatures.
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Chapter 5

Multiple Effect Distillation with

Thermal Vapor Compression

Demister
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Figure 5.1: Multi Effect Distillation unit with Vapor Compression 58]

Desalination techniques based on vapor compression rely on heat generated by the
compression of water vapor produced by the desalination plant itself to evaporate salt
water in the evaporator. Two methods are available: thermal vapor compression (TVC)
and mechanical vapor compression (MVC). Basic components of MVC and TVC, in a
HEATSEP perspective, are exactly the same if the motive steam at inlet of the steam
ejector in TVC is water vapor. Otherwise there will be some differences in the basic
configuration. In this Chapter, MED-TVC system will be analyzed, while in Chapter
6 MED-MVC is described.
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The advantage of MED-TVC, when compared to classical MED systems (Chapter
4), is the possibility to re-utilize part (or the whole) of the distillate vapor produced by
the plant as heating steam at the evaporator. When disposing of a high pressure steam
flow it is possible, through a steam ejector, to compress a portion (or the whole) of the
mass flow rate of the distillate vapor exiting the evaporator. This leads to an internal
regeneration, thus decreasing the need of heat from an external source. For MED-TVC
systems, two situations must be considered, depending on the quality /nature of the
motive steam at inlet of the steam ejector. In the following section, basic components

of MED-TVC plants are described in the two possible situations.

5.1 Basic Structure and Components

As just mentioned, basic components of a MED-TVC desalination plant depend on the

quality of motive steam entering the steam jet ejector. The two possible situations are:
1. Motive steam is freshwater vapor;

2. Motive steam is not freshwater vapor, but a different substance that will pollute

the distillate vapor entrained by the ejector.
In the first case, basic components are:
e Evaporator/Condenser;
e Thermal Compressor (steam ejector).

Under these conditions, the whole mass flow rate of distillate vapor produced at the
evaporator will be entrained by the steam ejector, where it will mix wit the motive
steam. In contrast with simple MED plants, there is no need of condenser, since the
mixture of distillate vapor and motive steam -once compressed- is directly condensed
at the tube side of the evaporator, producing freshwater.

For the second case, i.e. "polluting motive steam", basic components are:
e Evaporator;

e Thermal Compressor (steam ejector);
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Figure 5.2: MED-TVC plant with potable motive steam entering the steam ejector

provided only with basic components.
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Figure 5.3: Black-box representation of MED-TVC systems in case of potable motive

steam.
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Figure 5.4: Schematic diagram of basic components of MED-TVC system with non-

potable motive steam entering the steam ejector.

MED-TVC system
Polluting motive steam
«— Motive steam
Pumni yoTTTTTTnTTmmnTmmmmmammnnt Mmot
mpingpower — g i
' . Cooling wat
! ---- Entrained vapor  [--- p oo mETEE
' Mew
' . Mentr \
Condensate of E j _________ j o Seawater feed
compressed vapor' T :' TTaTTRTeet i [ Msw
Mmot+Mentr R 5
Rejected brine Freshwater
Mbr Md=(Msw-Mcw-Mbr)

Figure 5.5: Black-box representation of MED-TVC systems in case of non potable

motive steam.
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e Condenser.

In fact, if the motive steam entering the steam ejector is not water, it will pollute the
mass flow rate of distillate vapor entrained by the steam ejector. Therefore, the mixture
of motive steam and entrained distillate vapor -once condensed at the evaporator- will
not be freshwater. In this case, only a portion (M., )of distillate vapor produced at the
evaporator (My)will be sent to the steam ejector (this is a decision variable that depends
on the characteristics of the steam ejector). The remaining part (Mg — M,,,) has to be
condensed in order to produce freshwater, and thus a condenser is needed. As seen for
classical MED, cooling water flow rate is needed at the condenser. Figures 5.2 and 5.4
show the schematic diagrams of MED-TVC (more precisely, single effect distillation unit
with thermal vapor compression) systems with only basic components in both situations
(1) and (2). Adding effects to these configurations will lead to better utilization of
heat provided at the evaporator, improving thermal performances of the whole plant.
Moreover, it is possible to increase the efficiency of the system by preheating the feed
seawater in a heat recovery unit. In general, all configurations can be represented as
black boxes as in Figures 5.3 and 5.5, which also report global internal paths of the
different streams.

As for MED, there are different configurations of MED-TVC plants (forward feed,
parallel feed and backward feed). Each arrangement differs from the other in the flow
direction of heating steam and evaporating brine. In this section, parallel feed configu-

ration is described and mathematical model is built for this arrangement.

5.2 Process Description

Figure 5.6 shows the plant flow-sheet for a MED-TVC desalination system with parallel
flow configuration. Motive steam (considered as potentially pollluting in order to model
the most general situation) from an external source (M,,,) enters the steam jet ejector
at a pressure P, (usual values of p,,, are in the range of 15-45 bar). The thermal
vapor compressor entrains and compresses a portion (Me,,.) of the vapor generated in
the last effect of the plant (M,,). Compressed steam Mg, ;, (considered in saturated
vapor conditions) flows into the tube side of the evaporator (that is also the first effect)

and condenses. Latent heat released by M, ;,, is transferred to the feed seawater entering

45



Steam Ejector

344.2 EsE
0.3262 bar 15 bax
™
- o
Heating steam Motive steam
Mst_in 7y m_mot, p_mot
0.241 par| Enirained
_ Vapor
m_entr, p_entr
_ 308 K
344.2 K e T e . i e F Y >
0.3262 bar i _ X Total Feed Cooling water
308 K 308 K 308 B flowrate 337.3 K . B Mew
Feed . Mfeed 5241 bar Distillate Vapor
owrate| Feed flowrate _ Feed flowrate From last effect
Mffa] Milz] Distillate ! Mfln] Distillate F Md[n]+Fln]
342.1 K vapor vapor wmwww M
0.2976 bar Md[2] E&WTE@ _ Md[n] - ar
. 4 [pistlace ' [y A o A Preheated
> v
. . vapor . seawater
341.2 K Md[1] Msw_out 298 ©
1 par [} > \<</ [ _ @A'
Condensate, . Distillate Condensate Intake seawater
Heating steam Md[1] vapor Md[n-1]+F[n- Msw_in
condensate _ Md[n-1]+Fln
Mst_out -
Flashed Vapor _ Flashed Vapor
Flz] . Fln]
343 K A 4
0.2876 K _ 330.8 K
62764 ppm Flash-Boxe | ——p . — — — — — Flash-Boxn |——#» — — — — — — — o) >
Rejected brine Rejected brine Product _ Product Rejected brine Product "\ Produet o
of the first effact of effect 2 Freshwater Freshwater of effectn Freshwater Fraeshwater
Mbr([1] Mbr[2] Mfwl2] _ Mfwln-1] Mbr[n] Mfwln] Md
340.1 K
= P - — - - - == = P - - = - - = = = - - V\ﬂ - —
g Rejected Brine
Mbr

Figure 5.6: Schematic diagram of a Multi Effect Distillation plant with Thermal Vapor Compression used for

pressure and temperature reported on the diagram refer to a 5 effects plant.

modeling. Values of

Ne]
<t



the first effect (M) , vaporizing it. Brine (M, 1) and distillate water vapor (M) are
produced in the effect. Brine salinity in the first effect is approximately the solubility
limit of CaSO, at that temperature (see Figure 4.4).Distillate water vapor then flows
into the tube side of the following effect, acting as heating steam for that effect. This
process is repeated till the last effect. As mentioned before, a portion of the distillate
water vapor produced in the last effect is entrained by the steam jet ejector. The
remaining part (Mg, — Men,) flows into the down condenser and condenses, releasing
its latent heat necessary to preheat the entering feed seawater (Ms,). As for MED, also
with TVC cooling water (M.,) is needed in order to remove the excess heat added to
the system in the evaporator. After the condenser, cooling water is dumped back to
the salt water source, and the remaining feed seawater (M fe.q) is sent to the effects.
Thermal profiles are the same of MED (see Figure 4.5 in Chapter 4). Also in this
case, in each effect vapor is generated under saturation conditions, thus pressure is

decreasing when proceeding from first to last effect.

5.3 Mathematical Model

Assumptions made for modeling are the same made for MED system (see paragraph 4).
MED-TVC’s mathematical model differs from the MED’s one only for the equations
regarding the Thermal Vapour Compressor. Therefore, only equations referred to ther-
mal compression device will be reported in this section. Figure 5.7 reports variables

involved in the steam ejector.

Steam ejector

M_st,in M_motive
_ p_st,in,T_stin _mot, T_mot
|

M_entrained
p_entr, T_entr

Figure 5.7: Schematic diagram of variables involved in steam ejector in a MED-TVC

plant.

Mass balance at the steam jet ejector is:
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Unit Rabigh Model Tripoli Model

Plant [3] Plant [5]
n K] 6 6 4 4
Dmot|bar] [bar| 17 17 23 23
Top Brine Temperature K] 343 343 333.1 333.1
Minimum Brine Temperature K] 322.4 322.5 318.4 318.4
Temperature drop per effect K] 4.1 4.1 4.9 4.9
Feed Seawater Temperature K] 305 305 314.5 314.5
Seawater Temperature K] 296 296 304.5 304.5
Mass flow-rate of Motive steam [kg/s] 7.06 7.06 8.8 8.8
Entrainment Ratio -] NA 1.1 1.14 1.27
Expansion Ratio -] NA 153.2 NA 258.1
Compression Ratio K] NA 3.32 NA 2.79
Distillate Flow Rate [ke/s| 57.9 58.04 57.8 57.7
GOR ] 8.2 8.2 6.51 6.56

Table 5.1: Model validation: MED-TVC model results compared to literature data
3, 5]
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Mst,in = Mmot + Mentrained (51)

Expansion Ratio (ER) and Compression Ratio (CR) are defined as:

ER = Pmet (5.2)
Pentr

CR = Pst,in (53)
Pentr

Both ER and CR are key values to calculate the entrainment ratio R, of the steam

jet ejector:

Renir = (54)

To calculate the entrainment ratio is the most important part in modeling the MED-
TVC systems. An optimum value of this ratio will improve system performance by
reducing the amount of motive steam [2]. In this work, entrainment ratio is calculated
using the semi-empirical model presented by El-Dessouky and Ettouney [17|. According

to semi-empirical model, entrainment ratio can be calculated as follow:

- \1.19
(pst,m)l = ER1.05 (55)

Repir = 0.235 -
! (pentr) ’

Semi-empirical model is not the only possible way to evaluate entrainment ratio, but
it is the simpler one. However, semi-empirical model is only applicable when motive

stream is steam and entrained stream is water vapor [17, 2|.

5.4 Model Simulation

Variables that can be set as independent to solve the model are:
e (y: salt concentration of the feed salt water;
® Chmae: maximum salinity of the rejected brine at the last effect;

o AT, ;»: minimum temperature difference at each heat exchanger;
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® My 1o total amount of freshwater produced;

e n: number of effects;

e TBT: top brine temperature (brine temperature at the evaporator);
o M, ;n: mass flow rate of heating steam;

e T.,: temperature of feed salt water entering the down condenser;
® D.win: Pressure of feed salt water;

o Tiyout: temperature of feed salt water exiting the down condenser;
® Doi: pressure of the motive steam;

® M,,,: mass flow rate of the motive steam;

e ('R: compression ratio of the jet ejector;

e I/R: expansion ratio of the jet ejector.

Considerations on the choice of independent variables and values assigned to them
are the same made for MED systems. In addition, one parameter among the one defining
the performance (or two defining the input) of the steam jet ejector has to be set as
independent.

The model was validated basing on experimental data available in the literature.
Table 5.1 reports model predictions against industrial data available in the literature.

As illustrated in Figures 5.8 to 5.12, interactions between the different variables in
MED-TVC are essentially the same of MED (see Chapter 4 for precise considerations on
different variables and model simulation). In fact, the main advantages of MED-TVC

when compared to classical MED and MED-MVC are:

e the possibility to utilize high pressure steam at inlet of the desalination plant but

in small quantities;
e better thermal performance due to internal regeneration;

e utilization of low quality energy compared to electrical energy required by me-

chanical compressor in MED-MVC systems.
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Figure 5.12: Efficiency parameter based on Primary energy as defined in Chapter 2 of
a MED-TVC plant as a function of top brine temperature TBT and number of effects

n.

Analyzing the plant performance with the new efficiency parameter 7 defined in Chapter
2 thus results more effective than with PR. Actually, trend of n (Figure 5.12) and PR
(Figure 5.8) as functions of TBT and n are essentially the same. However, evaluating
performance of MED-TVC system with 7 allows comparisons with the other technologies
without the risk of misleading results. Even better results could be obtained by an

exergy analysis as illustrated in Chapter 7.
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Chapter 6

Multiple Effect Distillation with

Mechanical Vapor Compression

As mentioned in Chapter 5, MED-MVC systems rely on heat generated by the com-
pression of water vapor produced in the last effect of the plant. In this case, water
vapor produced in the last effect is compressed by a mechanical compressor and thus
the input energy to the system is the electrical energy at the inlet of the compres-
sor. Conceptually, it is equivalent to the MED-TVC system with non polluting motive
steam at the steam ejector, having electrical energy at input instead of motive steam
stream. In this Chapter, basic structure of MED-MVC plants is illustrated along with
the description of the process. Thereafter, mathematical model is built and validated
with experimental data found in the literature, reporting simulation results for different

design conditions.

6.1 Basic Structure and Components

Basic configuration of MED-MVC system is not affected by quality of energy at inlet
as it was for MED-TVC. Since input is now electrical energy, the whole amount of
distillate vapor produced at the evaporator is sent to the mechanical compressor. Basic

components necessary to perform basic transformations in the systems thus are:
e Evaporator/Condenser (effect);

e Mechanical Compressor.
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Figure 6.1: Schematic diagram of basic components of a MED-MVC system.
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Figure 6.2: Black box representation of a general MED-MVC desalination system.
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Figures 6.1 and 6.2 report basic component schematic and black box representation of
a MED-MVC system, respectively. The whole process is described and modeled in the

following sections.

6.2 Process Description

Plant flow-sheet for a MED-MVC desalination system with parallel flow configuration is
shown in Figure 6.3, while Figure 6.1 represents a single distillation unit with mechanical
vapor compression. The whole mass flow rate of distillate vapor produced in the last
effect (M4, n) is sent to the mechanical compressor. Here, M, is compressed and
superheated to temperature Ty g, Compressed steam then flows into the tube side of
the evaporator (that is also the first effect), cools down to Ty ;, and condenses. Latent
heat released by Mgy, is transferred to the feed seawater entering the first effect (M)
, vaporizing it. Brine (M,.1) and distillate water vapor (M) are produced in the
effect. Salinity of brine produced at the first effect corresponds to the solubility limit of
CaSO, at that temperature (see Figure 4.4).Distillate water vapor then flows into the
tube side of the following effect, acting as heating steam for that effect. This process is
repeated till the last effect. Fresh water and brine streams exiting the last effect (My,,,
and My, ,,) flow into a pre-heater and cool down to temperature 7j. Heat released by
My n and My, , is transferred to the feed seawater My, ;,, entering the pre-heater. At
outlet of the pre-heater, Mj, ;, has a temperature T, o,y higher than temperature at

inlet Tsw,in .

6.3 Mathematical Model

Assumptions made for modeling are the same made for MED and MED-TVC systems
(Paragraphs 4 and 5). Equations regarding mechanical compressor and feed seawater
pre-heater models are reported in this section, while for material and energy balances
in all the effects reference is made to paragraph 4.

Figure 6.4 reports variables involved in modeling the mechanical compressor. Mass
balance is:

Mg, + F, = Mg in (6.1)
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Figure 6.3: Schematic diagram of a Multi Effect Distillation plant with Mechanical Vapor Compression used for modeling. Values of

pressure and temperature reported in the diagram refer to a 4 effects plant.
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Unit Jamil et al. [24] Model

Number of effects n -] 4 4
Seawater Temperature K] 294 294
Salinity of feed seawater [ppm] 35000 35000
Salinity of rejected brine [ppm] 70000 70000
Temperature of compressed vapor  [K]| 345 345
Compression Ratio -] 1.35 1.35
Distillate mass flow rate [kg/s| 35 35
Compression power [kW] 553 553.8

Table 6.1: Model validation: MED-MVC model results compared to literature data
[24].

Mechanical
Compressor

o EE———
Electrical pows

Heating steam P comp

Mst_in, Ts_suph,
p_s A

Distillate from effect:
Md[n]+F[n],
T_d[n], pn]

Figure 6.4: Schematic diagram of the mechanical compressor of a MED-MVC plant.
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Where Mg, is the distillate vapor produced in effect n and F,, is the vapor produced by
flashing process in the flash box of effect n. My, ,,, is the mass flow rate of compressed
vapor that will enter the evaporator (first effect) at the tube side to condense. Com-
pression ratio at the compressor is given by the ratio of Eq. 6.2, where p, is the pressure
of heating steam and p,, is the pressure of distillate vapor entering the compressor.
. Ds
CompRatio = — (6.2)
Pn

Steam exiting the compressor is superheated at the temperature 75 ,,,, given by:

1+ CompRatio v
Ts,suph = Td,n . P (63)

Nis ,comp

k is the specific heats ratio for water vapor, Ty, is the distillate vapor temperature and
Nis,comp 15 the iso-entropic efficiency of the mechanical compressor.

Mass balances for each stream i at the pre-heater can be expressed as:

Z Min,i = Z Mout,i (64>

Both the brine stream My, , and the freshwater My, , coming from the last effect
cool down to temperature T and increase temperature of feed seawater (Myeeq) from

temperature T, to Tccq. Eq. 6.5 reports energy balance referred to this process.
Mfeed cCp (Tfeed - Tcw) = Mbr,n cCp (Tb'r,n - TO) + Mfw,n “Cp - (wa,n - TO) (65>

Model is validated with data available in the literature [24], showing a good corre-

spondence between the built model and industrial data (Table 6.1).

6.4 Model Simulation

As discussed in previous sections, different variables can be set as independent. In
particular, for MED-MVC processes the following variables can be either calculated od

independent:
o (4: salinity of feed seawater;
® Cpmaz: Mmaximum salinity of the rejected brine;

o AT,,: minimum temperature drop at each heat exchanger;
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e T.,: temperature of feed seawater;

® Dsw.in: Pressure of feed seawater;

e k: specific heats ratio for water vapor;

e 1).: iso-entropic efficiency of the mechanical compressor;

e CompRatio: compression ratio at the mechanical compressor;
o AT,,.q: seawater temperature increase at the down pre-heater;
® My ior: freshwater output of th plant;

e T'BT: top brine temperature at the first effect (or temperature of the compressed

steam entering the evaporator at the tube side);
e M,: mass flow rate of compressed steam entering the evaporator;
e n: number of effects.

Considerations on the choice of independent variables are the same made for MED
and MED-TVC systems (see Chapters 4 and 5). As for MED-TVC at least one perfor-
mance parameter of the steam compressor has to be set. For MED-MVC iso-entropic
efficiency 75 .. and compression ratio of the mechanical compressor were set as indepen-
dent.

Figures 6.5 to 6.9 report trends of efficiency parameters obtained by model simula-
tions. In this case it is evident that PR refers to variables which are not representative
of the process. In fact, while PR shows that performance of the plant is almost indepen-
dent from the top brine temperature (Figure 6.6 and 6.5), efficiency parameter 1p,imary,
based on primary energy at inlet, shows how performance of MED-MVC system actu-
ally depends on top brine temperature (Figures 6.9 and 6.8). This is due to the fact
that PR refers to heating steam mass flow rate M, as input energy variable. However,
in MED-MVC systems M, corresponds to the amount of water vapor produced at the
last effect, and thus only depends on the number of effects n (as stressed by Figure 6.6).
The increase of TBT would actually result in higher amount of energy that has to be

supplied from the outside,which however is represented by the electrical power at the
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compressor and not by the mass flow rate of heating steam. For this reason 7p,imary,
which refers to primary energy at inlet, takes into account the increasing energy supply
required at higher TBT and hence better describe performance of the plant at higher
TBT. Same discussion is valid for plant performance at different feed seawater salinities:
higher C'y require higher energy supply at inlet, which however is not accounted for in
PR (Figures 6.5 and 6.9).

Finally, Figure 6.7 reports Recovery Ratio as a function of top brine temperature
and number of effects. In contrast with MED and MED-TVC systems (Figures 4.9 and
5.10), MED-MVC plants do not need cooling water, since the whole amount of water
vapor produced in the last effect is sent to the mechanical compressor. As a result,
RR decreases at increasing top brine temperatures because of the drop in maximum
salinity, which in turn cause an increase of rejected brine mass flow rate and hence of

feed seawater (see material balances of water and salt in Equations 4.3 and 6.4).

4,05 T T T T T T T T

——Cf=36000 ppm
—0—Cf=42000 ppm

3,95 L 1 L 1 L 1 L 1
322,5 327 331,5 336 340,5 3

TBT [K]

PR [-]

N

5

Figure 6.5: Performance Ratio PR of a MED-MVC plant as function of top brine

temperature TBT and feed seawater salinity C}.
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Figure 6.6: Performance Ratio PR of a MED-MVC plant as function of top brine

temperature TBT and number of effects n.
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Figure 6.7: Recovery Ratio RR of a MED-MVC plant as function of top brine temper-

ature TBT and number of effects n.
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Figure 6.8: Efficiency based on primary energy 7primary of a MED plant as function of

top brine temperature TBT and number of effects n.
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Figure 6.9: Efficiency based on primary energy 7primary of a MED plant as function of

top brine temperature TBT and salinity of feed seawater C'.
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Chapter 7

Exergy Analysis of Evaporative
Desalination Systems: a novel

approach

Efficiency of evaporative desalination systems as defined in the previous Chapters refers
to the first law of thermodynamics. However, energy conservation concept alone is not
enough to properly describe the performance of a desalination system (or, more in
general, of an energy system). For this reason, increasing attention has been given to
exergy analysis for thermal systems, a widely recognized tool that allows to identify
main sources of energy dissipations and quantify thermodynamic losses throughout the
system. Informations on source, cause and real dimensions of energy losses are key
points both in the design of new desalination configurations and in the improvement
of efficiency of existing plants. Moreover, efficiency parameters of desalination plant
commonly used (PR and RR, ref. Chapter 2)may not be sufficient to properly express
the productive function of the plant, i.e. the removal of dissolved salts from seawater.
Thus, exergy analysis applied to desalination plants not only allows to determine the
sources of inefficiencies in the system, but seems also to be the only way to properly

define the efficiency of a desalination process.

In this chapter a novel approach, based on SPECO method [32], is used to perform

exergy analysis for some of the processes modeled in previous Chapters.
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7.1 Exergy balance and exergetic efficiency of evapo-

rative desalination plants

Exergy is defined as the maximum amount of work obtainable when bringing a system
from its initial state to the dead state. Exergy of the system is considered to be null
at the dead state. In the exergy analysis of a seawater desalination it is meaningful
to considerate both physical and chemical exergy. Physical exergy is the maximum
work obtainable when bringing temperature and pressure of the system to the envi-
ronment temperature and pressure, with no change in concentration. Chemical exergy
is the maximum work obtainable when changing concentration of a substance to the
environment concentration, keeping temperature and pressure at environmental values.
Properties at the environment state (those with "*" in the following equations) are
evaluated at pressure and temperature of the feed seawater (py = Psw.in, To = Lsw.in),
while properties at the dead state are calculated at pressure, temperature and concen-
tration of the environment state; in particular, concentration at environment state is
considered to be equal to the feed seawater salinity C;. In this work, environment state
corresponds to the inlet conditions of feed seawater [54]. Specific seawater exergy can

be calculated as:

e = (h=1") = To(s =) + > wilu; — 4 (7.1)

i=1
Where h is the seawater specific enthalpy, s the specific entropy, Ty is the environment
temperature, w; is the concentration of element ¢ in the mixture and p; is the chemical
potential of substance ¢. Being seawater a multicomponent system, also chemical exergy
(the last terms in equation 7.1)must be included in calculations. As done for all seawater
properties, also chemical potentials are calculated thanks to the correlations developed
by Sharqawy et al. [54].

Exergy balance in steady state conditions for a generic process ¢ with streams flowing

in and out the system boundaries can be expressed as:
Z Eznz = Z Eout,i+ I (7.2)

where Ej;, and Ey are exergy flows entering and exiting the boundaries of process i,

respectively. [ is the loss of exergy due to irreversibilities in the system. Although
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Equation 7.2 gives an unambiguous definition of exergy destruction in the system, it
does not give any information on the actual purpose of the plant. In order to highlight
the real goal of the plant and define a consistent efficiency parameter it is convenient
to identify fuel and product of the system. Product is the desired exergetic output of
the system, fuel is the necessary exergy supply. There are several definitions of fuel
and product that are consistent with the exergy balance. From a mathematical point
of view different definitions of fuel and product simply correspond with moving exergy
terms in the balance from one side to the other of equation 7.2. All definitions of fuel
and product are consistent, however a choice should be done on the bass of the real
purpose of the system. So that the efficiency calculated as the ratio between product
and fuel is expected to increase when the plant performance is actually improved. For

any definition of fuel and product is always possible to rewrite the exergy balance as:
Efuel:Eproduct + ] (73)

and to calculate an exergetic efficiency as:

o Eproduct

(7.4)
Efuel

/’781‘

Several studies on exergy analysis of desalination plants propose different definitions
of exergy-based efficiencies. In particular, Sharqawy et al. [54|, Mistry et al. [31] and

Brogioli et al. [9] define a second law efficiency as:

Wleast,sep

nrr = (75)

sep

where Wleastsep is the minimum work of separation of dissolved salts from seawater
and Wsep is the sum of flow thermal exergy of heating source (usally steam) and me-
chanical exergy at input to driving pumps and compressor (i.e. the actual work of
separation). Exergy and other seawater properties in [54], [31] and [9] are calculated
using correlations based on chemical analyses. Kahraman and Cengel [27] calculate
second law efficiency in the same way of Sharqawy et al. but using an ideal mixture
model, obtaining different values.

In the present work, a novel approach is utilized to define an exergy efficiency. The
idea is that the real purpose of a desalination plant is to decrease the chemical exergy

of seawater at expenses of heating steam entering the evaporator (i.e. at expenses of
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the compressor in MVC systems or of the motive steam entering the steam ejector in
TVC plants) and pumping power. In order to have the minimum exergy expense, this
decrease in chemical exergy of seawater should not result in an increase of physical
exergy of freshwater, cooling water and brine released to the environment. A similar
problem can be conceptually met in a mechanical compressor, where the increase of
the fluid pressure (i.e. the purpose of the compressor), always implies a temperature
increase. As improving a compression process entails a lower increase of thermal exergy
of the fluid, improving a desalination process would result in lowering the physical exergy
increase of outlet streams (considering the decrease of chemical exergy of freshwater

constant).Summarizing, for an evaporative desalination system:
e Product is the desired decrease of chemical exergy of seawater;

e Fuel is the sum of the whole exergy that is required to obtain the product, i.e.:
input power (pumping and compressor for MVC), undesired chemical and physical
exergy increases of brine, undesired physical exergy increase of cooling water and
freshwater streams and desired physical exergy decreases of heating steam (or

motive steam).

Actually, the SPECO method, as formulated in [32], does not explicitly refer to cases
in which an exergy decrease is the desired product of a process, although it does not
exclude it. As an example, considering a desalination system fed by heating steam and

without cooling water is considered:

. - PH - PH - PH - CH
Efuel: Ppumps +A Ehst -A Ebr -A Efw -A Ebr (76>
. . CH
Eproduct: —A Efw (77)
Nex = M (78)
Efuel

where, in agreement with the SPECO approach, positive exergy changes A are the
exergy increases at the product side and the exergy decreases at the fuel side. To
include cases in which exergy decreases are desired products, a sign minus is added to
exergy decreases that are to be considered at the product side and exergy increases that

are to be considered at the fuel side. The meaning of the different terms is:
® Pumps: DUmMping power;
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e A E,.,: decrease of heating steam physical exergy;

°
>
S

. increase of brine physical exergy;

°
>
-

g

. increase of freshwater physical exergy;

. increase of brine physical exergy;

°
>
¥

°
D
tij .

Ey

. decrease of freshwater chemical exergy.

It can be easily verified that 7., varies from 0 to 1. The maximum efficiency is
reached when all fuel terms but E:;H are null, the minimum efficiency when no chemical
exergy change is registered on the freshwater.

In the following sections, productive structures and deepened exergy analyses are
shown for MED based technologies. The same discussion could be extended to MSF
technology. However MSF plants are normally coupled with large power plants and
therefore it would make more sense to perform a comprehensive exergy analysis of both

power plant and desalination process instead of analyzing the desalination process alone.

7.2 Productive structure of MED based technologies

Figures 7.2 and 7.2 report schematics for inlet and outlet flows of MED and MED-
MVC systems. Solid lines in the scheme represent physical streams in the process,
while dashed lines show internal patterns in the system for the different flows. By
considering definitions of fuel and product given in the previous section, it is possible to
represent MED and MED-MVC systems as done in figure 7.3 and 7.4, which illustrate
the productive structures of MED and MVC plants, respectively.

The main advantage of this representation is that it is possible to distinguish the
different areas of interaction in the plant: physical, thermal, mechanical, chemical. Bold
red lines in Figures 7.3 and 7.4 represent chemical exergy streams, while bold blue lines
correspond to physical exergy flows. Bold dashed line constitutes the boundary of the
whole system. Productive units of the systems are divided into chemical and physical
ones. The first presents at inlet and outlet chemical exergy variations that constitute
fuel and product exergies, respectively; the latter provides for fuel exergy stream at

inlet and product one at outlet. In addition to productive units, there could be some
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Figure 7.1: Schematics of inlet and outlet flows of MED desalination systems.
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Figure 7.2: Schematics of inlet and outlet flows of MED-MVC desalination systems.
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external components, such as the mechanical compressor in the case of MVC, which
also is illustrated in a fuel-product perspective. As mentioned before, fuel and product

streams can also be exergy variation between inlet and outlet streams.

7.3 Exergy analysis: model equations

Main equations of exergy analysis and definition of fuel and product are reported in
this section. Systems analyzed are MED and MED-MVC, although the same discussion
can be done for MED-TVC and MSF technologies too.

MED

MED desalination process is fed by condensing heating steam, which releases its latent
heat to the feed seawater entering the evaporator. Therefore, the decrease in physical
exergy of heating steam is considered at the fuel side of the exergy balance. In addition,
in order to obtain the desired output (i.e. the decrease of chemical exergy of freshwater)
other exergy variations are necessary. In particular, fuel components for MED systems

are:

o A Ejq: exergy decrease of heating steam;

. PH
A E;, : undesired increase of physical exergy associated to freshwater product;

- PH
A E,, : undesired increase of physical exergy associated to rejected brine;

. PH

e A . : undesired increase of physical exergy of cooling seawater mass flow rate;

cw *

. CH
o A F,,. : undesired increase of chemical exergy of rejected brine.

While product is the desired decrease of chemical exergy of product freshwater. Equa-
tions 7.9 to 7.13 report the extended expressions of the just mentioned variables. Letter
e in lower case indicates specific exergy flows, chemical (exponent CH) or physical (ex-

ponent PH). Sign minus indicates undesired increases or decreases of exergy.
A Erst=mMpst (est,in - 6st,out) (79)

A Epy = —1igy (e, — ePH) (7.10)
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. PH .
A Ebr = — My (efiffeed - eII;‘H) (711>

. PH .
A Ecw == Mey (eflffeed - efu{{out) (712>
. CH .
A Ebr = — My (esclffeed - e]qf) (713)

Exergy balance can thus be expressed in the form:

Erver=Epropver + I (7.14)
where:
. . . PH . PH . PH .CH
Eruer= Ppumping + A Elnst +A Efw +A Ebr +A Ecw +A Ebr (715)
. . CH
Epropucr= A Ey,, (7.16)

Obviously, value of irreversibilities calculated with equation 7.14 is the same if cal-
culated by the exergy balance of Equation 7.2. Exergetic efficiency of MED plant is

calculated as Epropuor divided by Epvpr.

MED-MVC

Definition of fuel and product in a MED-MVC plant only differs from the one of MED
in that MED-MVC comprehends a mechanical compressor, while does not include a
cooling water stream. As shown in Figure 7.4, a mechanical area is thus included in a
MED-MVC plant. Clearly, power at the compressor P, is considered at the fuel side

of the exergy balance; other terms remain the same of MED ones. Exergy balance of a

MED-MVC is therefore:

Erver=FEpropvor + 1 (7.17)
with:
. . PH . PH .CH
EFUEL: Ppumpmg + Pcomp + A Efw +A Ebr +A Ebr (718>
. .CH
Erropvcr= A Ey, (7.19)

. Also in this case, exergetic efficiency will be the ratio of Eprropver and EryeL.
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7.4 Exergy analysis results and discussion

Equations given in the previous section are implemented in mathematical models built
with EES. For both MED and MED-MVC simulations are run under different condi-

tions. In particular, performance of the plants is investigated in two situations:
1. fixed number of effects and varying top brine temperature;

2. fixed top brine temperature and varying number of effects.

7.4.1 Exergy efficiency for fixed number of effects and increasing

top brine temperature

Top Brine Performance Recovery — nprimary %] Nex

Temperature [K]  Ratio [-] Ratio[%] (see chapter 2)  [%]

323.0 4.537 9.052 0.2434 4.755
325.2 4.446 9.168 0.2367 4.495
327.4 4.351 9.295 0.2299 4.240
329.7 4.250 9.437 0.2232 3.991
331.9 4.144 9.596 0.2164 3.749
334.1 4.032 9.776 0.2096 3.514
336.3 3.913 9.982 0.2029 3.287
338.6 3.786 10.22 0.1962 3.066
340.8 3.650 10.49 0.1896 2.854
343.0 3.505 10.82 0.1830 2.650

Table 7.1: Different efficiency parameters for MED plant with n=>5 effects and Top
Brine Temperature varying between 323 K and 343 K.

Tables 7.1 and 7.2 report different performance parameters defined in the previous
Chapters. In particular, 7pyimary is the energetic efficiency defined in this thesis that
refers to primary energy (see Paragraph on performance parameters in Chapter 2). For
both MED and MED-MVC plants, higher Top Brine Temperature (TBT) means lower

energetic efficiency 1pyimary, due to increasing values of heating steam mass flow rate.
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Top Brine Performance Recovery — nprimary | %] Nex

Temperature [K|  Ratio [-] Ratio|%| (see chapter 2)  [%)]

323.0 4.993 65.60 0.3705 4.634
325.2 4.992 63.41 0.3579 4.392
327.4 4.991 61.11 0.3453 4.153
329.7 4.990 58.71 0.3329 3.917
331.9 4.989 56.21 0.3208 3.685
334.1 4.988 53.62 0.3088 3.458
336.3 4.986 50.96 0.2972 3.236
338.6 4.984 48.23 0.2859 3.021
340.8 4.982 45.46 0.2750 2.812
343.0 4.979 42.64 0.2645 2.611

Table 7.2: Different efficiency parameters for MED-MVC plant with n=>5 effects and
Top Brine Temperature varying between 323 K and 343 K.

For MED plant this is due to the fact that at high temperatures maximum salinity
reached by the rejected brine is lower. As a consequence, being the salt mass balance
Myeed  Ceea = My, - Cyr, @ higher amount of brine has to be rejected at the evaporator.
Keeping constant the mass flow rate of freshwater product, increasing amount of re-
jected brine leads to increasing amount of feed seawater at the evaporator. Thus, since
latent heat of heating steam is almost constant with temperature, a higher mass flow
rate of heating steam is necessary to evaporate a higher amount of feed seawater. For
the same reason, PR of MED plant decreases at higher Top Brine Temperatures. For
what concerns MED-MVC plant, diminishing 1p;imqry, at high TBT is due to the higher
power required by the compressor. In fact, in MVC plants mass flow rate of heating
steam corresponds to the mass flow rate of the distillate water vapor at the last effect,
which remains constant if freshwater product is fixed in the model. However, as it is
for MED plants, also in this case higher TBT turns out to increase the feed seawater
amount at the evaporator. Hence, distilled vapor entering the mechanical compressor
need to be compressed to higher pressures, thus increasing the electrical power needed

at the compressor. On thee other hand, PR of MED-MVC plant appears to be almost
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constant for varying Top Brine Temperature, being calculated as ratio between freshwa-
ter product mass flow-rate (fixed) and heating steam flow rate (which is almost constant
because it is the amount of fresh water vapor produced in the last effect). Recovery
Ratio (RR) results to increase at increasing TBT for MED plants (because of the lower
amount of cooling water needed). On the contrary, RR of MED-MVC decreases for
higher temperatures because of the increase in feed seawater required by the process.
As already discussed in Chapter 2, having more than one performance parameter to
analyze can be misleading. Calculating the exergetic efficiency 7., for both processes
as the ratio between product and fuel previously defined can clarify whether increas-
ing Top Brine Temperature leads to better performances or not. Figure 7.5 and 7.6
clearly point out that exergy efficiency 7., decreases at high top brine temperature for
both MED and MED-MVC. Moreover, for both MED and MED-MVC it appears how,
with a fixed number of effects, trend of 7., is not so far from the situation with ideal
thermal exchanges (AT, = 0K). However, the higher is AT,,;, (less efficient thermal
exchanges at the effects), the higher are the losses for irreversibilities in the effects. This
is particularly important when evaluating performance of a plant at increasing number

of effects, as shown in the next section.
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Figure 7.5: Exergetic efficiency for MED plant with 5 effects as a function of Top Brine

Temperature and minimum temperature difference at the heat exchangers.
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Figure 7.6: Exergetic efficiency for MED-MVC plant with 5 effects as a function of Top

Brine Temperature and minimum temperature difference at the heat exchangers.

In order to better understand the exergy efficiency trend for different values of
TBT, it is possible to analyze how the different components of fuel act at increasing
temperature (in the case of AT,,;,, = 1.2K). With product kept fixed during the
simulations, decreasing 7., means higher fuel. In particular, as highlighted by Figure
7.7 to 7.10, at higher TBT there is a sharp increase of the brine physical exergy variation
A EII;H due to increasing amount of rejected brine and increasing values of temperature
of the rejected brine. For the same reason, also pumping power raises at higher TBT.
Other fuel components also grow at increasing TBT, except for the physical exergy
variation of cooling water in MED (because of the reduced amount of cooling water at

high TBT).

7.4.2 Exergy efficiency for fixed top brine temperature and in-

creasing number of effects
Table 7.3 and 7.4 report performance parameters of MED and MED-MVC plants op-
erating at T'BT = 333K for number of effects varying between 3 and 12. For MED

process, RR augments in configuration with more effects, since this would result in low-

ering the amount of cooling water needed at the down condenser (having more effects,
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Figure 7.7: Fuel components for MED plant with 5 effects for Top Brine Temperature
varying between 323 K and 343 K.
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Figure 7.8: Fuel components for MED-MVC plant with 5 effects for Top Brine Tem-

perature varying between 323 K and 343 K.
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Figure 7.9: Fuel components trend of a MED plant with 5 effects for different values of

Top Brine Temperature.
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Figure 7.10: Fuel components trend of a MED-MVC plant with 5 effects for different

values of Top Brine Temperature.
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Number Performance Recovery — nprimary | %] Nex

of effects [-]  Ratio [+ Ratio|%| (see chapter 2)  [%]

3 2.606 5.469 0.1689 3.486
4 3.369 7.523 0.1944 3.582
) 4.089 9.683 0.2130 3.631
6 4.771 11.94 0.2270 3.656
7 5.418 14.28 0.2376 3.667
8 6.036 16.70 0.2457 3.669
9 6.627 19.17 0.2520 3.666
10 7.194 21.69 0.2568 3.658
11 7.741 24.23 0.2606 3.648
12 8.269 26.78 0.2634 3.636

Table 7.3: Different efficiency parameters for MED plant operating at a top brine
temperature of 333 K, with AT,,;,, = 1.2K at increasing number of effects.

Number Performance Recovery — 0primary | %] Nex

of effects [-]  Ratio [-] Ratio[%] (see chapter 2)  [%]

3 3.008 54.93 0.3158 3.590
4 4.003 54.93 0.3162 3.985
5) 4.988 54.93 0.3148 3.5971
6 5.964 54.93 0.3125 3.553
7 6.928 54.93 0.3097 3.5932
8 7.878 54.93 0.3067 3.510
9 8.812 54.93 0.3035 3.487
10 9.730 54.93 0.3002 3.464
11 10.63 54.93 0.2969 3.440
12 11.51 54.93 0.2935 3.417

Table 7.4: Different efficiency parameters for MED-MVC plant operating at a top brine
temperature of 333 K, with AT,,;,, = 1.2K at increasing number of effects.
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distillate water vapor amount produced at the last effect is lower). This is not the
case of MED-MVC plant, which does not need the down condenser and therefore has
a RR that is constant at increasing number of effects. For both plants PR increases at
higher values of n, thanks to the decreasing amount of heating steam required at the
evaporator. Conceptually, adding effects would augment the "internal re-utilization"
of heat, thus improving the overall performance. The most important thing to notice,
however, is that while PR increases for configurations with more effects, energetic effi-
CIeNCy 1Nprimary drops, which means that higher amount of primary energy is necessary
to obtain the same product.

In order to better understand how number of effects is affecting the performance of
the processes, exergetic efficiency is calculated, obtaining trends shown in Figure 7.11
and 7.12. It is evident from the Figures that adding effects to the system increase losses
for irreversibilities due to heat exchanges in the effect. In particular, for real effects
(AT i # 0K), exergetic efficiency decreases at increasing number of effects, gradually

distancing from ideal trend.

MNex [%]

3,4 1 1 L 1 L 1 L I L 1 L 1 L 1 L 1 L 1 L | L 1

Figure 7.11: Exergetic efficiency as function of number of effects n and minimum tem-
perature difference at the heat exchangers AT,,;, in a MED process with top brine

temperature of 333 K.

Histograms in Figures 7.13 to 7.16 report trends of fuel components in MED and
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Figure 7.12: Exergetic efficiency as function of number of effects n and minimum tmper-
ature difference at the heat exchangers AT,,;, in a MED-MVC process with top brine
temperature of 333 K.

MED-MVC processes for varying number of effects n both for AT,,,;,, # 0K and AT,,;, =
0K. It can be noted (Figure 7.11) that for MED process it is convenient to increase the
number of effects up to an optimum value n,,. Histograms of Figure 7.13 point out
that this is due to the increasing values of A E:;H and pumping power while other fuel
components remain almost constant. At number of effects lower than n,, the sharp
decrease of A Efj prevails on the slight growth of A EgH and Pumping power, leading
to an increase of exergetic efficiency. For ideal effects (AT, = 0K, Figure 7.14), the
drop of A E:SI: at increasing number of effects leads to a growing trend of 7,,, while
A EgH stays constant and pumping power slightly decrease thanks to lower heating

steam mass flow rate.

Similar discussion can be done for MED-MVC system. However, MED-MVC does
not have an optimum value of n. Instead, for the real case (AT, # 0K), exergetic
efficiency has a monotonic decreasing trend at higher values of n (Figure 7.12). Also in
this case it is clear that irreversibilities introduced by non-ideal effects cause the drop

of exergetic efficiency. Trends of fuel components for both real and ideal conditions

of MED-MVC are reported in Figure 7.15 and 7.16. For both real and ideal case,

83



ATmin=1,2 K

600
500
400 ~ i
BAE CH brine
W1 300 = AE_PH brine
W] ®AE PH cooling water
200 - ®AE PH freshwater
® A E PH heating steam
100 4 B Pumping power
0 -
3 4 3 [ 7 8 @ 10 11 12
Number of effects
ATmin=12 K
600

300

400
[W] 300 =3
Hn=4
200 1 " n=0
En=12
100
0 . T T

AE CH brine AE PH brine AE _PH cooling AE PH AE _PH heating Pumping power
water freshwater steam

FUEL components

Figure 7.13: Fuel components trends as functions of number of effects n in a MED

process with top brine temperature 333 K and AT,,;, = 1.2K
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process with top brine temperature 333 K and AT,,;, = 0K
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Figure 7.15: Fuel components trends as functions of number of effects n in a MED-MVC

process with top brine temperature 333 K and AT,,;, = 1.2K
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power at the compressor decreases at increasing n, since higher number of effects means
lower seawater mass flow rate per effect and hence lower heat amount required at the
evaporator. On the other hand, in real conditions there is a global increase of fuel due to
increasing A EiH and pumping power, which overcome the drop of compressor power
(Figure 7.15). This is not the case of effects with AT,,;, = 0K, where fuel globally
decreases thanks to decreasing power at the compressor, while A EZH and pumping
power remain constant.

Given the low values of exergy efficiency, it could be difficult to evaluate relevant
changes in the performance of different configurations. For this reason, a new efficiency
parameter can be introduced, which evaluates the exergy supply (in terms of energy,
[kW hes|) necessary to obtain 1 m? of freshwater. Hence, from the definition of 7,, given
in this chapter :

[kg/s] - [kWea]

,’7633 kWex (7 O)

From Equation 7.20 it is immediate to calculate the new performance parameter as:

_ 3.6[kg/s]
1/SEV = TWha (7.21)
SEV = [kWhex] o [kWhea:] (722>

3.6[kg/s]  [m},]

In this way, all the considerations done before on the changes of fuel terms for different
design configurations are still valid, since fuel definition does not change. However,
parameter SEV (Specific Exergy Consumption per unit Volume of freshwater produced)
could be easier to refer to for the higher values compared to 7., and also for its meaning.
Table 7.5 reports values of different performance parameters under different design
conditions of a MED-MVC plant. In particular, gy, is the exergy efficiency calculated
in the model using the definition given by Sharqawy et al. [54|, Mistry et al. [31], [9]
and Kahraman and Cengel [27] reported in equation 7.5. It can be noted that values
of Nwsep are considerably higher than those of 7,. This is due to the fact that models
built in this work refer to a control volume which matches with the system boundaries.
As a consequence, disequilibrium of rejected brine and product freshwater with the
environment are not taken into consideration. In fact, Mistry et al. used this definition
of Nwsep referring to a control volume "sufficiently far from the physical plant", so that

all outlet streams are at environment temperature and freshwater (considered as the
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only product) is already in thermal equilibrium with the environment. Values obtained
in this way were significantly lower than those reported in Table 7.5, approximately
around 7-8%, but still higher than the ones of 7,,, since rejected brine is not considered

as a fuel, but only as an useless product.

TBT=333 K TBT=339 K TBT=343 K

NPrimary [%] 0.3134 0.2837 0.2653

Nea %] 3.5480 2.9670 2.6040

h MW sep [%] 59.840 54.970 52.460
SEV  [kWhe,/[m},] 255.40 305.40 347.90

NPrimary [%] 0.3014 0.2717 0.2530

Nea [%] 3.4580 2.8930 2.5390

e MW sep [%] 59.590 54.570 51.960
SEV  [EWhe,/[m},] 262.00 313.20 356.80

NPrimary [%] 0.2850 0.2561 0.2378

Nex [%] 3.3390 2.7980 2.4580

" MW sep [%] 58.830 53.760 51.130
SEV  [kWhe,/[m3,] 271.40 323.80 368.60

Table 7.5: Values of different efficiency parameters for a MED-MVC plant under dif-
ferent design conditions. Feed seawater is assumed at 298 K, 1 bar and 36000 ppm of

salinity. Minimum temperature difference at the heat exchangers is set at AT},;, = 1.2K

In conclusion, from exergy analysis it appears how Performance Ratio and Recovery
Ratio do not properly represent working principles of desalination systems. More in
detail, they do not take into consideration the different forms of input energy (which
in turn is done by the efficiency 1p imary defined in Chapter 2) and are calculated from
variables that are not always emblematic of the process (for example, heating steam

mass flow rate in MED-MVC is not a representative variable as it is in MED). The
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efficiency parameter 1pyimary defined in Chapter 2, which refers to primary energy for
input of the system, better describes how the process are working. However, npyimary
refers to an ideal chemical reaction (i.e. the reversible process of separation of salts
from water) which would never be reached in reality and moreover does not explicitly
take into account the effect of non-desired products (heating of brine, fresh water and
cooling water). The latter can induce to misleading results. For example, from Table
7.3 and Figure 7.11 it is possible to notice that trend of 1pyimaery, does not highlight the
presence of an optimum value of number of effect n in MED system operating at a fixed
top brine temperature, which by contrast is done by 7.,. The low exergy efficiencies
calculated in this chapter (or the high exergy expenses per cubic meter of desalinated
water) confirm, once again, that evaporative desalination systems are highly energy
intensive plants, which need to be improved before being considered sustainable. In
this perspective, finding the exergy analysis approach that is totally consistent with the
plant purpose could help to find out the right actions necessary to improve the global

system.
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Chapter 8

Conclusions

In the present work, main evaporative desalination technologies have been modeled
and analyzed. Implementation of correlations by Sharqawy et al. [54] for seawater
properties and inclusion of pumping energy in the mathematical models make results
of model simulation more realistic.

In the first part of this work (Chapters 3 to 6) parametric analysis was driven
through metrics based on the first law of thermodynamics. At increasing Top Brine
Temperatures, both Performance Ratio PR and primary energy-based efficiency npyimary
decrease, while they grow for higher number of effects. This result is also confirmed by
other studies found in the literature, which refer to increasing level of heat reutilization
at increasing number of effects/stages. However, efficiency parameters based on the
first law of thermodynamics do not take into consideration the add of irreversibilities
for non-ideal heat exchange at each effect/stage added to the system, which indeed is
demonstrated by simulation results of exergy analysis performed in Chapter 7.

On the other hand, exergy analysis confirms the decreasing trend of plants per-
formance at increasing Top Brine Temperature. More in detail, the new approach to
exergy analysis allows to highlight which fuel exergy components increase at rising TBT,
revealing that higher Top Brine Temperatures would result in higher levels of exergy
released to the environment through brine and freshwater streams.

Even though low values of exergy efficiency demonstrate that evaporative systems
are still far from being sustainable, finding the exergy analysis approach that is totally
consistent with the plant purpose could help to find out the right actions necessary to

improve the global system.
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The accurate analysis proposed in the present thesis could also constitute a solid
base for future studies. Extending the same approach for exergy analysis to other
desalination technologies - both thermal and membrane ones - could lead to an organic
comparative analysis based on a single and consistent efficiency parameter. Finally, for
what concerns evaporative desalination technologies, a thermo-economic analysis would

be the natural prosecution of the present study.
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